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Abstract 

A diesel generator set uses a diesel engine as a prime mover and is a power supply device 
for generating power by means of a synchronous generator. It is a power generating 
device with fast start, convenient operation and maintenance, low investment, and 
strong adaptability to the environment. The fuel enters the high-pressure fuel pipe 
through the high-pressure oil pump, and then is ejected from the nozzle. During this 
process, if no control is applied, the pressure in the high-pressure tubing will change, 
which will change the fuel injection rate and affect the working efficiency of the 
generator. Using the continuity theorem and Bernoulli equation, the work of the injector 
is divided into four stages, the transition process from the needle valve conduction to the 
injection hole starts to inject fuel, the process of stable oil injection through the injection 
hole, the transition process from the needle valve closing to the nozzle orifice with zero 
flow rate, the process of nozzle flow is zero, we analyzed the influence of the needle valve 
movement on the injection rate of each process in detail. Then the movement of the high-
pressure plunger is divided into two processes. The first process is that the plunger only 
compresses but the one-way valve does not conduct; the second process is that the one-
way valve conducts from the beginning to the end of a cycle. We set out the differential 
equation of the oil injection rate and time, and use the finite element difference method 
to obtain the relationship between the oil injection rate and time of the one-way valve 
when the cam rotates at different angular velocities, and draw a curve. Through the 
analysis of oil inlet rate curves at different angular velocities and the comparison of oil 
inlet and outlet rate curves, it is concluded that when the cam rotates at an angular 
velocity of 𝟎. 𝟎𝟖𝒓𝒂𝒅/𝒎𝒔 , the mass of oil in and out of the high-pressure tubing is 
basically the same, and the pressure in the high-pressure tubing is more stable. 
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1. INTRODUCTION 

1.1. The Problem Background 

A diesel generator set uses a diesel engine as a prime mover and is a power supply device for 
generating power by means of a synchronous generator. It is a power generating device with 
fast start, convenient operation and maintenance, low investment, and strong adaptability to 
the environment. The fuel enters the high-pressure fuel pipe through the high-pressure oil 
pump, and then is ejected from the nozzle. During this process, if no control is applied, the 
pressure in the high-pressure tubing will change, which will change the fuel injection rate and 
affect the working efficiency of the generator. 
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1.2. Problem Presentation 

According to the obtained technical data, such as the needle valve movement curve, cam edge 
curve and other data, determine the best cam rotation angular speed, so that the pressure of 
the high-pressure tubing remains unchanged, and the transition process as smooth as possible, 
reduce the equipment wear. 

1.3. Symbol Definition and Description 

symbol meaning 

𝒉𝒕 
𝑹𝒕 
𝒉𝒛𝒕 
𝒗𝒕 

𝑸𝒐𝒖𝒕 
𝑸𝒊𝒏 

Distance between fuel bottom and cone top 
at time t 

Fuel bottom circle radius at time t 
Distance between needle valve bottom and 

cone top at time t 
Fuel bottom velocity at time t 

The flow of oil spewed out 
The flow of oil injected 

2. THE ESTABLISHMENT AND SOLUTION OF THE MODEL 

2.1. Analysis of Fuel Injection Rate of Injector 

The injection rate of the high-pressure tubing is controlled by the needle valve. In one 
injection period, according to the change of 𝑄𝑜𝑢𝑡 flow rate per unit time of the fuel, it can be 
divided into four stages.  

Stage 1: the transition process from the needle valve conduction to the injection hole starts 
to inject fuel 

When the needle valve is open, there is no immediate injection of fuel at the nozzle. Fuel needs 
to flow through the tapered nozzle before it can be ejected from the nozzle. The time to analyze 
this process is as follows: 

1, Nozzle structure parameters: 

The half Angle of the conical nozzle is 9°, the hole opening diameter is 𝑑ℎ𝑜𝑙𝑒 = 1.4𝑚𝑚, and 
the needle valve diameter is 𝑑𝑣𝑎𝑙𝑣𝑒 = 2.5𝑚𝑚𝑚. According to the application of trigonometric 
function in triangle, the radius r of the cone bottom and the distance h between the cone bottom 
and the cone top satisfy the following relation: 

 

                     
𝑟

𝑠𝑖𝑛9°
=

ℎ

𝑠𝑖𝑛81°
                                                                        (1) 

 

The distance between the bottom of the needle valve and the top of the cone at the initial 
moment: 

 

                      ℎ𝑧 =
𝑑𝑣𝑎𝑙𝑣𝑒

2𝑠𝑖𝑛9°
= 7.8922𝑚𝑚                                                            (2) 

 

The distance from the nozzle to the cone top is: 

 

             ℎℎ𝑜𝑙𝑒 =
𝑑ℎ𝑜𝑙𝑒𝑠𝑖𝑛81°

2𝑠𝑖𝑛9°
= 4.4196𝑚𝑚                                                   (3) 
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We can get the seal seat height: 

 
                   ℎ = ℎℎ𝑜𝑙𝑒 − ℎ𝑧 = 3.4736𝑚𝑚                                                   (4) 

 

2. Discretization of continuous systems (As for delta∆𝒕 = 𝟎. 𝟎𝟏𝒔) 

(A) At t = 0:  

There is no fuel at the seal seat, corresponding to the fuel radius 𝑟 = 0, 𝑆 = 𝜋𝑟2 = 0. The 
needle valve is closed and the fuel flow is zero. The initial pressure of the high-pressure oil pipe 
is 100MPa, and the density 𝜌 = 0.85𝑚𝑔/𝑚𝑚3  

(B) Time 𝒕′ = 𝒕 + ∆𝒕: 

The fuel flows to the outlet by a distance 𝑣𝑡∆𝑡, and the distance between the bottom surface 
of the fuel and the cone top is: 

 
        ℎ𝑡′ = ℎ𝑡 − 𝑣𝑡∆𝑡                                                                          (5) 

 

The bottom radius is: 

 

𝑅𝑡′ =
ℎ𝑡′𝑠𝑖𝑛81°

𝑠𝑖𝑛9°
                                   (6) 

 

In the process of oil injection, the needle valve has a rising process, then at t ', the distance 
between the bottom of the needle valve and the top of the cone is ℎ𝑧𝑡′ = ℎ𝑧𝑡 + ∆ℎ𝑧𝑡 , ∆ℎ𝑧𝑡 can 
be obtained by discretizing the known needle valve motion curves. 

As shown in FIG. 1, the ring area formed between the bottom of the needle valve and the edge 
of the nozzle is: 

 

𝑆𝑧𝑡′ = 𝜋 [(
ℎ𝑧𝑡′𝑠𝑖𝑛81°

𝑠𝑖𝑛9°
)2 − (

𝑑𝑣𝑎𝑙𝑣𝑒

2
)

2
]                                                           (7) 

 

 
Fig 1. Opening of the needle valve the bottom and the nozzle form a cross section 
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Fig 2. Fuel bottom section when needle valve opens  

 

At normal temperature, the atmospheric pressure is 0.1013MPa, and the fuel flow inside the 
seal seat is  

 

𝑄𝑡′ = 𝐶𝑆√
2∆𝑝

𝜌
= 0.85 × 𝑆𝑧𝑡′ × √

2×(100−0.1013)

0.85
                                           (8) 

 

From the continuity theorem [2], we can get the bottom area of the fuel shown in Figure 2 as 

𝑆 = 𝜋𝑅𝑡′
2, and then we can calculate: 

 

                    𝑣𝑡′ =
𝑄

𝑡′

𝜋𝑅𝑡′
2                                                                            (9) 

 

Considering the speed increase ∆𝑣 caused by the change of the potential energy of gravity 
when the fuel drops, 𝑣𝑡′ is corrected:  

 

𝑣𝑡′ =
𝑄

𝑡′

𝜋𝑅𝑡′
2 + √2𝑔∆ℎ =

𝑄
𝑡′

𝜋𝑅𝑡′
2 + √2𝑔𝑣𝑡∆𝑡                                            (10) 

 

(C) Starting from 𝑡 = 0 , iterating in sequence with ∆𝑡  as the step size, and stopping 
iteration until the distance from the bottom of the fuel to the top of the cone ℎ𝑡′ = 0. At this time, 
the fuel is sprayed out of the injection hole and enters the next stage.  

 

Stage 2: the process of stable oil injection through the injection hole 

At this time, the fuel injection flow rate of the high-pressure fuel pipe per unit time is constant 
and flows out from the injection hole into the air. The value is as follows: 

 

𝑄𝑜𝑢𝑡 = 𝐶𝑆𝑛𝑜𝑧𝑧𝑙𝑒√
2∆𝑃

𝜌
=

20.06𝑚𝑚3

𝑚𝑠
                                                         (11) 

 

When the needle valve lift is 0, record this time as tb, which marks the end of this stage and 
enters the next stage.  

Stage 3: the transition process from the needle valve closing to the nozzle orifice with zero 
flow rate  
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After the needle valve is completely closed, the fuel will not stop ejecting momentarily 
because part of the fuel remains in the nozzle. Based on the discretization method of the 
continuous system, the analysis of the release process of the remaining fuel can be obtained as 
follows: 

I  At t = 0: 

The needle valve is closed. At this moment, the annular cross-sectional area formed by the 
needle valve and the edge of the seal seat is 𝑆 = 0, so that the fuel flow suddenly changes to 0 
per unit time, and the corresponding fuel drop rate 𝑣 = 0. The distance between the top fuel 
and the cone top is ℎ0 = 7.8922𝑚𝑚. 

II  𝐀𝐭 𝒕′ = 𝒕 + ∆𝒕:  

The fuel flow rate at the nozzle is 𝑄𝑜𝑢𝑡 = 20.06𝑚𝑚3/𝑚𝑠. Because the pressure of the high-
pressure fuel pipe is unchanged, this value also remains unchanged. 

Analysis of the top fuel:  

 
Fig 3. Top cross section of fuel when needle valve is closed 

 

The distance between the top fuel and the cone top isℎ𝑡′ = ℎ0 − 𝑣𝑑𝑟𝑜𝑝,𝑡∆𝑡, where 𝑣𝑡 is the 

fuel drop rate at time t. You can get the cross-sectional area of the top fuel as shown in Figure 3: 

 

𝑆𝑡𝑜𝑝,𝑡′ = 𝜋𝑅𝑡𝑜𝑝
2 = 𝜋 (

ℎ
𝑡′𝑠𝑖𝑛81°

𝑠𝑖𝑛9°
)

2

                                                        (12) 

 

By the continuity theorem 𝑄 = 𝑆𝑣, It can be obtained that the fuel descending speed at this 
time is: 

 

                  𝑣𝑑𝑟𝑜𝑝,𝑡′ =
𝑄𝑜𝑢𝑡

𝑆𝑡𝑜𝑝,𝑡′
                                                                       (13) 

 

Considering the reduction of the potential energy of gravity, we use Bernoulli's equation to 
modify 𝑣𝑑𝑟𝑜𝑝,It can be obtained that the corrected fuel descent speed is: 

 

𝑣𝑑𝑟𝑜𝑝,𝑡′ =
𝑄𝑜𝑢𝑡

𝑆𝑡𝑜𝑝,𝑡′
+ √2𝑔𝑣𝑑𝑟𝑜𝑝,𝑡                                                          (14) 

 

III Calculating 

In order, starting from t=0, using ∆t as the step size, and iterating in turn until 
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ℎ𝑡′ = ℎℎ𝑜𝑙𝑒. Then record the moment as 𝑡𝑐. At this time, there is no fuel remaining in the seal, 
and the next stage is entered. 

Phase 4: Nozzle flow is zero 

At this time, the needle valve is closed, and the remaining fuel in the seal is zero, which means 
no more fuel flows out. That is, the flow rate of the nozzle hole per unit time 𝑄𝑜𝑢𝑡 = 0, until the 
end of the cycle. 

According to iterative calculation, it can be obtained that: 𝑡𝑎 = 0.48𝑚𝑠, 𝑡𝑏 = 2.45𝑚𝑠, 𝑡𝑐 =
2.77𝑚𝑠. From 𝑡𝑐 to the end of an injection cycle 𝑄𝑜𝑢𝑡 = 0. 

2.2. Opening Process and Fuel Supply Rate of Check Valve 

We choose the time when the plunger moves to bottom dead center as the starting point of 
time, Suppose the cam rotates clockwise at an angular velocity 𝜔 .After time t, the angle of 
rotation is 𝜃 = 𝜔𝑡. 

When 𝜃 = 3.14, the plunger moves to the top dead center. According to the table, the pole 
radius is 𝑟 = 7.239𝑚𝑚. At this time, the residual volume of the plunger cavity is 𝑉 = 20𝑚𝑚3, 
and the height of the plunger cavity is 1.018592𝑚𝑚. 

When 𝜃 = 0, the plunger moves to the bottom dead center. According to the table, the pole 
radius is 𝑟 = 2.413𝑚𝑚 . At this time, the height of the plunger cavity is a maximum of 
5.8446𝑚𝑚. The fuel pressure in the cavity is 𝑃 = 0.5𝑀𝑃𝑎. According to the empirical formula 
of fuel density and pressure: 

 

𝜌 = 𝑔(𝑃) = 0.776499𝑒0.152325 arctan(0.0044066𝑃+0.234217)                             (15) 

 

It can be obtained that the fuel density in the plug cavity at this time is 0.8045𝑚𝑔/𝑚𝑚3.Then 
the total mass of fuel in the plunger cavity is obtained as 92.32𝑚𝑔. 

If the radius of the cam is 𝑟 at a certain moment, the height of the plunger cavity can be 
calculated as: 

 
ℎ𝑐𝑎𝑣𝑖𝑡𝑦 = 5.8446 + 2.413 − 𝑟 = 8.2576 − 𝑟                                           (16) 

 

The volume of the plunger cavity is: 

 

𝑉𝑐𝑎𝑣𝑖𝑡𝑦 = 𝜋𝑅𝑐𝑎𝑣𝑖𝑡𝑦
2ℎ

𝑐𝑎𝑣𝑖𝑡𝑦
= 19.635ℎ

𝑐𝑎𝑣𝑖𝑡𝑦
 

 

Based on this, the opening and closing of the one-way valve during a cycle of cam rotation is 
specifically studied. This period can be divided into two periods: 

The first stage: valve from closed to open 

At t=0, the fuel pressure in the plunger cavity is at the lowest state. After the cam rotates, 
compressing the plunger cavity will reduce its volume and increase the fuel density in the cavity, 
thereby increasing the fuel pressure in the cavity. When  𝑃 =  100𝑀𝑃𝑎 , the valve is closed. 
Analyze the shutdown moment, it can be obtained that: 

Fuel density in the plunger cavity meets 
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{
𝜌𝑐𝑎𝑐𝑖𝑡𝑦 =

0.85𝑚𝑔

𝑚𝑚3

𝜌𝑐𝑎𝑣𝑖𝑡𝑦 =
𝑀0

𝑉0
=

92.32

19.635ℎ𝑐𝑎𝑣𝑖𝑡𝑦

                                                           (17) 

 

Thus ℎ𝑐𝑎𝑣𝑖𝑡𝑦 = 5.5315𝑚𝑚.Substituting it into equation (16) we can calculate the cam radius 

𝑟 = 2.7216𝑚𝑚. Looking up the table, we can find the corresponding value of 𝜃.According to 
the equation 𝜃 = 𝜔𝑡, we can get the valve closing time 𝑡1. 

The second stage: from the initial open to the end of the cycle 

When the fuel in the plunger cavity is greater than 100MPa, the check valve opens. Both the 
mass and volume of the fuel will change, which greatly increases the difficulty of calculation. We 
choose △ 𝑡 =  0.01𝑚𝑠, to discretize this continuous process. Analysis as below: 

I At t =𝑡1: 

Immediately after the check valve is opened, for 𝑃𝑐𝑎𝑣𝑖𝑡𝑦 = 𝑃𝑡𝑢𝑏𝑒 = 100𝑀𝑃𝑎,the fuel in the 

cavity cannot flow into the high-pressure fuel pipe, so the fuel supply rate 𝑄𝑖𝑛,0 = 0 

II At 𝒕′ = 𝒕 + ∆𝒕:  

(a) Fuel quality in cavity: 𝑀𝑐𝑎𝑣𝑖𝑡𝑦,𝑡′ = 92.32 − 𝑄𝑖𝑛,𝑡𝜌𝑐𝑎𝑣𝑖𝑡𝑦,𝑡∆𝑡 

(b) Plunger cavity volume: 𝑉𝑐𝑎𝑣𝑖𝑡𝑦,𝑡′ = 19.635ℎ𝑐𝑎𝑣𝑖𝑡𝑦,𝑡′ 

(c) Fuel density in cavity:  

 

𝜌𝑐𝑎𝑣𝑖𝑡𝑦,𝑡′ =
𝑀

𝑐𝑎𝑣𝑖𝑡𝑦,𝑡′

𝑉𝑐𝑎𝑣𝑖𝑡𝑦,𝑡′
=

92.32−𝑄𝑖𝑛,𝑡𝜌𝑐𝑎𝑣𝑖𝑡𝑦,𝑡∆𝑡

19.635ℎ𝑐𝑎𝑣𝑖𝑡𝑦,𝑡′
                                                (18) 

 

(d) Fuel pressure in cavity: 𝑃1 = 𝑔−1(𝜌𝑐𝑎𝑣𝑖𝑡𝑦,𝑡′) 

(e) Oil supply rate:  

 

𝑄𝑖𝑛,𝑡′ = 𝐶𝐴√
2(𝑃1−100)

𝜌𝑐𝑎𝑣𝑖𝑡𝑦,𝑡′
                                                                   (19) 

 

If 𝑃1 ≤ 100𝑀𝑃𝑎, the check valve is closed, 𝑄𝑖𝑛 = 0. 

III Calculating 

Recursing from 𝑡 =  𝑡1 in turn, with ∆𝑡 as the step size until  𝑡1 + (𝑛 − 1)∆𝑡 ≥ 𝑇𝑐𝑎𝑚 =
2𝜋

𝜔
. 

We can get n sets of discrete data 𝑄𝑖𝑛, 𝜌𝑐𝑎𝑣𝑖𝑡𝑦 corresponding to n moments. Furthermore,  we 

can plot the change curve of 𝑄𝑖𝑛-𝜌𝑐𝑎𝑣𝑖𝑡𝑦 in one cycle of the cam rotation at different angular 

velocities. After selecting a variety of angular velocities, we have plotted the change curve of the 
fuel supply amount per unit time in a cycle at different angular velocities. It can be found that 
there is some regularity in the manifestation of these curves. Below we take three 
representative angular velocities for analysis: 
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Fig 4. Oil inlet mass rate of check valve at 𝜔 =  1𝑟𝑎𝑑/𝑚𝑠 

 
Fig 5. Oil inlet mass rate of check valve at 𝜔 =  0.08𝑟𝑎𝑑/𝑚𝑠 

 
Fig 6. Oil inlet mass rate of check valve at 𝜔 =  0.0628𝑟𝑎𝑑/𝑚𝑠 

 

(A) 𝝎 =  𝟏𝒓𝒂𝒅/𝒎𝒔: 

The relationship between the inlet oil mass rate and time is shown in Figure 4. As can be seen 
from the curve, the check valve opens only once in 0.58ms. However, the quality of the oil input 
during a cycle is far greater than the quality of the ejected oil, so the pressure in the high-
pressure oil pipe will continue to rise, which means it cannot maintain stability. 

(B) 𝝎 =  𝟎. 𝟎𝟖𝒓𝒂𝒅/𝒎𝒔: 

The relationship between the inlet oil mass rate and time is shown in Figure 5. As can be seen 
from the curve, the check valve opens from 10to 20𝑚𝑠. However, the rate of fuel flowing into 
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the high-pressure fuel pipe fluctuates continuously, and the total mass of fuel injected into the 
high-pressure fuel pipe in a cycle is about 30𝑚𝑔. 

(C) 𝝎 =  𝟎. 𝟎𝟔𝟐𝟖𝒓𝒂𝒅/𝒎𝒔: 

The cam rotation cycle is the same as the nozzle injection cycle, both are 100𝑚𝑠 . The 
relationship between the inlet oil mass rate and time is shown in Figure 6. It can be seen from 
the curve that, the valve is constantly opening and closing. This is because at this angular 
velocity, the pressure in the high-pressure oil pump fluctuates significantly up and down at 100 
MPa, so it is difficult for the check valve to maintain stable opening. 

In the curve, when 𝑄𝜌 > 0, it means that the check valve is on; when 𝑄𝜌 = 0 , it means that 
the check valve is off. By analyzing the conduction of the check valve when the cam rotates at 
different angular speeds, we find the following conclusions: 

The greater the angular speed of the cam rotation is, the lower the number of oscillations 
during one rotation. The longer the conduction is, the higher the total oil quality is in a cycle, 
but it is difficult to guarantee the synchronization of inlet oil and outlet oil due to the short cycle. 

The smaller the angular speed is, the longer the oil supply cycle is and the higher the number 
of oscillations is during one rotation. The oil injection amount which is smaller and smaller in a 
rotation continuously oscillates. 

3. MODEL RESULTS 

Comprehensively considering, we will use 0.08𝑟𝑎𝑑/𝑚𝑠 as the operating angular velocity of 
the cam. Taking into account that, when oscillations occur, the amount of oil is small and has 
little effect on the pressure in the high-pressure oil pipe, the oil amount at this time can be 
approximately set to zero, so the approximate curve shown in the figure below can be obtained. 

 
Fig 7. Approximate inlet and outlet oil mass rate curve at s 𝜔 =  0.08𝑟𝑎𝑑/𝑚𝑠 

 

It can be seen from the approximate image that the injection volume is 100𝑚𝑠 as a cycle. In 
each cycle, only the first 2.77𝑚𝑠 will spout fuel to the outside, and the mass of the ejected oil 
is about 34mg. When the angular velocity of the cam is 0.08𝑟𝑎𝑑 / 𝑚𝑠, the oil input through the 
check valve takes 78.5𝑚𝑠 as a cycle, and the mass entering the high-pressure oil pipe is about 
25mg per cycle. Because the cycle of the oil flowing in is shorter than the cycle of the oil flowing 
out, when the fuel nozzle stops fuel spouting, the check valve will start the next cycle of 
operation. In this way, the quality of the oil inlet and outlet is basically equal throughout the 
100𝑚𝑠. The pressure of the high-pressure oil pipe is approximately unchanged. In the 100𝑚𝑠 
cycle, the first 3ms high-pressure oil pipe spouts fuel, and the pressure in the high-pressure oil 
pipe decreases. Between 10ms and 20𝑚𝑠, oil is injected into the oil pipe through the check 
valve, and the high-pressure oil pipe pressure rises to 100𝑀𝑃𝑎 basically. At the end of the cycle, 
the check valve opens again, and the pressure completely rises to 100 MPa. Therefore, when the 
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cam angular velocity is 0.08𝑟𝑎𝑑/𝑚𝑠 , which is about 13r/s , the internal pressure of the high-
pressure oil pipe can be kept stable at 100 𝑀𝑃𝑎. 
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