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ABSTRACT

Zhang, Y.; Ding, Z.; Wang, Y.; Zhao, Q., and Qin, S., 2019. Determining the damage mechanisms for buoyancy materials
of deep-sea manned submersibles. Journal of Coastal Research, 35(5), 996–1002. Coconut Creek (Florida), ISSN 0749-
0208.

Deep-sea manned submersibles are important platforms for ocean exploration, and their structural reliability is critical
to the personal safety of the crew. In particular, the buoyancy materials of deep-sea manned submersibles are vital parts
because they provide the necessary buoyancy for submersible operations. This paper first describes the overall damage of
the buoyancy materials used in the deep-sea manned submersible Jiaolong that accumulated over a large number of
research expeditions during years of services. The causes of the damage are analyzed by computational fluid dynamics
(CFD) methods. Because Jiaolong’s buoyancy materials are secured to its structural frame by bolts, the external forces
that act on the submersible are concentrated on these bolts. Those external forces include the wave forces that act on the
submersible when it floats on the sea surface and the buoyancy material shrinkage that occurs because of changes in
environmental pressure and temperature during submarine operations. Finally, several suggestions are provided for
improving the design and operation of deep-sea submersibles.

ADDITIONAL INDEX WORDS: Wave action, CFD, environmental pressure.

INTRODUCTION
Manned submersibles are important platforms for ocean

exploration and research, and their structural reliability is

critical to the personal safety of crew and national scientific

properties. In particular, the buoyancy materials are vital

structural parts of manned submersibles because they supply

the necessary buoyancy for submersible operation. Hence, they

should be designed to be durable and should be systematically

examined during maintenance (Cui, 2013; Du, Hu, and Cui,

2017; Kohnen, 2013; Stechler and Poneros, 1968).

Research on buoyancy materials began in the 1960s for

exploring the deep ocean near seabed. During that time,

research mainly focused on the fabrication of buoyancy

materials with great strength and low weight. Some of the

products included chemical foam buoyancy materials formed

by the chemical foaming and solidification of mixed raw

materials (Zhang et al., 2012); composite syntactic foams

formed by the addition of low-density fillers such as ceramic

microspheres, large-diameter glass spheres, or metal spheres

to syntactic foam buoyancy materials (John and Nair, 2010;

Pasco-Anderson and Watkins, 1985; Walden, Tessier, and

Popenoe, 2010); and composite materials formed by the heat-

curing molding of resin matrices filled with glass microspheres

(Cui, Guo, and Pan, 2018; Sun et al., 2013). Although numerous

researchers have studied the intrinsic properties of buoyancy

materials (Gall et al., 2014; Jahsman, 1968; Johnson et al.,

1970; Li, Zhu, and Chen, 2016; Ren et al., 2017; Zhang, Wang,

and Silberschmidt, 2017), these studies have usually focused

on the effect of deep-sea hydrostatic pressures on the buoyancy

materials. Very few researchers have investigated the damage

caused by external loads on the buoyancy materials in real

marine environments.

The selection of buoyancy material is a crucial aspect of

designing deep-sea (depth rating: �7000 m) manned submers-

ibles because the suitability of the buoyancy material directly

affects the reliability and safety of the submersible. The

buoyancy material must be capable of withstanding high

pressures while having low densities, low water absorption

rates, and low volumetric shrinkage, as well as excellent

machining properties. The properties of the buoyancy material

used in Jiaolong are listed in Table 1. The Jiaolong manned

submersible successfully dived to 7062 m in the Mariana

Trench in 2012. It is the greatest depth achieved in the world by

the same type of manned submersible. The buoyancy materials

used in the deep-sea manned submersible Jiaolong are made of

an epoxy matrix that is filled uniformly with hollow glass

microspheres. The material has been very stable throughout

the sea trials and experimental expeditions of the submersible

over the years. During the 35th Chinese Ocean Expedition, the

Jiaolong floated on the sea surface for more than 10 hours

under severe sea conditions. During the 37th Chinese Ocean

Expedition, the Jiaolong made a series of continuous deep
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dives, nine of which achieved a depth of more than 6000 m.

Under the influence of severe sea conditions and high-intensity

work, the buoyant materials of the submersible began to crack,

and this problem recurred in the following expeditions even

after maintenance.

The analysis in this study shows that the damage to

Jiaolong’s buoyancy materials usually manifested in three

forms: shear damage, tension-compression damage, and loos-

ening of pre-embedded parts (Figure 1). The shear damage

refers to the cracks that propagate in the buoyancy materials;

this form of damage usually appears in the four buoyancy

material blocks located around the stern stabilizing fins, and

the damage is not related to the position of connection holes.

Tension-compression damage refers to cracks that appear near

the connection holes, and its propagating direction is orthog-

onal to the line between the two connection holes; this form of

damage usually occurs in the larger external buoyancy blocks.

The buoyancy materials are not directly attached to the

structural frame but are instead attached to preinstalled

connection devices called pre-embedded parts. The third form

of damage involves the loosening of these parts from the

buoyancy blocks because of external forces. The number of

instances of each form of buoyancy material damage in the

aftermath of the 35th and 37th China Ocean Expeditions are

shown in Figure 2. Shear damage was the most common form of

damage after the 35th expedition; however, after the 37th

expedition, the instances of tension-compression damage and

the loosening of pre-embedded parts greatly exceeded the

instances of shear damage. On further analysis, it was found

that these results are related to the operational environments.

As discussed, during the 35th expedition, the submersible

floated on the sea surface during extreme sea conditions for an

extended period of time. In contrast, the 37th expedition

involved long periods of diving operation at great depths. These

differences in operational environment led to the differences in

the predominant form of damage.

To analyze the mechanisms of damage in Jiaolong’s

buoyancy materials, it is necessary first to determine the loads

acting on the submersible in its operational environment. The

marine operations of Jiaolong can be divided into the following

processes: presubmergence preparation, submersible power

supply inspections, submersible deployment, surface inspec-

tions, submersible submergence, submersible submarine oper-

ations, submersible resurfacing, submersible retrieval, and

submersible maintenance. The submersible’s buoyancy blocks

are considerably affected by the following processes: surface

inspections, submersible deployment, submersible submer-

gence, submersible submarine operations, submersible resur-

facing, and submersible retrieval. The submersible is subjected

to wave loads during surface inspections and submersible

retrieval, which subsequently affects its structural and

buoyancy materials. The most important factor in all other

operational stages is water pressure.

METHODS
On the sea surface, the submersible is subjected to wave

forces. Because of the outer profile of Jiaolong (Figure 3), most

of Jiaolong’s components are streamlined and unlikely to be

damaged by waves, except for the stern stabilizer fins.

Therefore, only the stern stabilizer fins were considered, to

simplify the numerical model. The simplified computational

fluid dynamics (CFD) model is shown in Figure 4.

The numerical simulations performed in the present work

are based on the Reynolds-averaged Navier-Stokes equations:
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Figure 1. Forms of buoyancy material damage: (a) shear, (b) tension-

compression, (c) loosening of pre-embedded parts.

Figure 2. Number of instances of each form of buoyancy material damage.

Table 1. Primary technical properties of Jiaolong’s buoyancy materials.

Parameter Value

Density 0.56 3 103 kg m�3

Compressive strength 68.16 MPa

Shear strength 14.8 MPa

Tensile Strength 26.8 MPa

Bulk modulus 3.73 GPa

Impact toughness 10.1 J m�1

Poisson’s ratio 0.3

Water absorption rate (71 MPa, 4 h) ,1%
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where, ui and uj (i, j¼1, 2, 3) are the time-averaged velocity and

xi and xj (i, j ¼ 1, 2, 3) are the vertical components in the

longitudinal, transverse, and vertical directions, respectively; q
is the density of fluid; p is the time-averaged pressure, v is the

kinetic viscosity of water, and �qu0
iu

0
j is the Reynolds stress

term.

The shear stress transport (SST) k-x model requires the

solution of transport equations for k and x:

U
!� r!k ¼ vtS

2 þ r! vþ vt

rk

� �
r!k

� �
� b�xk ð3Þ

U
!� r!x ¼ aS2 þ r! vþ vt

rx

� �
r!x

� �
� bx2 þ Fx

1

x
r!kr!x ð4Þ

where, S is the mean strain rate.

Eddy viscosity vt is calculated from:

vt ¼
a1k

max a1x; F2Xð Þ ð5Þ

where, a1¼ 0.31, and:

F2 ¼ tanhðarg2
2Þ ð6Þ

arg2 ¼ max 2

ffiffiffi
k
p

0:09xd
;
500v

xd2

 !
ð7Þ

where, X is the vorticity magnitude and d is the distance to the

wall. The model constants depend on a blending function:

F1 ¼ tanh arg4
1

� �
ð8Þ

with:

arg ¼ min max

ffiffiffi
k
p

0:09xd
;

500v

d2x

 !
;
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CDkwd2

" #
ð9Þ

and

CDkw ¼ max 2
q rxð Þ2

x
r!kr!x; 10�20

� �
ð10Þ

where, a¼F1a1þ (1�F1)a2, b¼F1b1þ (1�F1)b2, rk¼F1(rk)1þ(1

�F1)(rk)2, rx¼F1(rx)1þ(1�F1)(rx)2, a1¼0.5532, a2¼0.4404, b1

¼0.075, b2¼0.0828, (rk)1¼1/0.85, (rk)2¼1, (rx)1¼2, and (rx)2¼
1.17.

The CFD computations were performed by STAR-CCMþ
software, and the waves were simulated with the fifth-order

volume-of-fluid waves. This wave more closely resembles a real

wave than a wave generated by the first-order method. The

wave profile and the wave phase velocity depend on the water

depth, wave height, and current. Detailed parameters can be

found in the literature (Fenton, 1985). Initially, the central-

vertical position of the stabilizer fins was located at the

waterline. The left and right walls were defined as symmetrical

boundaries, and the inflow inlet was defined as the velocity

inlet. The remaining faces were defined as pressure outlets. A

numerical wave beach was established at the inlet, outlet, and

side boundaries of the tank to avoid reflection. Waves can be

damped by introducing resistance to vertical motion. The

method devised by (Choi and Yoon, 2009) adds a resistance

term to the equation for vertical velocity component w:

Sd
z ¼ q f1 þ f2 wj jð Þ e

j � 1

e1 � 1
w ð11Þ

with

j ¼ x� xsd

xed � xsd

� �nd

ð12Þ

where, xsd is the starting point for wave damping (propagation

in the x direction); xed is the end point for wave damping

(boundary); and f1, f2, and nd are the parameters of the

damping model.

RESULTS
In general, a grid sensitivity study is required before formal

calculation to verify the reliability of the grid used. Therefore,

the authors conducted a grid sensitivity study before introduc-

ing the results of the calculations.

Figure 3. Jiaolong deep-sea manned submersible.

Figure 4. Simplified computational fluid dynamics (CFD) model.
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Mesh Sensitivity Study
The CFD calculations were mainly focused on the buoyancy

materials at the stern; the computational domain used in these

calculations is shown in Figure 5. The length, width, and depth

of the computational domain were 160, 80, and 80 m,

respectively. Five trimmed meshes of varying resolutions were

generated by STAR-CCMþ for grid-independent validation.

The level of the mesh density was changed by adjusting the

base size of the grids while keeping the other settings

unchanged. The value 0.5 was selected as the 100% base size.

A total of 1.3 million grids were generated. The grid of

submersible stabilizer fins is shown in Figure 6. The base size

of the grids was then changed to 1.13 (226%), 0.935 (187%),

0.635 (127%), and 0.335 (67%) to generate 0.21, 0.32, 0.62, and

2.94 million grids, respectively. A robust automated prism

layer meshing algorithm captured the boundary layer, with a

two-layer, all yþwall treatment. The yþvalues were kept in the

30–300 range. The grid settings were based on the grid

refinement ratio rG. In general, the definition of rG is the ratio

of coarse to fine cell sizes, indicating that the refinement factor

is simple to compute for a structured grid:

rG ¼
Nfine

Ncoarse

� �1=d

ð13Þ

where, the total number of grids is N, and d is the

dimensionality of the computing problem, which in the present

study is 3. The grid refinement ratio of fine to medium (medium

to coarse) grids in this paper is consistent with (Guo et al.,

2017). The maximum of overall moments around the y-axis

were calculated under regular waves with an amplitude of 5 m,

a wavelength of 40 m, and an inflow angle of 08. The results are

shown in Table 2, indicating that although the five mesh

scenarios are under different levels of density, the calculated

results for all meshes show little difference. The maximum and

minimum values only show 2% difference. Thus, the base size

0.5 was selected for the following calculation.

Calculation Results
In this study, the hydrodynamic analysis of the stabilizer fins

were conducted under combinations of one wave condition and

three different inflow angles. Figure 7 illustrates the wave

inflow angles and the numbering of stabilizer fins. The positive

inflow direction is defined as the negative x-axis direction, so an

inflow angle of 08 corresponds to a flow toward the stern, and an

inflow angle of 1808 corresponds to a flow toward the bow. The

computations in this study were performed with regular waves

of amplitude 5 m and wavelength 40 m. Notice that these

conditions correspond to sea state 6 in the Douglas sea scale.

The overall profile of the wave is shown in Figure 8. Observed

wave conditions of 10 m in front of the stabilizer fins under

actual working conditions are shown in Figure 9, and the

computed results are shown in Figures 10–12.

ANALYSIS
From the results, it is straight forward to conclude that the

wave effects are at the minimum when a ¼ 1808 and at the

maximum when a ¼ 908. Generally, the stabilizer fins are

considerably more affected by the moments in the y-axis than

by the moments in the x- or z-axes, because the waves

propagate along the x-axis and are uniform along the y-axis.

Figures 10b,d and 12b,d indicate that the moments acting on

fins 1, 2 and fins 3, 4 are equal in magnitude and opposite in

Figure 5. Computational domain.

Figure 6. Grids of the submersible’s stabilizer fins and cross section.

Table 2. The maximum of overall moments of different mesh models.

Mesh No. (3106)

Maximum of

Overall Moments

around the y-Axis (N m�1)

0.21 3.612 3 104

0.32 3.693 3 104

0.62 3.646 3 104

1.30 3.659 3 104

2.94 3.653 3 104
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direction, because the locations of the stabilizer fins are

axisymmetric, and their axis of symmetry is aligned with the

direction of wave propagation. This arrangement also

explains why the moments in the x- and z-axes acting on

the stabilizer fins are very small. Additionally, the largest

moments acting on the stabilizer fins are observed at fin 3

when a ¼ 908; that is, when the back of the bottom fin is

against the inflow, and the maximum moment is 1.7 3 105 N-

m. This moment is transferred to the buoyancy materials at

the stern, the shapes of which are shown in Figure 13.

Theoretically, the buoyancy materials should completely fit

on both sides of the structural frame. However, because of

inevitable manufacturing flaws and material fatigue from

Jiaolong’s frequent service in recent years, the structural

frame is deformed and the actual contact between the

buoyancy materials and the structural frame is limited to

region A, as shown in Figure 13. This area is approximately

0.06 m2, and its distance from the axis is approximately 0.2

m. Therefore, the pressure in this area is approximately 14.2

MPa, which is greater than the shear strength of the

buoyancy material (14 MPa).

Although the fins were fixed in the computational model, and

the predicted forces could be greater than actual forces, the

actual area of contact could be even smaller than the estimated

value used in the simulation. Furthermore, only regular waves

were used in the numerical model; the actual irregular waves

associated with sea state 6 would produce larger moments on

the stabilizing fins. The buoyancy materials would suffer

serious fatigue from the moments imposed by ocean waves,

because they change periodically at relatively high frequency.

Therefore, damage quite likely would occur in the contact

region between the frame and area A under these conditions,

which was also the cause of shear damage in areas B and C.

This was the damage mechanism of the buoyancy materials at

the bottom of Jiaolong’s stern. Additionally, the buoyancy

materials on the top of Jiaolong’s stern are also subjected to

forces that initially increase and then decrease with increasing

submergence depth. Damage could occur in the upper

buoyancy materials when these forces reach their maximum

value.

DISCUSSION
The influence of wave load on the buoyancy materials of the

manned submersible was analyzed above and found that the

excessive wave load on the manned submersible stabilizer

causes shear damage to the buoyant material when the

submersible floats on the sea. Here the authors have

discussed the effects of deep-sea pressure on the buoyancy

materials. The shrinkage of buoyancy materials in water was

considered during the design of Jiaolong, as was the loss in

buoyancy from shrinkage in this process. However, stress

concentrated near the connections of the buoyancy materials

from material shrinkage was neglected in Jiaolong’s design.

According to the bulk modulus of the buoyancy materials, the

buoyancy blocks will shrink by approximately 2% at a depth

of 7000 m from changes in pressure and temperature.

Consider a buoyancy block with an initial length, width,

and height of 1 m. At a depth of 7000 m, the volume of the

block would reduce to 0.98 m3 and the length, width, and

height of the block would become 0.9933 m, or a decrease of

6.7 mm. Although Jiaolong does not have such a large

buoyancy block, it does have blocks whose distance between

connection holes is greater than 0.5 m. Therefore, fatal stress

(to the submersible) may occur at the connections of these

blocks because of underwater shrinkage, which would

possibly result in the tension-compression damage or the

loosening of pre-embedded parts and is why a considerable

amount of tension-compression damage occurred during

Jiaolong’s 37th Ocean Expedition.

Figure 7. Three different inflow angles used in the calculations.

Figure 8. Overall wave profile. (Color for this figure is available in the online

version of this paper.)

Figure 9. Time series plot of wave heights in front of the stabilizer fin under

given waveconditions.
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CONCLUSIONS
The effect of external wave loads on the stern stabilizer fins is

at a minimum if the inflow is facing the bow of the submersible

and at a maximum if the inflow is facing the sides of the

submersible. The shear damage of the buoyancy material is

caused by both the excessive moments acting on the stern

stabilizer fin and the imperfections of contact between the

buoyancy materials and the submersible’s structural frame.

The reduction of contact area is caused by the deformation of

the submersible’s structural frame, which occurred during

Jiaolong’s years of service. Furthermore, the bolts were

attached too tightly during installation of the buoyancy blocks,

which led to extremely high levels of pressure in certain parts

of the submersible. The tension-compression damage and

loosening of pre-embedded parts are caused by the shrinkage

of the buoyancy materials underwater, which leads to stress

concentrated in the connections between the buoyancy mate-

rials and the structural frame.

The following aspects should be considered during the design

and usage of deep-sea manned submersibles: They should not

be operated in the presence of high waves. The maximum stress

of sea state 6 is 14.2 MPa, and the shear strength of buoyant

material is 14 MPa. Thus, the operational sea condition must

be strictly controlled and kept below sea state 6. If such an

extreme sea condition is inevitable, the bow of the submersible

should be pointed toward the direction of incoming waves.

Long-time operation of the manned submersible on the sea

Figure 10. Moments acting on the stabilizer fin at flow angle a ¼ 08. (a)

Overall moment acting on the stabilizer fins, (b) moments around the x-axis,

(c) moments around the y-axis, (d) moments around the z-axis. (Color for this

figure is available in the online version of this paper.)

Figure 11. Moments acting on the stabilizer fin at flow angle a ¼ 908. (a)

Overall moment acting on the stabilizer fins, (b) moments around the x-axis,

(c) moments around the y-axis, (d) moments around the z-axis. (Color for this

figure is available in the online version of this paper.)

Figure 12. Moments acting on the stabilizer fin at flow angle a ¼ 1808. (a)

Overall moment acting on the stabilizer fins, (b) moments around the x-axis,

(c) moments around the y-axis, (d) moments around the z-axis. (Color for this

figure is available in the online version of this paper.)

Figure 13. Buoyancy material at the stern.
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surface also should be avoided. Additionally, concentrations of

stress around connection holes induced by buoyancy material

shrinkage should be considered during the design of buoyancy

materials used in manned submersibles. For example, embed-

ded parts could be designed with ‘‘wiggle room’’ of 2–4 mm.

Moreover, the installation method of the buoyancy blocks

should be improved and should be attached by spring washers

or ring clamps, which will minimize the effect of stress

concentrations on the buoyancy blocks.
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