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INTRODUCTION

The flow valve is a core hydraulic component of a 
crane.  It controls the speed of the hoisting system by 
controlling the flow into the hydraulic motor.  The 
improvement of flow control accuracy will improve the 
motion accuracy of the hoisting system.  Therefore, the 
flow control accuracy of the flow control valve will 
greatly affect the performance of the crane hoisting sys-
tem.

The flow valve is essentially an orifice valve whereby 
the flow is regulated by changing the orifice flow area.  
The orifice section area is determined by the structure 
of the orifice.  The orifice structure therefore has a deci-
sive effect on the flow control performance of the flow 
control valve.

Researchers have studied the structure of the orifice 
port in detail in efforts to improve the control accuracy 
of the flow valve.  Orifices can be categorized by their 
structure, such as U–type, L–type and V–type (Na, C. L, 
2011; Ji, H et al., 2003; Ji, H et al., 2010).  With a change 
in orifice width, different orifice structures have differ-
ent flow section area curves.  However, a single orifice 
structure cannot meet the requirements of complex flow 
changes.  Researchers have therefore combined orifices 
and obtained abundant flow curves (Zhou, H et al., 2008; 

Wu, X. M et al., 2010).
The hoisting system is used by a crane to lift and 

lower heavy objects.  The hoisting system must run 
smoothly to ensure the safety of crane work and should 
also be able to operate at a lower speed that ensures the 
accuracy of work.  At the same time, for better efficiency 
of crane operation, the hoisting system of the crane must 
have a higher moving speed when needing to lift and 
lower heavy objects quickly.  The flow valve of the crane 
hoisting system should therefore have a large flow regu-
lation range and provide a lower and stable flow for the 
hydraulic motor when the hoisting system works at low 
speed.  These requirements can be achieved through 
appropriate orifice design.  Researchers have made good 
progress in verifying the orifice performance and opti-
mizing the orifice design using MATLAB and AMESIM 
software to model and simulate orifices (Dasgupta, K et 
al., 2002; Yuan, S.H et al., 2013).

In addition to meeting the basic working require-
ments, a crane hoisting system should have good energy 
efficiency to prevent the system from stopping working 
as a consequence of the overheating of hydraulic oil.  
Relevant research shows that most of the energy loss of 
the hoisting system is due to the hydraulic system and 
that the orifice of the flow valve is the main location of 
the energy loss.  In recent years, researchers have 
adopted computational fluid dynamics (CFD) to study 
the energy loss at an orifice (Amirante, R et al., 2007; Li, 
Z et al., 2012).  Results show that the CFD method can 
be used to effectively simulate and analyze the oil flow 
and energy loss at the orifice.

In this study, to improve the efficiency and stability 
of the crane hoisting system, the flow performances of 
four types of commonly used single orifices of the flow 
valve are compared and analyzed.  On the basis of the 
analysis results, a combined orifice is designed to meet 
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the needs of a hoisting system.  CFD are then used to 
simulate the oil flow and energy loss at the orifice and 
AMESim software is used to simulate the orifice flow 
capacity.  Finally, the regulating effect of the combined 
orifice designed in this study on the hoisting system 
action is tested on a crane.

MATERIALS AND METHODS

Analysis of a commonly used single orifice
The throttle orifice is formed by the body of the flow 

valve enclosing a spool.  There are two types of throttle 
orifices, full–cycle orifices and non–full–cycle orifices.  
The commonly used full–cycle orifices are annular and 
conical, as shown in Figure 1 (a) and (b).  These throt-
tles are annular areas formed by body holes around a 
spool.  The commonly used non–full–cycle orifices are 
U–shaped and V–shaped, as shown in Figure 1 (c) and 
(d).  These orifices are machined on a spool.  The flow 
areas of all orifices vary with the opening width of the 
orifices.  Therefore, before the orifices are designed, it is 
necessary to study the variation in the orifice flow area 
with the opening width of the orifice.

The flow direction of hydraulic oil changes as oil 
passes through the throttle orifice.  In Figure 2, the flow 
area is A1 when oil enters the spool throttle orifice along 
the direction perpendicular to the axis of the spool.  
After entering the throttle orifice, the oil flows in a direc-
tion parallel to the axis of the valve spool and the flow 
area is A2.  Relevant studies have shown that the equiva-
lent orifice flow area is approximately equal to the 
smaller of A1 and A2, and the smaller of A1 and A2 is 
thus taken as the equivalent orifice flow area in the pre-
sent study.

Using the above calculation method, the equivalent 
flow areas of the four common orifices in Figure 1 are 
calculated and the curves of the equivalent flow areas 
varying with the opening width of the orifices are 
obtained, as shown in Figure 3.  The figure shows that 
the equivalent flow area increases with the opening 

width for all orifices.  For the same opening width, the 
equivalent flow area of the annular orifice is largest and 
that of the V–shaped orifice is smallest.  When the open-
ing width of the orifice is relatively short, the flow areas 
of V–shaped and U–shaped orifices are very small.  When 
the throttle opening is increased, the gains of the flow 
areas of the annular and U–shaped orifices are larger.  
The U–shaped orifice has a small flow area that changes 
stably for short widths of the orifice opening and a large 
gain in the flow area for long widths of the orifice open-
ing.  These characteristics meet the requirements of 
high stability for a crane hoisting system operating at 
low speed and high working efficiency for a crane hoist-
ing system operating at high speed.  An U–shaped orifice 
combination is therefore selected in the present study 
for the design of the orifice of the flow valve of a crane 
hoisting system.

Design of a combined orifice for the flow valve of 
a crane hoisting system

The maximum flow rate q of the considered crane 
hoisting hydraulic system is 350 L/min and the maximum 
pressure is 31.5 MPa.  The pressure loss at the orifice 
should be less than 1.5 MPa.  Research shows that to 
prevent the unstable flow of hydraulic oil due to a flow 
rate that is too high, the large diameter D of the valve 
spool should satisfy the condition

D ≥ 11.25 
q

4 Δp  

= 11.25 
350/60000
4 1500000

 ≈ 24.5 (mm). (1)

Therefore, D is taken as 25 mm.
To ensure the strength of the spool, the small diame-

ter d of the spool should satisfy the condition

d ≥ 0.5 D = 12.5 (mm).	 (2)
Fig. 1.  Common types of throttle orifice.
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(a) Annular full–cycle orifice (b) Conical full–cycle orifice
(c) V–shaped non–full–cycle orifice (d) U–shaped non–full–cycle ori-

fice

A1 A2

Fig. 2.  Throttle orifice flow areas.

Fig. 3.  �Curves of the equivalent flow area versus ori-
fice opening width.
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Therefore, d is taken as 13 mm.
Figure 4 presents the design of combined orifices of 

the flow valve in the crane hoisting system, using U–
shaped non–full–cycle orifices.  Pairs of two types of 
combined orifices are designed on the circumference of 
the spool.  The first type of combined orifice comprises 
U1, U2 and U3 orifices.  The second type of combined 
orifice comprises U4 and U5 orifices.  The orifices of 
each combination intersect each other and are distrib-
uted evenly on the circumference of the spool to prevent 
the spool from sticking.

The structural parameters of the above two types of 
combined orifice are given in Table 1.  The maximum 
opening width of the U1+U2+U3 combined orifice is 10 
mm while that of the U4+U5 combined orifice is 8.5 mm.

The opening width L of the combined orifices varies 
with the movement of the spool, as shown in Figure 5.

Curves of the equivalent flow area of the combined 
orifices versus the opening width are shown in Figure 6.  
It is seen that the maximum opening width of the com-
bined orifices is 10 mm.  The total flow area is low 
(increasing from 0 to 60 mm2) for opening widths of 
0–5.2 mm and increases rapidly from 60 to 213 mm2 for 
opening widths of 5.2–10 mm.

Simulation of the flow field of combined orifices
The structural relationship between the valve body 

and the spool of the flow valve in the hoisting system of 
the crane is shown in Figure 7.

To study the oil flow at the combined orifice, the 
CFD method is used to analyze the pressure distribution 
at the combined orifice for different opening widths.  
First, the flow valve model is simplified to obtain the 
flow field simulation model of the fluid area surrounded 
by the valve body and spool.  The model is then meshed 
as shown in Figure 8.

Simulation parameters are given in Table 2.

Fig. 4.  �Combined orifices of the flow valve in the crane hoisting 
system.

Fig. 7.  Profile of the flow valve in the crane hoisting system.

Fig. 8.  �Mesh generation of the fluid zone model surrounded 
by the valve body and spool.

Fig. 6.  �Equivalent flow area of combination ori-
fices versus the opening width.

Fig. 5.  �Change in the combined orifice opening width L when the 
spool moves.

Table 1.  Structural parameters of combined throttles

Combined throttles Structural parameters

U1+U2+U3

U1: radius R1=1.5 mm, length L1=2.5 mm, 
depth D1=2.5 mm
U2: radius R2=3.0 mm, length L2=2.5 mm, 
depth D2=3.5 mm
U3: radius R3=6.0 mm, length L3=5.0 mm, 
depth D3=5.5 mm

U4+U5

U4: radius R4=1.5 mm, length L4=2.5 mm, 
depth D4=2.5 mm
U5: radius R5=5.0 mm, length L5=6.0 mm, 
depth D5=5.5 mm

L=0 mm                       L=1.5 mm                      L=10 mm
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Simulation of the crane hoisting system perfor-
mance

A simulation model of the crane hoisting system is 
established using AMESim software as shown in Figure 9 
to study the performance of the designed combined ori-
fice of the flow valve in the crane hoisting system.  The 
simulation model includes a hydraulic pump, hydraulic 
motor, reducer, flow valve and pressure compensation 
valve.  The pressure compensation valve maintains a 
constant pressure drop at the combined orifice, thereby 
reducing the effect of the workload on the flow.

Parameters of the crane hoisting system simulation 
model are given in Table 3.

Performance test of the crane hoisting system
The speed regulation performance of the combined 

orifice on the hoisting system was tested on an XCT55 

crane.  Part of the measuring point arrangement of the 
hydraulic system is shown in Figure 10.  The composi-
tion of the test system is given in Table 4.

RESULTS AND DISCUSSION

Simulation results and analysis of the flow field of 
the combined orifice

The flow–field simulation scheme of the combined 
orifice is designed as shown in Table 5.

Simulation results of the pressure distribution for 
different orifice opening widths are shown in Figure 11.  

Figure 11 shows that the pressure loss of the flow 
valve mainly relates to the combined orifice.  In flow 
field simulations 1 to 4, the pressure losses at the orifice 
are respectively 0.76, 0.43, 1.19 and 1.28 MPa.  In each 
case, the pressure loss at the orifice is less than 1.5 MPa, 
which meets design requirements.

Simulation results and analysis of the crane hoist-
ing system performance

Table 6 presents the scheme for simulating and ana-
lyzing the performance of the hoisting speed control of 
the crane hoisting system at different engine speeds and 
different workloads, according to the actual working 
conditions of the crane.

The simulation results of the hoisting speed of crane 
are shown in Figure 12.

Table 2.  Main parameters of the CFD model

Name Parameters

Solution Type Pressure–Based

Analysis Type Steady

Fluid model Realizable k–ε

Fluid materials 46# hydraulic oil

Inlet hydraulic radius (m) 0.02254

Outlet hydraulic radius (m) 0.002636

Fig. 9.  �Simulation model of the crane hoisting system in AMESim 
software.

Table 3.  �Parameters of the crane hoisting 
system simulation model

Parameters value

Oil density (kg·m–3) 850

Oil absolute viscosity (MPa·s) 20.76

Bulk modulus (MPa) 1700

Oil temperature (˚C) 40

Pump displacement (mL/r) 200

Motor displacement (mL/r) 107

Gear ratio 17

Diameter of winch (mm) 250

Fig. 10.  Measurement point layout of the hydraulic system.

Table 4.  Composition of the crane test system

Elements Parameters

Hydraulic pump 100 ml/r+100 ml/r

Hydraulic motor 107 ml/r

Pilot circuit oil pressure sensor 0–10 MPa

Main circuit oil pressure sensor 0–40 MPa

Winch speed sensor 1000 Plus/R

Table 5.  �Flow–field simulation scheme of the combined orifice

Simulation
Opening 
width L 
(mm)

Inlet velocity  
v (m/s)

Equivalent 
flow rate Q 

(L/min)

Outlet pres-
sure pl 
(MPa)

1 2 0.52 10.8 28

2 4 1.3 26.6 28

3 7 7 150 28

4 10 16 350 28
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Figure 12 shows that the hoisting speed of the hoist-
ing system increases with the pilot pressure.  The pilot 
pressure of the orifice opening is respectively 0.9 and 
1.1 MPa when the hoisting system is under no–load and 
heavy–load conditions.  In simulation 1, the hoisting sys-
tem achieves a maximum hoisting speed of 80 m/min 
when the pilot pressure reaches 1.56 MPa.  In simulation 
2, the hoisting speed is a maximum of 150 m/min when 
the pilot pressure reaches 2 MPa.  In simulation 3, the 

hoisting speed is a maximum of 70 m/min when the pilot 
pressure reaches 1.8 MPa.  In simulation 4, the hoisting 
speed is a maximum of 110 m/min when the pilot pres-
sure reaches 2 MPa.  The leakage of the hydraulic sys-
tem increases in response to an increase in the work-
load.  Therefore, for the same engine speed, the hoisting 
speed under a heavy load is lower than that under a light 
load.

Fig. 11.  Pressure distributions for different orifice opening widths.

Simulation 1: L = 2 mm, v = 0.52 m/s, Q = 10.8 L/min Simulation 2: L = 4 mm, v = 1.3 m/s, Q = 26.6 L/min

Simulation 3: L = 7 mm, v = 7 m/s, Q = 150 L/min Simulation 4: L = 10 mm, v = 16 m/s, Q = 350 L/min

Table 6.  �Simulation scheme for the speed control performance of the crane hoisting system

Simulation Working condition Workload (kg)
Engine speeds 

(r/min)
Pilot pressure 

(MPa)

1 No load and idle speed 0 800 0 2.0

2 No load and high speed 0 1900 0 2.0

3 Heavy load and idle speed 4500 800 0 2.0

4 Heavy load and high speed 4500 1900 0 2.0
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Fig. 12.  Simulation results of the crane hoisting speed.
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Performance test results and analysis of the crane 
hoisting system

Table 7 shows the test scheme adopted to analyze 
and verify the effect of the designed combined orifice on 
the hoisting speed under different working conditions of 
the crane hoisting system.

Figure 13 presents curves of the hoisting speed ver-
sus pilot pressure for different working conditions.

Figure 13 shows that the hoisting speed of the crane 
hoisting system varies steadily with the pilot pressure.  
The pilot pressure of the orifice opening is 1 MPa.  In 

simulation 1, the hoisting speed is a maximum of 75 m/
min when the pilot pressure reaches 1.64 MPa.  In simu-
lation 2, the hoisting speed is a maximum of 150 m/min 
when the pilot pressure reaches 2 MPa.  In simulation 3, 
the hoisting speed is a maximum of 71 m/min when the 
pilot pressure reaches 1.78 MPa.  In simulation 4, the 
hoisting speed is a maximum of 112 m/min when the 
pilot pressure reaches 2 MPa.

Table 8 presents the test scheme adopted to meas-
ure the lowest stable hoisting speed when testing the 
low–speed performance of the hoisting system.

Table 7.  Test scheme of the hoisting speed of the crane hoisting system

Test Working condition
Angle of tilt 

cylinder (deg)
Length of telescopic 

boom (m)
Workload  

(kg)
Engine speeds 

(r/min)
Pilot pressure 

(MPa)

1 No load and idle speed 60 19.8 0 800 0–2.0

2 No load and high speed 60 19.8 0 1900 0–2.0

3 Heavy load and idle speed 60 19.8 4500 800 0–2.0

4 Heavy load and high speed 60 19.8 4500 1900 0–2.0

Table 8.  Test scheme for low–speed operation of the crane hoisting system

Test Working condition
Angle of tilt 

cylinder (deg)
Length of telescopic 

boom (m)
Workload  

(kg)
Engine speeds 

(r/min)

1 No load and lifting 60 11.6 0 800

2 No load and lowering 60 11.6 0 800

3 Heavy load and lifting 60 11.6 4500 800

4 Heavy load and lowering 60 11.6 4500 800

Fig. 13.  Hoisting speed versus pilot pressure.

Test 1: No load and idle speed Test 2: No load and high speed

Test 3: Heavy load and idle speed Test 4: Heavy load and high speed
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The hoisting system of the crane is controlled by 
manual operation of the hydraulic pilot control handle 
such that the system works at the lowest stable speed.  
The lowest stable speeds of the crane hoisting system 
under different working conditions are shown in Figure 
14.

Figure 14 shows that the minimum stable speed of 
the hoisting system under different working conditions is 
less than 1.83 m/min.  The hoisting system of the crane 
can operate stably at a lower speed when it is lowering 
under a heavy load.

CONCLUSIONS

The present study calculated the equivalent flow 
areas of four commonly used single orifices.  Calculation 
results show that the flow area of the U–shaped throttle 
slot is small and stable at a small orifice opening width 
while the flow area gain is large at a large orifice opening 
width, which meets the requirements of stability of the 
crane hoisting system for low–speed motion and high 
efficiency for fast motion.

According to the hoisting speed requirements of the 
crane hoisting system, a combined orifice was designed 
with a U–shaped orifice and the flow area was calcu-
lated.  Calculation results show that the maximum open-
ing width of the combined throttle is 10 mm.  The total 
flow area is low (increasing from 0 to 60 mm2) for open-
ing widths of 0–5.2 mm and increases rapidly from 60 to 
213 mm2 for opening widths of 5.2–10 mm

The CFD method was used to simulate the pressure 

distribution of the combined orifice at different opening 
widths.  The simulation results show that the pressure 
loss at the orifice is less than 1.5 MPa.  A simulation 
model of the crane hoisting system was established in 
AMESim software and the performance of hoisting speed 
regulation was analyzed.  Results show that the hoisting 
speed of the hoisting system increases with the pilot 
pressure.  When the hoisting system is under no–load 
and heavy–load conditions, the pilot pressure of the ori-
fice opening is 0.9 and 1.1 MPa, respectively.  When the 
system has no load and the engine is idling, the maxi-
mum hoisting speed is 80 m/min.  When the system has 
no load and the engine is running at high speed, the 
maximum hoisting speed is 150 m/min.  When the load of 
the system is high and the engine is idling, the maximum 
hoisting speed is 70 m/min.  When the load of the system 
is high and the engine is running at high speed, the max-
imum hoisting speed is 110 m/min.  An increase in work-
load increases the leakage of the hydraulic system.  The 
maximum hoisting speed of the hoisting system under a 
heavy load is lower than that under a light load for the 
same engine speed.

Results of the speed regulation test of the crane 
hoisting system show that the maximum hoisting speed 
of the hoisting system is 75 m/min when the system has 
no load and the engine is idling.  The maximum hoisting 
speed of the hoisting system is 150 m/min when the sys-
tem has no load and the engine is running at high speed.  
The maximum hoisting speed of the hoisting system is 
71 m/min when the load of the system is high and the 
engine is idling.  The maximum hoisting speed of the 

Fig. 14.  Lowest stable speeds of the crane hoisting system under different working conditions.

Test 1: No load and lifting Test 2: No load and lowering

Test 3: Heavy load and lifting Test 4: Heavy load and lowering
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hoisting system is 112 m/min when the load of the sys-
tem is high and the engine is running at high speed.  The 
minimum stable speed of the hoisting system is less than 
1.83 m/min under different working conditions.  The 
hoisting system of the crane operates stably at low speed 
when it lowers a heavy load.  The results of the speed 
regulation test of the crane hoisting system are basically 
the same as those of the simulation test, which demon-
strates the correctness of the model.
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