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0  INTRODUCTION

Subsea blowout preventers (BOP) play an extremely 
important role in providing safe working conditions 
for drilling activities in 3000 m ultra-deep water 
regions. Two redundant multiplex control pods, 
normally located on the lower marine riser package 
on the seafloor, are of crucial importance for the 
performance and reliability of BOP systems. The 
control pods contain 224 subsea solenoid valves 
immersed in low-temperature and high-pressure 
seawater [1]. As compared to shear seal valves, this 
valve provides about 70% savings in space reduction, 
which reduces the size and weight of subsea 
control systems greatly. Therefore, to maximize the 
electromagnetic force for a specific small volume 
valve, the main limiting quantity of maximum allowed 
temperature in seawater has to be considered [2].

The thermal and electromagnetic analyses for 
various electromagnetic devices have been performed 
by using the Finite Element Analysis (FEA) method. 
Tao et al. [3] developed an optimal design method 
for a high-speed response solenoid valve to achieve 
larger magnetic force and low power by using the 
FEA method. Moses et al. [4] studied the performance 
of a conventional electromagnetic actuator and a 
non-conventional electromagnetic device in order 
to demonstrate the advantages of the FEA technique 
in speeding up the design process and improving 
the performance of final products. Yatchev et al. [5] 
proposed a methodology to optimize a permanent 
magnet linear actuator with soft magnetic mover for 
electromagnetic valve. The flux density distribution, 
electromagnetic force and steady state temperature 

distribution were researched by finite element analysis 
in order to verify the obtained optimal solution. Yang  
and Huang [6] designed a novel electromagnetic 
actuator which can produce three-dimensional forces 
for miniature magnetically levitated rotating machines 
via the FEA software. Angadi et al. [7] constructed a 
comprehensive multi-physics finite element model of 
a solenoid valve used in an automobile transmission 
to make predictions of the stresses, strains and 
temperatures within the solenoid valve. The results 
predict that the valve is susceptible to a coupled 
electrical-thermo-mechanical failure mechanism. Wu 
et al. [8] presented a design methodology of a normal 
stress electromagnetic linear actuator for fast tool 
servos during non-rotationally symmetric diamond 
turning based on analytical and finite element 
methods magnetic circuit analysis. The magnetic flux 
density and magnetic strength intensity of magneto-
rheological valve were also researched by using the 
FEA method [9] and [10]. Lipus et al. [24] presented 
model devices for magnetic water treatment, 
optimized for scale control at water capacities up to 
a few m3/h, using the computational program OPERA 
15R1 with the FEA method.

From these literatures, it can be seen that the FEA 
method has been widely used to study electromagnetic 
devices. However, these analyses are mainly 
deterministic. The reliability issues of electromagnetic 
devices have not been investigated using the FEA 
method. To address the growing need for stochastic 
and probabilistic finite element analysis, ANSYS 
Inc. released the ANSYS Probabilistic Design 
System (PDS). The PDS is an analysis technique for 
assessing the effect of uncertain input parameters 
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and assumptions on the model. This can account for 
the randomness in input variables such as material 
properties, boundary conditions, loads and geometry 
[11] and [12]. The PDS includes both the Monte 
Carlo Simulation (MCS) method as well as Response 
Surface Method (RSM). 

The PDS have been used to study the probabilistic 
problems for various structures. Nakamura and Fujii 
[13] demonstrated the probabilistic thermal analysis 
of an atmospheric re-entry vehicle structure and 
investigated the probabilistic temperature response 
by using MCS. Zulkifli et al. [14] evaluated the 
reliability or fatigue life of the solder joints in the ball 
grid array package by using RSM. Nemeth et al. [15] 
studied the effect of specimen dimension of single 
crystal SiC on the strength response by using PDS. 
Liu and Zheng [16] studied the strength reliability of 
composite laminated high pressure hydrogen storage 
vessel by using MCS and RSM. Cai et al. [17] and 
[18] investigated the buckling behaviours of filament-
wound carbon fibre-epoxy composite pressure vessel 
with aluminium liner and composite long cylinders by 
using PDS. 

This work aims at studying the effects of 
uncertainties of material properties, physical 
dimensions and applied voltage on the thermal and 
electromagnetic issues by using the probabilistic 
FEA method. Five material properties, four physical 
dimensions and an applied voltage are taken as random 
input parameters, and the maximum temperature 
within the valve and the electromagnetic force with a 
given air gap are taken as random output responses. 
The thermal and electromagnetic experiments were 
performed to validate the finite element analysis 
results.

1  FINITE ELEMENT ANALYSIS

1.1 Subsea Solenoid Valve

The subsea solenoid valve is designed as a solenoid 
operated switching spring return actuator, which is 
mainly composed of a cover, a spring, a spring pocket, 
a coil, a coil bobbin, a plunger, a plunger sleeve, and 
a magnetic ring, as shown in Fig. 1. The plunger-
type structure is intended to produce small size [19] 
and [20]. When the coil is energized by DC voltage, 
the plunger of the valve retracts upward and extends 
downwards by releasing the stored energy from the 
spring.

The cover of the actuator is made of AISI 316L 
austenitic stainless steel due to its high corrosion 
resistance to seawater, high strength, and high 

durability [21]. However, AISI 316L stainless steel is 
non-magnetic. Therefore, four components including 
plunger, spring pocket, plunger sleeve, and magnetic 
ring are used to form a magnetic circuit. They are 
made of AISI 440C martensitic stainless steel, which 
is strongly magnetic but has lower corrosion resistance 
to seawater than AISI 316L austenitic stainless steel 
[22]. All of the gaps within the valve, for example, the 
gap between the coil and the magnetic ring, are filled 
with conduction oil in order to transfer heat power 
and prevent high-pressure seawater from crushing the 
actuator. The coil conducts the current that provides 
magnetic flux, and it consists of numerous turns and 
layers of conducting copper wire, insulation and 
bonding material. The hydraulic fluid used in the 
subsea solenoid valve is water-glycol solutions, but 
not oil in order to reduce the pollution to ocean [23]. 

a)

b)
Fig. 1. a) schematic diagrams, and b) prototype of the subsea 

solenoid valve

1.2 Deterministic Analysis

A thermal and electromagnetic model of the solenoid 
valve is developed in the finite element package 
ANSYS as shown in Fig. 2. Six materials including 
316L stainless steel, 440C stainless steel, copper, 
Nylon, conduction oil and water-glycol solution are 
defined in the model.

For the thermal analysis, the valve is described 
using 2-D thermal solid element PLANE55. The 
element is defined by four nodes with a single degree 
of freedom at each node. It can be used as a plane 
element or as an axisymmetric ring element with 
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a 2-D thermal conduction capability. The model is 
meshed free, and the number of nodes and elements 
are 1670 and 3189, respectively. Free convection 
is assumed on the outer boundaries of the valve, 
expect on the line of symmetry, where axisymmetric 
boundary condition is assumed. Finally, the thermal 
analysis of the solenoid valve is performed to obtain 
the temperature distribution. 

For the electromagnetic analysis, 2-D coupled-
field solid element PLANE 13 is used to describe the 
valve. The element is defined by four nodes with up to 
four degrees of freedom per node. It has a non-linear 
magnetic capability for modelling B-H curves or 
permanent magnet demagnetization curves. Similarly, 
the model is meshed free, and the number of nodes 
and elements are 1671 and 3182, respectively. The 
magnetic force boundary conditions are applied 
on the component of plunger, the uniform current 
density is applied on the elements of coil, and the flux 
parallel line conditions are applied on the all the outer 
boundaries. Finally, the magnetic flux line, magnetic 
flux density and electromagnetic force are predicted 
by performing the electromagnetic analysis.

Fig. 2.  Finite element model of the subsea solenoid valve

1.3 Probabilistic Analysis

The probabilistic finite element thermal and 
electromagnetic analyses of the subsea solenoid valve 
are performed by mean of ANSYS/PDS. The PDS 
is based on the ANSYS parametric design language, 
which allows users to parametrically build a finite 
element model, solve it, obtain results and extract 
characteristic results parameters such as the maximum 

temperature and maximum electromagnetic force for 
example. The PDS includes MCS and RSM. The MCS 
does not make any simplification or assumptions in 
the deterministic of probabilistic model, and the 
required number of simulations is not a function of 
the number of input variables, whereas this method 
requires plenty of computational time. The RSM 
replaces the true input-output relationship of MCS by 
an approximation function, and the evaluation of the 
response surface is much faster than a finite element 
solution. However, this method is unusable when true 
input-output relationship is not continuous [9].

Fig. 3.  Physical dimensions of the subsea solenoid valve

In this work, both of MCS and RSM are used 
to execute the probabilistic finite element thermal 
and electromagnetic analyses of the subsea solenoid 
valve. For the thermal analysis, the material properties 
including thermal conductivity of 316L stainless 
steel, 440C stainless steel and conduction oil, and 
convection heat transfer coefficient of seawater, 
physical dimensions including the radius of the 
plunger, inside and outside radiuses of plunger sleeve, 
and the radius of magnetic ring as shown in Fig. 
3, and applied voltage are taken as random input 
parameters, and the maximum temperature within 
the valve is taken as random output response. For 
the electromagnetic analysis, the material properties 
including relative permeability of 440C stainless steel, 
physical dimensions as shown in Fig. 3 and applied 
voltage are taken as random input parameters, and the 
maximum electromagnetic force is taken as random 
output response. The statistical characteristics of 
material properties, physical dimensions and applied 
voltage are given in Table 1. The standard deviations 
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of variables are expressed as the product of mean 
valves and Coefficient of Variations (COV). 

For both of the probabilistic thermal and 
electromagnetic analyses, the Latin Hypercube 
Sampling was selected for MCS due to the fact that 
this technique avoids repeating samples that have been 
evaluated, and also forces the tails of a distribution 
to participate in the sampling process. The central 
composite design was used to locate the sampling 
points in the design space for RSM.

2  EXPERIMENTS

In order to verify the finite element analysis results, 
the temperature within the subsea solenoid valve 
and electromagnetic force as a function of air gap 
were measured. Four resistance thermometer sensors 
(ZYWRNK-191, ZhongYiHuaShi, China) were fixed 

in Point A, B, C and D when the coil was wound and 
the valve was installed, as shown in Fig. 2. The steady 
state temperatures in the four points were measured 
when the solenoid was energized by applied DC 
voltage of 16 V in the constant temperature bath of 
10 °C.

A static experiment was performed to measure 
the relationship between the electromagnetic force 
and the air gap. The applied DC power was also 
supplied by a switching power supply (RXN-3020D), 
which is set to 16 V. The displacement of the plunger 
was determined by an eddy current displacement 
sensor (JX70-04-B-M16*1-75-03K), and the force 
was measure by an S-shape force sensor (PST-20). 
By recoding the voltage outputs of the force sensor 
and eddy current sensor, the relationship between the 
magnetic force and the air gap could be calculated. 

Table 1. Statistical characteristic of material properties and dimensions

Property Description Unit Mean COV Distribution
k316 Thermal conductivity of 316L stainless steel W/(mK) 15 0.06 Gauss
k440 Thermal conductivity of 440C stainless steel W/(mK) 24.2 0.06 Gauss
koil Thermal conductivity of conduction oil W/(mK) 0.111 0.02 Gauss
hsea Convection heat transfer coefficient of seawater W/(m2K) 200 0.01 Gauss
μ440 Relative permeability of 440C stainless steel – 10000 0.05 Gauss
Rpl Radius of plunger (see Fig. 2) m 0.0063 0.004 Gauss
Rpsi Inside radius of plunger sleeve (see Fig. 2) m 0.0065 0.003 Gauss
Rpso Outside radius of plunger sleeve (see Fig. 2) m 0.0080 0.003 Gauss
Rmr Radius of magnetic ring (see Fig. 2) m 0.0155 0.002 Gauss
U Applied voltage V 16 0.010 Gauss

a)                   b)                     c) 
Fig. 4.  Distributions of a) temperature, b) magnetic flux line, and c) magnetic flux density
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3  RESULTS AND DISCUSSION

3.1 Comparison of Analysis and Experimental Results

The distributions of temperature, magnetic flux 
line and magnetic flux density predicted by using 
deterministic finite element analysis are shown in Fig. 
4. As expected, the maximum temperature of 97.16 °C 
is found within the center of the coil, which is lower 
than the maximum allowed temperature of 120 °C. 
The minimum temperatures are located near the ends 
of the valve, which are for from the coil as shown in 
Fig. 4a. From Figs. 4b and c it can be seen that the 
main flux line is around the excited coil with a certain 
leakage. 

The predicted and experimental temperatures in 
Point A, B, C and D (see Fig. 2) are plotted as shown 
in Fig. 5. It can be seen that they have a similar trend 
except that the predicted temperatures are a littler 
higher than the experimental temperatures. The results 
verify that the ANSYS-based temperature calculation 
is correct. 

Fig. 5.  Predicted and experimental temperature of the subsea 
solenoid valve

Fig. 6.  Predicted and experimental electromagnetic force of the 
subsea solenoid valve

The predicted and experimental electromagnetic 
force as a function of air gap is plotted as shown in Fig. 
6. With the increase of air gap, the electromagnetic 

force decreases rapidly. The experimental and 
predicted electromagnetic forces show a good 
agreement except that the experimental one is slightly 
higher than the predicted one. The results verify that 
the ANSYS-based electromagnetic force calculation is 
correct.

3.2 Probabilistic Thermal Analysis Results

The distribution function histograms of maximum 
temperature obtained by means of MCS and RSM 
are shown in Fig. 7. It can be seen that for MCS, the 
sampling range of maximum temperature is between 
84.97 and 104.42 °C, and the mean value and standard 
deviation are 95.90 and 2.94 °C, respectively. For 
RSM, the sampling range is between 83.89 and 
104.97 °C. The mean value and standard deviation are 
95.89 and 2.92 °C, respectively. The sampling range 
of the maximum temperature for RSM is bigger than 
that for MCS slightly due to that fact that RSM ran 
more Monte Carlo simulations. The mean maximum 
temperature for MCS and RSM are a little lower than 
the deterministic analysis results of 97.16 °C, whereas 
the error is very small.

Fig.7.  Distribution function histogram of maximum temperature;  
a) MCS, and b) RSM



Strojniški vestnik - Journal of Mechanical Engineering 58(2012)11, 665-672

670 Cai, B. – Liu, Y. – Ren, C. – Abulimiti, A. – Tian, X. – Zhang, Y.

Cumulative distribution function of maximum 
temperature with 95% confidence limit is shown 
in Fig. 8. The value of the cumulative distribution 
function at each point states the probability that the 
related parameter lays under the point. Therefore, 
when maximum temperature is 96 °C, the MCS and 
RSM almost have the same probability of failure of 
around 37%. 

Fig. 8.  Cumulative distribution function of maximum temperature; 
a) MCS, and b) RSM

The sensitivity of maximum temperature to 
random input variables for MCS and RSM is shown 
in Fig. 9. It can be seen that the radius of magnetic 
ring, applied voltage and thermal conductivity of 
440C stainless steel have significant effects on the 
maximum temperature of subsea solenoid valve. 
The three variables are responsible for almost three 
quarters of the effect on the failure probability, with 
the other six variables together making up for the 
remaining one quarter. Therefore, more attention 
should be paid to the three variables when the valve 
is designed. The three variables are followed by 
thermal conductivity of 316L stainless steel, thermal 
conductivity of conduction oil, outside the radius of 
plunger sleeve, inside the radius of plunger sleeve, 

the radius of the plunger and convection heat transfer 
coefficient of seawater for MCS (Rmr> U > k440 > 
koil > k316 > Rpso > Rpsi > Rpl > hsea), whereas they are 
followed by thermal conductivity of 316L stainless 
steel, thermal conductivity of conduction oil, outside 
the radius of the plunger sleeve, convection heat 
transfer coefficient of seawater, inside the radius of 
the plunger sleeve and the radius of the plunger and 
for RSM (Rmr > U > k440 > koil > k316 > Rpso > hsea > 
Rpsi > Rpl). Although the orders of sensitivity for some 
random input variables are different, they have no 
significant influence on the maximum temperature, 
which can be ignored.  

Fig. 9.  Sensitivity of maximum temperature to random input 
variables; a) MCS, and b) RSM

3.3 Probabilistic Electromagnetic Analysis Results

The mean electromagnetic forces for MCS and 
RSM are 143.53 and 148.17 N, respectively, which 
are lower than the deterministic analysis results 
of 154.28 N. For the probabilistic electromagnetic 
analysis, only the sensitivity of electromagnetic force 
with the air gap of 0.25 mm to random input variables 
is given as shown in Fig. 10. It can be seen that the 
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radius of plunger and inside radius of plunger sleeve 
have significant effects on the electromagnetic force 
of subsea solenoid valve. The two variables are 
responsible for three quarters or more of the effect 
on failure probability, with the other four variables 
together making up for the remaining part. Therefore, 
more attention should be paid to the radius of the 
plunger and inside radius of plunger sleeve when the 
valve is designed. The two variables are followed by 
applied voltage, the radius of magnetic ring, relative 
permeability of 440C stainless steel and outside radius 
of plunger sleeve (Rpl > Rpsi > U > Rmr > μ440 > Rpso), 
whereas they are followed by radius of magnetic 
ring, applied voltage, outside radius of plunger sleeve 
and relative permeability of 440C stainless steel (Rpl 
> Rpsi > Rmr > U > Rpso > μ440). Similarly, the orders 
of sensitivity for some unimportant random input 
variables are different. 

Fig. 10.  Sensitivity of electromagnetic force to random input 
variables; a) MCS, and b) RSM

4  CONCLUSIONS

The deterministic and probabilistic thermal and 
electromagnetic finite element analyses of subsea 

solenoid valves for subsea blowout preventers are 
performed by using ANSYS software. The effects of 
uncertainties of five material properties, four physical 
dimensions and an applied voltage on the maximum 
temperature within the valve and the electromagnetic 
force with a given air gap are researched. A prototype 
of subsea solenoid valve was manufactured, and the 
thermal and electromagnetic experiments were done 
to validate the finite element analysis results. 
(1) The radius of the magnetic ring, applied voltage 

and thermal conductivity of 440C stainless 
steel have significant effects on the maximum 
temperature of subsea solenoid valve.

(2) The radius of the plunger and inside radius of 
the plunger sleeve have significant effects on the 
electromagnetic force of subsea solenoid valve.

(3) RSM and MCS predict different orders of 
sensitivity for some random input variables on 
maximum temperature and electromagnetic force; 
fortunately, they have small influences.

(4) The results of the finite element analysis and 
thermal and electromagnetic experiments indicate 
good matches.

(5) The probabilistic finite element analysis 
method shows the advantages in accelerating 
the development process and improving the 
performance of subsea solenoid valves.
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