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[Abstract] The particles of polymetallic nodules in hydraulic hoisting flows that are used for mining in deep sea are

rather coarse, therefore their flow velocity is smaller than that of the surrounding water. The characteristics of solid-liquid

flows such as their density, concentration, elastic modulus and resistance were discussed. The wave propagation speed and

the continuity and momentum equations of water hammer in coarse grained solid-liquid flows were theoretically derived,

and a water hammer model for such flows was developed.
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1 INTRODUCTION

In deep-sea mining, the polymetallic nodules,
gathered by collecting utilities such as underwater
robots, must be transported to mining boats through
hydraulic hoisting. Past studies of coarse grained
flows in vertical pipes are mostly about the transport
parameters of steady flow, such as energy losses due
to resistance and flow velocity. The research of un-
steady flow is rather limited. In the operation of hy-
draulic hoisting system, serious water hammers can
be induced by power failure or by mechanical break-
down. Therefore, not only the transport parameters
of steady flow, but also the effect of unsteady flow
should be considered in the design of hydraulic hoist-
ing systems. The water hammer models for single
phase flow are still employed for the analysis and
computation of solid-liquid transport pipelines in engi-
neering practice. However, because of the existence
of a large amount of solid particles in pipe flows with
high concentration of solid particles, the density,
elastic modulus, viscosity and resistance of solid-liquid
flow are different from those of single-phase flows.
As a result, many problems still exist in the analysis
and computation of water hammer in solid-liquid
flows.

In hydraulic hosting used for mining in deep sea,
because the sizes of the solid particles are large (d= 1
~ 50 mm) and their inertia is high, the water ham-
mer in the pipe flow is different from that of water
flow as well as pseudo-homogeneous solid-liquid flow .

The water hammer in pseudo-homogeneous solid-liq-

"2 In this pa-

uid flow has been studied in the past
per, the laws of coarse-grained solid-liquid flows are
discussed and a model for unsteady flow is developed
to simulate the phenomena of unsteady flow in hy-

draulic hoisting in sea mining.

2  WAVE PROPAGATION SPEED FOR WATER
HAMMERS IN COARSE GRAINED SOLID-
LIQUID FLOWS

The typical case of rapid closure of a valve at the
end of a pipe can be taken as an example. When the
valve is closed, the pressure in the pipeline will in-
crease due to fluid motion caused by inertia. The
principle of continuity requires that the net mass in-
flow due to inertia be equal to the expansion of the
pipe walls plus the volume compression of the water
and solid particles. Both the expansion and the com-
pression are very small because of the very high elastic
modulus of the pipe material, water and the solids.
In order to hold the surplus water and the solids, the
expansion front of the pipe will propagate rapidly up-
wards at a certain speed (Fig. 1). This speed is called
the wave propagation speed, which is denoted by a.
To separate the wave propagation speed in water flow
and pseudo-homogeneous solid-liquid flow, the wave
propagation speed in coarse-grained solid-liquid flow is
denoted by an2. The equation to calculate the wave
propagation speed can be derived based on the princi-
ple of continuity. It is required that the volume enter-
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ing into the expanded segment AL equals the sum of
the volumetric increment of the pipe and the volumet-
ric compressions of water and that of the solid parti

cles in the expanded segment AL .
AL
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Fig. 1 Propagation of pressure wave Au,C,A At+
Aur(l- C\)A At= AV + AVi+ AV,

Assuming that the initial velocities of solids and
water are uy and wuro, respectively, and their veloci-
ties after a time interval At are ug and wri, respec
tively, the volumetric increment of water and solid
particles in the expanded segment AL can be ex-
pressed as:

V= C(uo— ua)AAt+ (1- Cy) *

(uo— uri)A At (1)
where A is the pipe crosssectional area; and C, is
the solid concentration by volume.

Assuming that the increment of pressure due to
the change in velocity is p, the volumetric compres-
sion of water in the expanded segment AL can be de-
rived from the definition of elastic modulus of water

Ep, 1e
AV = g’-(l— C,)A AL (2)
L
where AV7y is the volumetric compression of liquid.

Similarly, the volumetric compression AV of
the solid particles in the expanded segment AL can be
expressed as

AV, = E"-CVA AL (3)
where Eis the elastic modulus of solid particle.

The volumetric increment AV, of the pipe in the
expanded segment AL can be obtained from the in-
crement of tangential strain, diametrical strain and
cross-sectional area AA due to the increment of pres-
sure in the conduit'®', that is

_ D
AV, = E[,eA AL (4)
where e is the thickness of the pipe wall, D is the

diameter of pipe, E, is the elastic modulus of the
pipes material.
According to the law of continuity, Eqn. (1) is
equal to the sum of Eqns. (2), (3) and (4), ie.
Cv(us()— u51)A At + (1— C\v)(uL()— uL1)A At

_ R 2 2D
= [ (1= C)+ j CJA ML + EpeA Al

(5)
The momentum equation of coarse grained flow
is
pA At = P(1- C,)A AL Aup+ P.CyA AL Auy
(6)

where [, and @, are the densities of the solids and
water, respectively. Because the distribution of pres-
sure on the cross-section is uniform, the impulse can
also be assumed to be volumetrically uniform!*, that
is,

C.Ap At = P.C A AL Au (7)

(1- Cy,)Ap At = B (1- Cy)A AL Auy,  (8)

Considering the definition of wave propagation
speed amr= AL/ At, Eqns. (7) and (8) can be sim-
plified as

- ——
Aus a psa/mZ (9)
—
Auy, = 1
‘L pLamZ ( 0)

By substituting Eqns. (9) and ( 10) into Eqn.
(5) and rearranging terms, the wave propagation
speed of coarsed-grained flow @2 is obtained:

E/
am2 = EvLp E:D (11)
- Co+ Cu+ ==
N vL Es vL Epe
where (0 is the equivalent density of coarse grained

flow, B = RPA//CuPr+ (1- Co) R/ ; and C,is
the local concentration of solid particles in conduit. In
hydraulic hoisting, because of particles’ slipping, the
local concentration is usually greater than that of the
outflow of the conduit.

3 CONTINUITY EQUATION OF COARSE-
GRAINED SOLID- LIQUID FLOW

When water hammer happens in coarse grained
solid-liquid flow, because solid particles are large and
their inertia is high, they will continue moving after
halting for a short while. Therefore, analysis of their
unsteady flow is very complicated and some simplifi
cation must be done to derive the equations.

Let us consider a segment of Ax in a pipe flow as
shown in Fig. 2. At the inflow section , the density of

Wave propagating upstream at a,

pH(3p/dx)Ax
u,t (au,/a.t)&z
-

u + (9w /37)Ax
A+(dA/9z)Ax

Z+(3Z/2x)Ax

Datum level

Fig. 2 Diagram of inflow and outflow of
control segment
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solids is (., the density of water is (1, the area of the
cross section is A, the water hammer pressure is p,
the velocity of solid particles is us, and the velocity of
water is ur. At the outflow section, the density of
water is QL+ (0PL/O0x) Ax, the density of solids is 2,
+ (0P/0x) Ax, the area of the cross section is A +
(0OA/0x) Ax, the water hammer pressure is p +
(Op1/0x) Ax, the velocity of water is uy + (O uy/
O0x) Ax, and the velocity of solid particles is u.+

(Ouy/ Ox) Ax

ity, the difference of the inflow and the outflow in a

. According to the principle of continu-

At period is equal to the mass increment caused by
the volume increment of the water and the solid parti
cles. It is assumed that the concentrations at the in-
flow section and the outflow section are C.r..

In a At period, the mass flowing into the seg-

ment is
Qr= PAuCurAt+ PLAuL(1- Ci) At
(12)
and the mass flowing out of the segment is
0P
Qc= (B+ 5%&6)(/1 + %iLAx) .
(us+ aa_l;sAx)CVLAt+ (P + %%Ax) .
0
(A + %i'Ax)(uL+ a_l;LAx) .
(1- C.) At (13)

The mass increment of solidliquid flow caused
by the volume increment due to pressure variation is

W,= Pud Ax %p'At oE, (14)

Because the velocity variations of the solid parti-
cles and water are different, the local concentration in
the segment of Ax may change. Assuming that the
concentration after change is o L, then the mass in-
crement caused by the volume increment of the solid
and the liquid in the Ax segment is

I- €
W,= P,A Ax %‘;'AL( L L, L

oL
=) (15)
According to the principle of continuity, Eqn.
(12) - Egn. (13)= Eqn. (14) + Eqn. (15). Neglect-
ing the infinitesimal value with higher order and di-
viding both sides by PnA Ax At, one gets

- Ere S A S0 cul-

_pt[ugggc\L+ ur, %&(1— vL)]—
Apm[p”*%A_C‘” pLuLa (1- C.)J

_ ap_ = vl C vL _&
= OB, T R,

Compared with the variations of flow velocities

(16)

of usand wy with x, the variations of densities of P,
and @, with x are small”. Assuming Qu.C.. +
PQLur(l- Cy) = Puuw, the first term on the left

hand side of Eqn. (16) can be simplified as

i[@%iﬁcvm Ay

= {a [PuCo+ Pun(l- Cu)]}

5_m
- (17)
Assuming usP = KiunwPn and wurP =

K2um Py, the second term on the left hand side of
Eqn. (17) can be simplified as

_pt[ugggC\L+ LLLSB‘(l— vL)]

— C
N L
= _Lap_[[Klumpm E + K2umpm f ]
¢ 1- C,
o axum( - Ly e k) (18)

The third term on the left hand side of Eqn.
(16) can be simplified as

me[psusgfc‘,Jr pLuL%f(l— c.)]
_op D 1

= 8xE . [psusz+ pLuL(l_ Cx)]
P m

_ %QED— (19)

Finally, Eqn. (16) can be 51mphfled as

Ouy

al; * (”m%ﬂ aﬂ)( E.

1- C',

AEL E,,e)‘ 0 (20)

Considering that the wave propagation speed for
coarse grained flow is a,2, we can further simplify

Eqn. (20) as

un B 2y g2, % (21)

Eqn. (21) is the continuity equation of coarse
grained solid-liquid flow, where @ is the equivalent
density of coarse-grained flow, 0 = P.A//C LR+
(1- Cw)R) .

particles’ slipping, the local concentration C,, is usu-

In hydraulic hoisting, because of

ally greater than that of the outflow. Many re-
searchers have studied this phenomenon in the past.
LIANG'®!
lem. In his analysis, the turbulent frequency of water
flow f of 1Hz and the density of particles 2, of 2 650
kg/ m® were used. LIANG’ s results gave that Ti= u./
wo= 0. 48 when the diameter of particles d is 2. 3
mm and when TNl= u./ up= 0. 525, when d is 0. 25

mm. Cloete, et al'”

introduced the BBO equation to the prob-

studied the retention rate in hy-
draulic hoisting through pipe with diameters of 12. 7
mm and 19 mm. The concentration by weight was
greater than 40 percent, and the diameters of sand
grain and glass grain were changed from 0. 178 mm to
0.7 mm. Because of the retention of particles, Tl=
us/ uop= 0. 694~ 0. 763 and the local concentration
changed from 53% to 61% for particles with diame-
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ter of 2. 3 mm.
it can be conclude
that the increase in local concentration in the pipe is

From the above discussion,

mainly because the velocity of particles is lower than
that of water. The local concentration can be derived
from the slipping velocity of particles and can be ex-

pressed as' ®!

1 1 g
Ca= o(1-

Uy 2 L2
W [t )

(22)
where u, is the average velocity of the solid-liquid
mixture; u, is the slipping velocity of particles; and
C, is the transporting concentration. For unsteady
an additional amount of increment can be

and resulting in

flows,

added to the local concentration,
/ » .

C .1 mentioned earlier.

4 MOMENTUM EQUATION OF COARSE
GRAINED SOLID-LIQUID FLOWS

The momentum equation of coarse grained solid-
liquid flows can be derived from the balance of force
in the pipe segment as shown in Fig. 2. The resultant
of forces acting on the flow segment Ax in the x dir

i . [9
rection 15[ I

04

F.= pA-(p+ ap'Ax)(A+ BN Ax ) +

(p+ 'Lap'Ax)(a Ax ) — TXAx —

VoA Ax gf (23)

where the first term is the normal pressure acting on
the left side of the pipe segment; the second term is
the normal pressure acting on the right side of the
pipe segment; the third term is the component of the
reactive force of the average pressure on the pipe seg-
ment; the fourth term is the friction force whose di-

the fifth

term is the gravity component acting on the axis of

rection is opposite to the flowing direction;
the pipe segment, whose direction is opposite to the
flow ing direction; p is the water hammer pressure;
X is the average wetted perimeter of the segment; T
is the shear stress between the flow and the pipe.

If the second order infinitesimal values are ne-
glected, the force acting on the flow segment Ax in
the flowing direction becomes

F.=- A %‘?Ax - ™XAx - YA Ax %f (24)

According to Newton’ s second law of motion,
the flow segment will accelerate due to the force men-
tioned above. Therefore

- A ap'Ax - ™XAx = YpA Ax dz
Ox dx
d
= PA M (1= Cy) T”tL
v pA ac, S (25)

Dividing both sides of the equation by A Ax,
Eqn. (25) becomes

f]lfc-+ Ym%f+ Pu(1- C) dt =k PC‘ dt B

=0 (26)

By definition,

duw/dt = wn(Ouw/0x)+ Ouw/0t
and

dZ/dx = 0Z/0x = sinf.

In an entirely vertical pipe, 0 is 90°. As to the
hydraulic radius of the rounded pipe, we have A/ X=
R/2. Substituting these three relations into Eqn.
(26) and dividing both sides by Png, we get

Oh  uw Ouy 1 Ouy 2T
8x+g ax+gat+sme+me_o

(27)
where wun is the average velocity of coarse grained
solidtliquid flow; and the last term is the hydraulic
gradient of coarse-grained solid-liquid unsteady flow.
Water hammer happens in a very short period of time
At. During this time period, the particle suspension
can be regarded as unchanged, therefore the hydraulic
gradient of unsteady flow can be assumed to be the
same as that of steady flow.

In hydraulic hoisting through vertical pipes, the
coarse grained solid-liquid flow is complicated. Be-
cause the pipes are vertically fixed, the velocity gradi-
ent is high near the pipe wall. Due to the Magnus
force, the solid particles tend to move toward the cen-
ter and the probability of collision betw een solid parti
cles and the pipe wall decreases. According to experi
mental investigation, the hydraulic gradient in hy-
draulic hoisting in sea mining can be calculated using

the follow ing formulal "”

[}\‘ew + B(um C : paw ] 2gD
J_rﬂ‘?& C. (28)
im is the hydraulic gradient; ( and P, are

)\SW iS
® is the fall velocity of par

w here
the density of water and solids, respectively;
the resistance coefficient;
ticles in sea water; and B, n and n» are the coeffi-
cients which are depended on experiments. From the
experiment of hydraulic hoisting of manganese nod-
ules, we get that Bis 0.258, n;is 2.951 and n, is
1. 11.

The first term on the right hand side of Eqn.
(28) is the resistance to flow due to pipe wall fric
tion; the second term is the resistance due to particle
collision; and the third term is the resistance to over-
come the potential energy of particles, which is post
tive when flowing upward and negative flowing
downward. Substituting Eqn. (28) into Eqn. (27),
we have

ox T ox T g Ox * g Ot # o= 0 (23)
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Eqn. (29) is the momentum equation of vertical hy-
draulic hoisting in sea water.

S VERIFICATION OF WATER HAMMER MOD-
EL OF COARSE GRAINED SOLID-LIQUID
FLOWS

The water hammer experiment for coarse
grained flows was conducted at the Institute of See
Floor Mine Resources Development and Exploitation
in the Academy of Mine Smelting, Changsha. The
height of the pipe is 27. 35 m, its diameter D is 149
mm, its wall thickness e is 5 mm, and its relative
roughness factor A/ D is 0. 000 815. Fig. 3 shows the
layout of the experiment devices. The system of pipes
is supplied with power by a centrifugal ore pulp
pump, supplied with water by an inlet barn and sup-
plied with material by a storage silo. The coarse
grained solid-liquid flow is hoisted to the regulated
water tank through a lifting pipe by slime pulp
pump. And the solids and liquids flow back into the
inlet barn and storage silo through a distribution box.
The flow on the top of the hoisting pipe is free flow.

8 r
]

11
1—Slime-pulp pump;

{
7
g
£

~1
i
B
[
-

!
7

T
3

10—Discharge silo in
energency;
1 11—Distribution box

=

10

Fig. 3 Layout of hydraulic hoisting

experiment in vertical pipes

In order to measure the change of pressure at sections
when water hammer happens, three pressure sensors
are fixed at cross sections 1", 2% and 3" above the
centrifugal pump. Cross section 1% is located 1 m
above the slime-pulp pump. The distance between
and 2* is 5m. So is that between

. # #
cross sections 2" and 37 .

cross sections 1"
The pressure fluctuating
signals collected by the pressure sensor are modulated
and magnified. Then they are recorded on the tape by
a tape recorder, changed into digital signals by A/D
interface card, and finally transferred into the com-
puter. A flow chart of water hammer measuring is
shown in Fig. 4.

In the experiment, the sand pump is firstly run.
When its rotation rate and the conduit flow are
steady, the initial flux, velocity and concentration are
measured. Then the water flow in the pipe is cut off
by suddenly turning off the power, resulting in the
close water hammer. The pressure fluctuation is mea-
sured and recorded in synchronism, as shown in Fig.

The diameter of coarse grains used in the experr
ment changes from 15 mm to 25 mm and their specific
mass is 2201 kg/ m’. Two groups of coarse grained
water hammer experiments with different volumetric
concentrations are conducted, and the initial hoisting
velocity is 3. 1 m/s. A numerical model for the com-
putation of water hammer in coarse-grained solid-liq
uid flows is developed based on the continuity equa
tion Eqn. (21) and the equation of motion Eqn. (28) .
This model is used to simulate the experimental flows
and the computed results are shown in Figs. 6 and 7.
It can be seen that, except for the low head portion,
the simulation results are fairly good.

6 CONCLUSIONS

1) Because the flow velocities of solid particles

Sensor Proportional Oscilloscope Clock

1* regulator generator
Sensor - Proportional Data A/D interface

24 Amplifier regulstor | |  recorder card
Sensor Regulated

¥ power supply

Light
oscillograph

Power Mains
supply filter

Fig. 4 Diagram of measuring water hammer
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Fig. 5 Pressure signals measured by
three pressure sensors in conduit
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Fig. 6 Variation of calculated and
measured water hammer pressures
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Fig. 7 Variation of calculated and
measured water hammer pressures

and water are different, the flow in hydraulic hoisting
through vertical pipes is typical coarsegrained solid-
liquid flow. The equations for water hammer in
coarse grained solid-liquid flows, which are derived
by considering the difference in flow velocities be
tween the particles and water and by introducing the
concept of local concentration, are correct.

2) The derived formula of wave propagation
speed, continuity equation and momentum equation

of coarse-grained two-phase flow have fairly high pre-
cision because not only the effects of the density and
elastic modulus of solid-liquid two-phase flow are con-
sidered, but also the law of coarse-grained flow is
considered.

3) The numerical model of coarse grained un-
steady flow, developed by using the finite difference
method based on the continuity and momentum equa-
tions proposed in this paper, has fairly high preci
sion.

4) When the water column is broken, the cavity
or vacuum segment is formed. The processes of the
close of vacuum segment and the abruption of cavity
are rather complicated, as a result, the model pro-
posed in this paper is not suitable to simulate such
conditions. The negative water hammer, formed
when water column is broken, needs to be further
studied.
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