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Abstract. Improving the technical, economic, and environmental 

performance of the power plant is the most important direction for 

improving the characteristics of the ship's propulsive complex. This issue 

can be solved most effectively by improving the design, repair, and 

maintenance of the fuel supply system, which significantly affects the 

quality of the fuel equipment and determines the working process of the 

steam boiler. Performance indicators of fuel equipment are determined not 

only by the stability of its design and adjustment parameters and 

parameters of the fuel supply process, but also by the physical and 

chemical composition of the fuel. 

1 Introduction 
The fuel system of a boiler-turbine power plant is a complex pipeline consisting of a main 

line and branches from it. The highway consists of sections in the form of simple pipelines, 

each of which is characterized by constant specified characteristics along the length [1-4]. 

The schematic diagram of the conditional fuel pipeline of the power plant is shown in 

figure 1. As part of the fuel pipeline, the following simple pipelines or design sections can 

be distinguished: 

I-fuel pump suction; 

II-from the fuel pump discharge flange to the flange behind the release valve; 

III - from the fuel pump release valve flange to the oil heater; 

IV-from oil heater to fuel filters; 

V - from fuel filters to the control panel; 

VI-from the control panel to the boiler injectors. 
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The fuel system also includes permanent hydraulic resistances: disconnecting valves, oil 

heater, fuel filters, control panel (fuel control valve of the fuel pressure regulator). 

 
Fig.1. Schematic diagram of the fuel system of a boiler-turbine power plant. 

2 Methods 
The first section is characterized by a constant fuel consumption characteristic Qtopl=const. 

The hydraulic resistance of the section is determined by the specific gravity, temperature, 

and viscosity of the fuel. The specific weight of fuel is a parameter that determines the 

discharge pressure of the fuel pump according to [4]: 

𝑝0 = 𝑝𝑠𝑡𝑎𝑛𝑑
𝛾0

𝛾𝑠𝑡𝑎𝑛𝑑
 

where: 

P0, Pstand is the actual discharge pressure of the fuel pump and when using standard fuel; 

γ0, γstand is the actual and standard specific gravity of the fuel. 

In the first section, the fuel temperature is close to the temperature of the beginning of 

structure formation. The curve of the dependence of the viscosity on the fuel temperature 

increases sharply when the temperature decreases [5]. 

The capacity of the fuel pump is also determined by the specific volume of the fuel [4] 

in law, regulation fuel pump Qtopl=const at rotation speed n=const dependence of the pump 

power from specific volume has the form: 

𝑁0 = 𝑁𝑠𝑡𝑎𝑛𝑑

𝛾0
𝛾𝑠𝑡𝑎𝑛𝑑

 

where: 

N0, Nstand - the actual power of the fuel pump and when pumping standard fuel. 

The second section is characterized by a constant flow rate Qtopl=const at the beginning 

of the section and a variable flow rate Qtopl=var at the end of the section at the discharge 

pressure of the fuel pump p0=const. The flow characteristic is determined by the boiler 

load. Flow control is carried out by draining excess fuel into the fuel tank through a safety 

valve configured for fuel pressure. The specific gravity, temperature, and viscosity of the 

fuel is the same as in the first section. 
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The third section is a simple pipeline with constant hydraulic resistances in the form of 

turns of the pipeline and disconnecting fittings. It is characterized by a variable flow rate 

Qtopl=var at a constant fuel pressure p0=const. The specific volume, temperature, and 

viscosity of the fuel are the same as in the first and second sections. 

The fourth section is characterized by a change in the specific weight of the fuel and the 

viscosity-temperature characteristics of the fuel due to heating the fuel in the oil heater. 

Qtopl=var at constant fuel pressure pII=const. 

The fifth section is distinguished from the fourth by a significant change in fuel pressure 

due to pressure loss on the fuel filter, which is a constant hydraulic resistance. Qtopl=var at 

constant fuel pressure pIII=const. 

The sixth section has a flow characteristic Qtopl=var at fuel pressure p'v=var, which is 

carried out by throttling the fuel on the fuel spool of the control panel controller. 

Thus, the fuel system of a power plant can be divided into sections with a constant flow 

rate Qtopl=const at a constant fuel pressure pi=const; sections with a variable flow rate 

Qtopl=var at a constant fuel pressure pi=const and sections with a variable flow rate Qtopl=var 

at a variable fuel pressure pi= var. 

To solve the problem of determining the level of potential energy of the fuel flow 

behind the fuel pump, which can be operated on a homogenizer mixer, we can consider the 

hydraulic characteristics of the I-V sections, where pi=const is provided. The fourth section 

has a hydraulic characteristic determined by the law of fuel consumption regulation, 

adopted to ensure fuel supply to the boiler furnace. The flow characteristic of the fourth 

section is strictly determined by the lower limit of the pressure value in front of the control 

panel and is regulated by throttling on the spool of the fuel pressure regulator. 

When using standard fuel, the characteristics of the first and beginning of the second 

section are constant. the Volume fuel consumption, regardless of the temperature and 

viscosity of the fuel, is a constant value determined by the performance of the fuel pump. 

The viscosity-temperature properties of the fuel determine only the hydraulic resistance at 

the suction of the fuel pump. Therefore, the solution of the problem is reduced to 

determining the hydraulic characteristics at the end of the second section and at the third 

and fourth sections of the fuel system of the power plant. 

To determine the hydraulic characteristics of the selected sections, it is necessary to 

solve a static problem for the nominal operating mode of the boiler-turbine power plant, 
since it is necessary to determine the minimum reserve of potential energy of the fuel flow. 

To construct a mathematical model of the fuel pipeline, it is advisable to apply the method 

of equivalent lengths [6]. This is due, firstly, to the use of pipelines of the same diameter 

throughout all the sections under consideration, and secondly, to the significant influence of 

viscous friction forces during fuel movement. 

The consumption characteristic of the fuel system is determined not by the performance 

of the fuel pump Qpump, which is an indicator of volume flow, but by the required amount of 

fuel for the operation of the boiler-turbine power plant at the rated load Qtopl, which is an 

indicator of mass flow. Therefore, the construction of a mathematical model is based on the 

mass consumption of fuel through the pipeline. At the rated load of the boiler-turbine power 
plant Qtopl=γ Qpump, where γ is the specific weight of the fuel. That is, the pump capacity 

fully ensures the operation of the power plant. 

3 Results and Discussion 

At the nominal operating mode of the boiler-turbine power plant, all fuel goes to the control 

panel, the safety-bypass valve is closed. The flow rate through the drain is assumed qсл=0, 

therefore, the equivalent length of the drain outlet lслэкв=0. Then the hydraulic slope of the 

second section will be defined as: 
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𝑖=
𝜆𝜔 2

𝑑2𝑔
 

where: 

d is the diameter of the pipeline; 

𝜔 =
4𝑄топл

𝜋𝑑2𝑣𝛾
 - fuel flow rate; 

λ is the coefficient of hydraulic friction, defined in accordance with [6] for Reynolds 

numbers Re>2320 as: 

𝜆 = 0,1 (1,46
𝑘э

𝑑
+
100

𝑅𝑒
)
0,25

 
and for Re<2320: 

𝜆 =
64

𝑅𝑒
 

The Reynolds number is determined by the flow characteristic of the pipeline: 

𝑅𝑒 =
4𝑄топл

𝛾𝜋𝑑𝑣
 

where: 

v is the kinematic viscosity coefficient of the fuel. 

The value of the local resistance coefficients ζ [3] determines the sum of the equivalent 

lengths of local resistances (for the second section under consideration, this will be the fuel 

pump discharge valve): 

𝑙э𝐼𝐼=∑𝜁𝑖
𝑑

𝜆
 

The reduced length of the second section will be: 

lпрII= lII+ lэII 
The pressure loss in the second section is defined as: 

∇𝑝𝐼𝐼= 𝑖𝑙пр𝐼𝐼 
Then the pressure behind the fuel pump discharge valve will be: 

𝑝2 = 𝑝0 − ∇𝑝𝐼𝐼𝛾 
where: 

р0 - fuel pump discharge pressure when pumping standard fuel. 

Modeling of the third section of the fuel system: 

The fuel section ends at the entrance to the oil heater. The oil heater is a constant 

hydraulic resistance. At the same time, when the fuel passes through the oil heater, the 

temperature, specific gravity and viscosity of the fuel change significantly. The oil heater 

can be a heat exchanger with the passage of fuel in the inter-tube space, it can also consist 

of either one or more sections of vertical ascending-descending finned outside pipelines 

with a 180-degree rotation in each section, or it can. Sectional oil heaters are usually made 

of a steel pipeline of the same diameter as the diameter of the fuel system pipeline. 

To build a model of the third section, we assume that, firstly, the oil heater is a sectional 

one with a pipeline with a diameter equal to the pipeline of the fuel system, and secondly, 

that the fuel is heated instantly at the outlet of the oil heater. This assumption is correct 

when calculating the stationary mode of boiler-turbine power plant operation. The 

hydraulic calculation of the systems gives an overall accuracy of 10%. [6]. 

Then the calculation of the third section is reduced to determining the reduced length of 

the pipeline, since the hydraulic slope i remains unchanged. 

𝑙э𝐼𝐼𝐼= 𝜁пов

𝑑

𝜆
+∑𝜁𝑗

𝑑

𝜆
 

where : 

ζпов  - local resistance of the oil heater rotation by 180 degrees; 
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ζi - coefficients of local resistances that are part of the third section. The reduced length of 

the third section will be defined as: 

lпрIII= lIII+ lэIII+ lип 
where: 

lIII  is the length of the pipeline of the third section; 

lип - length of the oil heater pipeline. 

The pressure loss in the third section will be: 

∇𝑝𝐼𝐼𝐼= 𝑖𝑙пр𝐼𝐼𝐼 
The fuel pressure behind the oil heater will be: 

𝑝𝐼𝐼𝐼= 𝑝𝐼𝐼− ∇𝑝𝐼𝐼𝐼𝛾 
The adopted model of the third section allows us to estimate the pressure loss on the 

section with sufficient accuracy. Changes in the specific gravity, viscosity, and temperature 

of the fuel in the oil heater that are not accounted for in the model can be ignored, since the 

model is based on the mass fuel consumption. Heating fuel leads to an increase in 

volumetric flow through the pipeline due to reduced specific gravity when heated, and, 

consequently, to increase the rate of flow of fuel. High flow rates with a decrease in 

viscosity lead to a decrease in the hydraulic slope i [3], that is, to a decrease in head loss. 

Modeling of the fourth section of the fuel system. Fourth section is characterized by 

changes in the viscosity and volume characteristics of the fuel due to its heating in the oil 

heater. The fuel flow rate changes accordingly. 

The change in specific gravity can be described by empirical dependence through a 

change in the fuel density [7] 

𝜌2 =
𝜌1

1 + 𝛼(𝜌)(𝑡2 − 𝑡1)
 

where: 

ρ1, ρ2 is the fuel density at temperatures t1 and t2 (ρ =γ/9,81 kgf2/M4); 
α(ρ) is the coefficient of volumetric expansion of the fuel when heated. 

The dependence of the fuel viscosity on the temperature v(t) can also be represented by 

an analytical dependence based on empirical data [8-11]. 

A change in the viscosity and specific volume leads to a change in the flow velocity, 

hence a change in the Reynolds number. After heating in the oil heater, the fuel has a 

specific gravity γ’ and a kinematic viscosity coefficient v'. The calculation of the hydraulic 

characteristics of the fourth section is carried out similarly to the calculation of the second 

section by obtaining new values i’, λ’, Re’, ω’. [12-15] 

Equivalent length of local resistances of the fourth section: 

𝑙э𝐼𝑉 =∑𝜁𝑘
𝑑

𝜆′
 

where : 

ζk  - coefficients of local resistances that are part of the fourth section. The reduced length 

of the fourth section will be defined as: 

lпрIV= lIV+ lэIV 
where: 

lIV  is the length of the pipeline of the fourth section; 

There will be a loss of pressure in the fourth section. 

∇𝑝𝐼𝑉 = 𝑖′𝑙пр𝐼𝑉 
The fuel pressure behind the oil heater will be: 

𝑝𝐼𝑉 = 𝑝𝐼𝐼𝐼− ∇𝑝𝐼𝑉𝛾′ 
Before modeling the fourth section of the pipeline, it is necessary to build a mathematical 

model of the fuel filter. The boiler-turbine power plant fuel filter is a coarse slotted filter. 

The cleaning fineness is 0.04-0.05 mm. The main characteristics of the fuel filter include: 

the thickness of the spacer σ, which determines the size of the filter gap; the inner diameter 
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of the rim of the filter plates dвн; the number of spacers that determine the number of filter 

gaps n. The hydraulic resistance of the filter can be calculated according to [7] 

∇𝑝ф = (
𝑄топл𝑣′0,54

9,5𝐹ф𝛾′𝑑вн
0,6)

1,18

 

where: 

Fф=0,7 πdвнσn - cross-section of the fuel filter passageways; 

Qтопл - fuel consumption, kg/min; 

σ - the value of the filter gap between the plates, see for most domestic filters σ = 0.12 

mm; 

γ’ - specific weight of fuel, kg/l; 

v' is the kinematic viscosity coefficient of the fuel, cm2/s. 

The pressure behind the filter is determined from the pressure difference at the end of 

the fourth section and the pressure drop on the fuel filter: 

𝑝𝐼𝑉′ = 𝑝𝐼𝑉 − ∇𝑝ф 
Modeling of the fifth section of the fuel system: 

The fuel parameters in the fifth section correspond to the fuel parameters in the fourth 

section. The hydraulic characteristics of the fifth section are calculated using the values i', 
λ'. Equivalent length of local resistances of the fifth section: 

𝑙э𝑉 = ∑𝜁𝑚
𝑑

𝜆′
 

where: 

ζm - coefficients of local resistances that are part of the fifth section of the fuel pipeline 

The reduced length of the fifth section will be defined as: 

lпрV= lV+ lэV 
where: 

lV is the length of the pipeline of the fifth section; 

The pressure loss in the fifth section will be: 

∇𝑝𝑉 = 𝑖′𝑙пр𝑉  
The fuel pressure in front of the control panel will be: 

𝑝𝑉 = 𝑝𝐼𝐼𝐼− ∇𝑝𝑉𝛾′ 
Hydraulic resistance of pipeline section of the fuel system from the fuel pump to control 

burning will be: 

𝛻ℎ = (𝛻𝑝𝐼𝐼+ 𝛻𝑝𝐼𝐼𝐼+ 𝛻𝑝𝐼𝑉 + 𝛻𝑝𝑉 +
𝛻𝑝ф

𝛾′
) 

The potential energy reserve of the fuel system of the power plant is determined by the 

difference between the static pressure generated by the fuel pump and the required static 

pressure to ensure the fuel pressure in front of the combustion panel is not lower than the 

set value. The required pressure will be 

𝐻потр = 𝑘зап𝑝рг/𝛾
′ 

where: 

ррг - the lower limit pressure of the fuel to control combustion, which provides 

sustainable management burning; available static pressure before control burning: 

𝐻 расп = 𝑝𝑉/𝛾
′ 

Potential energy reserve of the fuel system: 

𝛻ℎсист = 𝐻 расп − 𝐻потр 
Then, if we denote the ratio of the required static head to the developed static head for 

the mixer's resistance coefficient μсм, then the fuel pressure value after processing in the 

mixer-homogenizer, which will ensure stable control of the fuel pressure at all loads of the 

boiler with a reserve coefficient of at least 20%, will be determined: 
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p1 = μсмp0 

4 Conclusions 
Thus, because of constructing a mathematical model of the fuel pipeline, it was determined 

that a hydrodynamic mixer-homogenizer can be installed at the beginning of the second 

section of the fuel system. Calculation of the mathematical model of the fuel pipeline 

section allows to get the initial data for calculating the mixer-homogenizer that provides 

processing of fuel supplied to the boiler in all modes of operation of the boiler-turbine 

power plant. The indicator of the possibility of using a hydrodynamic mixer is the 

coefficient of resistance of the mixer μсм: the lower the value of μсм, the greater the potential 

energy reserve of the fuel system under consideration for ensuring the operation of the 

mixer. The proposed developed design of the fuel pipeline allows using the kinetic energy 

of the flow to optimize the physical and chemical properties of the fuel. 
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