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Abstract Water hammers in pseudo-homdgeneous flows and heterogeneous flows have been investigated, and equa- 
tions for the wave propagation speed and the additional pressure due to water hammer in both flows have been devel- 
oped. These equations have been teated against available experimental data. 
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Transportation of solid particles in the form of slurry through pipelines has become more 

widespread in recent years. Principal applications include the transportation of iron concentrate 
and tailings, phosphorus concentrate and tailings, coal, coal ash and limestone, which involves 
several industrial sectors such as metallurgy, chemical industry, energy, building materials and 
others. Many experts expect that transportation through pipelines will become the fifth means of 

transport following highway, railway, water and air freight. The concentrations of slurries being 
transported are increasingly higher and the distance of pipelines becomes longer and longer. For 
instance, the planned Yu-Qing Coal Slurry Pipeline has a length of 700 km, an annual capacity of 

7.0 million ton and a slurry concentration of 55% by weight. The Jianshan Iron Concentrate 
Pipeline of Taiyuan Steel Company, which is now under construction, is 102 km long and has an 
annual capacity over 1 . 0  million ton, with a slurry concentration reaching 60%--65% by 
weight. The Wengfu Phosphorus Concentrate Pipeline, which is completed and in operation, is 
80 km long, has an annual capacity over 1.0 million ton, with a slurry concentration of 60 % by 
weight. Numerous short-distance pipelines are being used to transport tails and coal ash. Slurries 
in these pipelines are pressurized by a number of pump stations at various sections along the line, 
and therefore designers must take conditions of both steady flow and unsteady flow due to the op- 
eration of valves, problems in power supplies or mechanical failures into consideration. 

Dynamic principles of fluid flows indicate that a sudden change of velocity in a closed conduit 
will result in an instant variation of pressure, which is called "water hammer". For solid-liquid 
flow with hyperconcentrated solid particles it is called slurry water hammer, or slurry hammer in 
short. Due to the existence of large quantity of solids, slurries do not have the same densities and 
elastic moduli as clear water. Therefore slurry hammers behave differently from water hammers. 

Solid-liquid flow is usually classified into two types, pseudo-homogeneous flow and heteroge- 
neous flow. In pseudo-homogeneous flow the solid particles are usually very fine and can be fully 
suspended in the liquid. The concentration distribution over the vertical line is uniform, while sol- 

id particles and the liquid have the same flow velocity and rate of change. In heterogeneous flows 
solid particles have lower velocities than the liquid because coarse particles cannot be adequately 

suspended and there may exist bed loads. When the velocity of slurry changes, the velocity of sol- 
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id particles will lag behind that of water because of the difference in inertia. The wave propagation 

speed and the additional water hammer pressure for pseudo-homogeneous flow and heterogeneous 

flow will therefore be discussed separately. 

1 Wave propagation speed for slurry hammers 

Wave propagation speed for slurry hammer is analysed in a similar way to water hammer by 

taking the typical case of rapid closure of a valve at the end of a pipe as an example. When the 

valve is dosed the pressure in the pipeline will increase due to fluid motion caused by inertia. The 
principle of continuity requires that the net mass inflow due to inertia be equal to the expansion of 
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I 

Fig. 1. Pml~ation of pressure wave. Au~AtA = A V s + 
tXVL + ZXVp. 

the pipe wails plus the volume compression of the 

water and solid particles. Both the expansion and 

the compression are very small because of the very 

high elastic moduli of the pipe material, water and 

the solids. In order to hold the surplus slurry the 
expansion front of the pipe will propagate rapidly 

upwards at a certain speed (fig. 1). This speed is 

called the wave propagation speed, which is denot- 

ed by am. An equation for calculating the wave propagation speed can be derived based on the 
principle of continuity, i.e. the increment of the slurry for the expanded segment AL equals the 

sum of the volumetric increment of the pipe and the volumetric compression of water and that of 
the solid particles in the expanded segment AL. 

1.1 Equation for wave propagation speed in a pseudo-homogeneous flow 
Suppose the initial velocity of the pseudo-homogeneous flow is Urn0 and the velocity after a 

time interval At is Umt- And the increment of the liquid for the expanded segment AL is 

V = A �9 A t ( u r n 0  - -  Urat) = A A t  �9 AUra, (1) 

in which A is the pipe cross-sectional area and At is the time interval. Suppose the increment of 

pressure due to the change in velocity is P,  and the volumetric compression of water in the ex- 

panded segment AL can be derived from the definition of elastic modulus of liquid EL. 

P (2) 
E L ---- AV L ' 

(1 - C v ) A A L  

in which Cv is the solid concentration by volume and A V L is the volumetric compression of the 
liquid. 

From eq. (2) it is found that 

= ~LL(1 -- C v ) A A L .  (3) AVL 

Similarly the volumetric compression of the solid particles in the expanded segment AL can 

be found out as 

AVs = ~ C v A A L ,  (4) 

in which Es is the elastic modulus of the solids. 
The volumetric increment AV e can be found out according to the increment of tangential 

strain, diametrical strain and cross-sectional area due to the increment of pressure in the tort- 
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duit [11. 

The tangential strain ~T is 

1 1 PD (5) 
e T  "~ E'--pp '~T - Ev 2 e '  

in which Ep is the elastic modulus of pipe material; ~T is the tension stress on the pipe wall; D is 

the pipe diameter and e is the pipe wall thickness. 

The diametrical strain is 
D PD 2 

AR = -~eT - 4Eve"  (6) 

The increment of the pipe cross-sectional area is given by 

~D z PD PD - -  - - ,  A A  = 7tDAR = - 4 -  "Epe  = A Epe (7) 

If the axial strain is neglected, the volumetric increment in the segment AL of the pipe can 

be expressed as 

A V p  - -  ~epeAAL.  (8) 

According to the law of continuity, 

P 
A u m A A t  = LL(1 -- C v ) A A L  + ~ s s C v A A L  + A L .  (9) 

From the definition of wave propagation speed we have 

AL 
At . =  am. (10) 

According to the momentum law, 

A P  �9 At  = pmA " A L  . Aura, (11) 

Aum - P , (12) 
p m a m  

where the density of pseudo-homogeneous flow pm is given by Pm= psCv  + (1 - Cv)PL, in which 

Ps and PL are the densities of the solids and water respectively. 

Simultaneous solution of eqs. (9),  (10), and (12) gives the wave propagation speed for 

pseudo-homogeneous flow a~l as follows: 

j EL/pro (13) 
a'~l = EL E L D "  

1 - C v  + - ~ s C v  + E p---~ 

1.2 Equation for wave propagation speed in a heterogeneous flow 

In heterogeneous flows the velocity of the solid particles lags behind the surrounding liquid no 

matter whether the flow is steady or not. Thus, in the continuity equation of the solid-liquid flow 

the velocity of the solids and the liquid must be considered separately. Suppose the initial velocities 

of the solids and liquid are us0 and UL0 respectively, and velocities after a time interval At are Us1 

and UL1 respectively. The continuity equation of non-homogeneous flow is 

[ C v ( / Z S  0 -- USl)  + (1 - Cv)(uL0 - U L 1 ) ] A  " A t  

P C v A L A  P(1 - C v ) A L A  P D A A L  
- + + ( 1 4 )  

E s  E L Epe 
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The momentum equation of heterogeneous flow is 

A P A t  = p s C v A A L A u s  + pi.(1 - C v ) A A L A u L .  (15) 

Because the increment of pressure on the cross-section is uniform, the impulse can also be as- 

sumed to be volumetrically uniform, i .e .  

C v A P A t  = p s C v A A L A u s ,  (16) 

(1 - C v ) A P A t  = ph(1 -- C v ) A A L A u L .  (17) 

Flow equation can be obtained from the above two equations and the definition of wave prop- 

agation speed am = A L / A t  : 
P 

AU s p s a m  (18) 

P 
AUL -- (19) 

pLUm " 

Substitute eqs. (18)  and (19)  into eq. (13)  and simplify the result. The  formula of the 

wave propagation speed for heterogeneous a ~  is obtained. 

f Cv 1 - Cv 
pL (20) 

a , a  = EL Et._____D_D " 
1 -  Cv + -~sCv + Epe 

1.3 Comparison of wave propagation speed equations for pseudo-homogeneous flows and hetero- 

geneous flows 

The  above analysis of the equations for the wave propagation speed for the two kinds of flows 

are based on the assumption that the motion of solid particles exhibits completely different pat- 

terns in the two kinds of flows. To make a detailed analysis of the difference between eq. (13) 

and eq. (20) ,  we have 
1 

am2 (Cv~)m (1  - C v ) p m )  ~ 
- + - -  ( 2 1 )  

am1 Ps PL 

Substitute Pm= psCv + (1 - Cv)PL into eq. (21) ,  the following is obtained: 
1 

Equation (22) shows that, with other conditions being identical, the ratio of the wave prop- 

agation speeds for the two kinds of flows is decided by the concentration of solid particles and the 

ratio of the densities of solids to liquid, i .e .  am2/aml = f(PS/PL" Cv ) .  Fig. 2 is the relationship 

between am2/aml and Cv, with PS/PL being a parameter. Fig. 2 indicates that when ps/p5 is 

small, results from eq. (13) and eq. (20) are approximately the same. When Ps/pL increases, for 

example psi PL ~'4" 8 for iron concentrate, the ratio of the wave propagation speeds calculated by 

the two equations increases rapidly with the solid concentration. The wave propagation speed cal- 

culated for heterogeneous flow is 30 % greater than that for pseudo-homogeneous flow. So when 

the solid density is large the calculating formula should be chosen with great care in order to avoid 

significant error. 

1.4 Factors affecting wave propagation speed - 

The impact of the physical properties of solid particles on wave propagation speed can be 
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found out by comparing the equation of wave 

propagation speed for pseudo-homogeneous 1.3 

flow with that for clear water: 
1 ~ 1 . 2  

/ / 2 
ao 1 * ~ / J 1.0 

1 0 , 9  

[ + ,1  _ o 

4.8 

I I 

0.10 0.20 
Cv 

i 

0 . 30  0 .40  

Equation ( 2 3 )  shows that aml/ao is a Fig. 2. Comparison of wave propagation speed between pseudo- 
function of relative density Ps/PL, relative e-  homogeneous flow and heterogeneous flow (ps/OL = 4.8,  2.65, 

lastic modulus Es/EL, deflection of the pipe 1.4). 

( ELD)/( Epe ) and solid concentration by volume Cv. 

To examine the change of aml/ao with 

1 . 3  

1 . 2  

1.1 

~ I.C 
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Fig. 3. Analysis of factors influencing wave propagation speed 

( p s / p z = 4 . 8 ,  2.65, 1 .4 ) .  , E s / E L = 1 0 0 ;  - -  - ,  

Es/EL = 10~ ELD/Epe = 0.5.  

variations in solid concentration Cv, suppose 

the deflection of the pipe ( E L D ) / ( E p e )  = O. 5 
and Es/EL = 100. The relationship between 

aml/ao and volumetric solid concentration Cv is 

shown in fig. 3, with Ps/PL being the parame- 

ter. It can be seen from fig. 3 that the influence 

of solid concentration on wave propagation speed 

differs with solids densities. When PS/PL is 

small, as in the case of coal powder, the wave 

propagation speed increases with the concentra- 

tion of solid particles. On the contrary, when 

ps/PL is larger, e .g .  in the case of iron concen- 

trate, the wave propagation speed decreases 

with the increment of solid concentration. 

The influence of relative elastic modulus 

upon the wave propagation speed will be dis- 

cussed as follows. The  dotted lines in fig. 3 give 

the relationship between aml/ao and solid concentration, with Es/EL = 10 and other conditions 

being equal. The  dotted lines are very close to the solid lines, indicating that when Es/EL 
changes between 10 and 100 it has a very little influence upon the wave propagation speed for 

slurry water hammer. The  elastic moduli of solids are difficult to measure. Table 1 is given for 

reference [2] . 

The  two types of solid-liquid flow discussed above should be distinguished in order to choose 

the right equation for wave propagation speed. The  key factor in judging the type of flow is the 

relative motion between solid particles and the fluid, i .e .  whether  the particle can follow the mo- 

tion of the fluid. However few data are available in the literature concerning the motion of solid 

particles and the fluid at a micro-scale. Therefore the only way to determine whether the flow is 

heterogeneous is to observe the vertical distribution of particle concentration. In a heterogeneous 
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Table 1 Elastic moduli of solids 

Material OS/pL Es/109 Pa Es/EL 

Rubber 0.896 0.451 0.22 

Plastic 1.04 5.39 2.6  

Coal 1 .4  13.33 6.5  

Sand 2.66 16.20 7 .8  

Limestone 2 .70  88.5  43 .0  

flow the concentration distribution is non-uniform, with most of solids staying at the lower part of 

the cross-section of the pipe, and the velocity of water and that of solid particles are substantially 

different. The diffusion equation for suspended solid particle is 

dCv 
�9 -~y + c o C v =  0. (24) 

Suppose the concentration at the centre of the pipe cross-section is Cw and that at the point 

0.08R from the wall on the top is Cv. And the equation of concentration distribution is ob- 

tained [33 : 

log Cva - 4.5 ~ . (25) 

In the above two equations, e is the diffuse coefficient of solids; o~ is the settling velocity of the 

solids and U .  is the friction velocity. 

Based on the experimental data conducted in a pipeline with an inner diameter of 305 mm, 

using coal slurry with various particle sizes and a concentration of 50 % by weight, and a flow ve- 

locity of 2 m/s, it has been found out that when Cv/Cv, < 0.1, the flow is heterogeneous. After 

analysing previous results, Thomas suggested that suspension index ~o/U ~ be used as the criteri- 

on [4], i.e. if 

> 0.2, (26) 
U .  

then the slurry is a heterogeneous flow; if not, the flow is pseudo-homogeneous. From eq. (25), 

it can be seen that Thomas' criterion is consistent with the experimental result. 

2 Calculation of  slurry hammer  pressure 

As mentioned above, slurry hammer is divided into pseudo-homogeneous slurry hammer and 

heterogeneous slurry hammer according to the suspension and movement patterns of the solid par- 

ticles. Factors affecting the slurry hammer pressure are mainly the boundary conditions while the 

physical properties of the slurry also play a role. Similar to the case of water-hammer, there are 

two types of slurry hammers, i.e. direct slurry hammer and indirect slurry hammer, based on the 

propagation pattern of the pressure wave. 

In engineering practice, slurry hammers in long-distance transportation pipelines are usually 

caused by end valve closing, reversing flow at one-way valves, or vacuum recovering, among 

which the direct slurry hammer will result in the greatest pressure. Therefore the following dis- 

cussion will be mainly concerned with the calculation of direct slurry hammers. 

2.1 Pressure calculation of direct slurry hammer in pseudo-homogeneous flows 

In pseudo-homogeneous flow solid particles move approximately at the same velocity as the 
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surrounding liquid, and it can be regarded as one-phase flow in theoretical analysis. 

In the case of a valve being closed, the fluid will move forwards continuously because of the 

inertia. This will cause an increase in pressure upstream of the valve. In the segment of the pipe 

where pressure is increased, the cross-sectional area changes from A to A + AA, the density of 

slurry changes from pm to t0m + Atom, and the velocity changes from Urn0 to Urn1. According to the 
law of momentum conservation the following equation is derived: 

( A  + A A ) P A t  = (Pro + A P m ) ( A  + A A ) A L ( u m o  - u ~ l ) .  (27) 

Equation (27) can be simplified as follows, in which the high order of minuteness is neglect- 

ed: 

P = praaml(UmO- Uml), (28) 

where am1 is the wave propagation speed in pseudo-homogeneous flow, which can be calculated by 

equation (13). 

2.2 

cases, the velocity of the solid particles will lag behind that 

of the liquid because solid particles have a larger size. When 

a valve is closed, water flow will stop immediately hut solid us0 

particles will continue to move forward due to a larger iner- 

tia, which will give rise to a secondary hammer and the cor- 0 
responding pressure. Therefore slurry hammer in heteroge- 

neous flows has two stages: (i) initial hammer and (ii) par- 

ticle hammer. The initial hammer is caused by both water 

and solids during the entire valve closure time. The particle 

hammer results from the second impulse of the solids only 

while the motion of water is stopped. The variations of ve- 

locity and pressure during a valve closure in heterogeneous 
P0 

flows are shown in fig. 4. The two types of hammers will 

be considered separately. 

2 .2.1 Pressure in the initial hammer. Supposing the ve- 

locities of the solids and the liquid before the valve closure 

are us0 and u LO, and those after the closure are u st and 

UL1, w e  have 

US1 = U N I -  AUS~ 

UL1 = UlA ) -- A U L .  

After the closure the outflow from the pipe is zero. Thus 

Pressure calculation for direct slurry hammer in heterogeneous flows 

In heterogeneous flows, in both steady and unsteady U L 0 , .  

U L I  

t jpIS': 
T T s T 

Fig. 4. Variations of velocities and pre~ure of 

water and solids in heterogeneous flow. 

(29) 
(30) 

A ( u s o  - Aus)Cv + A ( u ~  - AuL)(1 - Cv) = 0. (31) 

From eqs. (18) and (19), eq. (31) can be rewritten and simplified as 

am2[UL0(1 -- Cv) + u s o C v l  
V = (32) 

1 - C v  C v  

PL PS 

Because UL0(1 -- Cv) + u s o C v  = u ~ ,  the pressure formula of the initial hammer in hetero- 
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geneous slurry flow can be expressed as 

am Um0PLPS (33) 
Px = (1 - Cv)Ps + CVPL" 

2.2 .2  Pressure in the particle hammer. According to the conceptual model of slurry hammer 

in heterogeneous flow, the particle hammer is the second hammer which is caused by impulse of 

the solids when the valve is closed and total outflow is zero. The pressure formed can be derived 
by considering the resistance force acted on the particles and the conservation of momentum [51 . 

The resistance exerted on a single particle is 
1 , 

Fi = - ~ C D P L A s (  UL - Usi) 2, (34) 

where C]3 is the drag coefficient. C]3 can be evaluated according to particle Reynolds number. As 
is the projected area perpendicular to the flow direction. The drag acted on a group of particles is 

1 
F = - ~ C I 3 p L A C v ( U L -  us) 2. (35) 

According to momentum conservation law we have 

F "  A t  = p s A L A C v & u s  . (36) 

From eqs. (35), (36) and the definition ar, a = A L / A t ,  AUs  can be given by 

& u s  = CD pL(U----k-- us)2 
2psam2 " 

(37) 

Therefore the pressure increment resulting from the particle hammer is 
1 

P2 = p s a ~ A u s  = --~CDPL( UL - US) 2. (38) 

The direct slurry hammer pressure in heterogeneous flow is the sum of the two pressure in- 

crements caused by the two hammers, i.e. 

am2 UmpLPS 1 
P = (1 - Cv)Ps + CV/OL + -2"-CDPL(UL -- US)2' (39) 

in which CD is the group drag coefficient. CD is mainly decided by the particle size distribution 

and the viscosity of slurry, and can be obtained from reference [ 6]. 
It was observed in the experiment that the velocity difference, UL- US, is very small, i.e. 

in eq. (39) the second term is much smaller than the first. So in engineering practice the initial 

hammer pressure can usually be used to substitute the slurry hammer pressure. 

Indirect slurry hammers in long-distance pipelines and pressure variations in the transient 
stage along the pipelines can be calculated by solving the dynamic equation and continuity equation 

of heterogeneous flows using the finite difference method. 

3 Analysis of the experimental result 

An experimental study on water hammers in pipelines with hyperconcentrated slurry flows 

carrying solid particles has been carried out in the Sediment Research Laboratory of Tsinghua 

University. The seamless pipe used in the experiment has an inner diameter of 148 mm with a 5 
mm wall, and the total length is 137 m. The pipe was made of A3 steel with an elastic modulus of 

2.1 x 1011 Pa. A flat instantaneous valve driven by springs is located at the end of the pipe. Six 
H5CY15-3 type pressure sensors were installed on the pipe. The pressure signal picked up by the 

pressure sensor is amplified and recorded by an MR-30C tape recorder. 
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Solid materials used in the experiment are iron concentrate, phosphorus concentrate and coal 

powder, with Ps being 4 810, 3 068, 1 880 kg/m 3 respectively. Among them iron concentrate 

and phosphorus concentrate are very fine while coal powder is coarser. The particle size distribu- 

tions of the three kinds of material are shown in table 2. 

Table 2 Particle size consists of three kinds of solids 

d/mm 1 0 .5  0 .28  0.154 0.1  0.071 0.045 0.028 0.016 

Iron concentrate 100 ~) 99.95 99.7 98.76 97.26 95.38 87.59 72.64 42.69 0.027 

Phosphorus concentrate 100 97.6  87 .2  70.83 62.8  42 ,4  7.23 1.32 0.081 8 

Coal powder 98.3 77.8 60.3 41 .3  32 .0  28 .8  23 .0  0.311 

a) Numbers in the table mean the percentage of particles ~ d .  

The flow in the experimental pipeline is steady before the instantaneous valve is closed. The 

velocity of steady flow in the pipe is 1.5 m/s, the head loss every 100 meters is 1 . 9 - - 2 . 6  m for 

iron concentrate slurry, 1 . 8 - - 2 . 4  m for phosphorus concentrate slurry, and 1 . 8 - - 2 . 0  m for coal 

slurry, varying with variations in solid particle concentration. The average group-settling-veloei- 

ties for the three materials can be calculated according to their size distribution, i .e.  co = 3.8 era/ 

s for iron concentrates, ~ = 7.1 cm/s for phosphorus concentrates, and ~ = 2.89 cm/s for coal 

powder. The shear velocity U .  in the experiment is around 50 cm/s for these slurries, the slurry 

suspension indices of the three solids are smaller than 0 .2 .  According to the Thomas' criterion, 

they are all pseudo-homogeneous flows. 

Pressure signals recorded during a slurry ham- 

mer is shown in fig. 5, in which the ordinate indi- 

cates pressure and the abscissa indicates time, with 

an oscillating period of 0. 005 s. The range of pres- 

sure fluctuation can be obtained from fig. 5, and 

from the locations of the pressure sensors and the 

propagation time the wave propagation speed can 

also be obtained. 

Results of the measured pressure increment 

and the wave propagation speed are listed in tables 

3--5.  And the calculated results are also listed in 

the three tables, of which the pressure increments 

were calculated using eqs. (28) and (39),  and the 

wave propagation speeds were calculated using eqs. 

~' 20 
! 

lo 

0.: 0 . 4  0 . 3  0 . 2  0 . 1  

t /s 

Fig. 5. Pressure signals in the flurry hammer measured by 

the six pressure sensors in the conduit. 

(13) and (20).  The elastic modulus of the iron concentrate is Es = 50EL, those of phosphorus 

concentrate and coal powder are Es = 6.5EL(see table 1) and that of water is relative to the tem- 

perature, EL = 2.1 • 109 Pa at normal temperature. The densities and concentrations of slurry in 

the tables were measurements in the experiment. 

It can be seen from the above tables that the measured data of iron and phosphorus concen- 

trate slurries are close to the calculated values using the equations for pseudo-homogeneous flows, 

but different from that for heterogeneous flows. For coal slurry, the measured values are smaller 

than the calculated ones by the pseudo-homogeneous equations except for a few cases and do not 

agree with the general trend shown in fig. 3. It was found in the experiment that this was caused 



346 SCIENCE IN CHINA (Series E) Vol, 41 

Table 3 Calculated and measured pressure increment and wave propagation speed of iron concentrate suspensions 

p J l O  a Measured a m calculated by am calculated by Measured P calculated by P calculated by 
Cv(%) 

kg.ra -a a J r a ' s  -1 eq.(13)/m.s -1 eq.(20)/m.s -1 P/IO6Pa eq. (28)/lO~Pa eq.(39)/lO6Pa 

1.21 5.5 1 166 1 168 1 257 2.11 2.08 1.97 

1.361 9.5 1 112 1 119 1 254 2.21 2,27 2.03 

1.48 12.6 1 092 1 085 1 252 2.25 2,36 2.08 

1.551 14.5 1 062 1 068 1 250 2.30 2.44 2.12 

1.64 16.8 1 050 1 048 1 249 2.35 2.53 2.16 

1.70 18.4 1 033 1 035 1 247 2.40 2.59 2.19 

Table 4 Calculated and measured pressure increment and wave propagation speed of phosphorus concentrate suspensions 

pJ103 Cv( % ) Measured a m calculated by a m calculated by Measured P calculated by P calculated by 

kg.m -3 am/m's  -1 eq.(13)/m.s -1 eq.(20)/m.s -~ P/10SPa eq. (28)/106Pa eq.(39)/106Pa 

1.216 10.4 1 159 1 182 1 258 2.11 2.11 2.02 

1.427 20.6 1 148 1 133 1 255 2.35 2.38 2.19 

1.537 25.5 1 113 1 115 1 254 2.45 2.52 2.27 

1.609 29.5 1 086 1 103 1 253 2.55 2.61 2.35 

1.666 32.2 1 088 1 056 1 252 2.65 2.59 2.40 

Table 5 Calculated and measured pressure increment and wave propagation speed of coal suspensions 

pro/10 a Measured am calculated by aM calculated by Measured P calculated by P calculated by 
Rua Cv( % ) 

kg ,m -a am/m's  -1 eq. (13)/m's -1 eq. (20)/m's -1 P/10~Pa eq. (28)/10 ~ Pa eq.(39)/106 Pa 

1 1.215 24.4 1 132 1 247 1 294 2.05 2.22 2,19 

2 1.243 27.6 1 166 1 249 1 299 2.15 2.28 2,24 

3 1.258 29.3 I 180 I 250 1 302 2.21 2.3I 2.26 

4 1.281 31.9 1 195 1 252 1 306 2.30 2.36 2.30 

5 1.25 28.4 1 218 1 249 1 300 2.25 2.29 2,25 

6 1.197 22.4 1 225 1 247 1 290 2.21 2.19 2,16 

7 1.163 18.5 1 233 1 246 1 285 2.05 2.11 2.11 

by the air and cracks in the surface of coal particles.  Dur ing  the  preparat ion of slurries in the ex- 

pe r iment  runs 1 - - 4 ,  dry coal powder  was added to water .  T h e  shor t  durat ion of the exper iment  

did not  give enough t ime for the air in the slurry to escape, which  may have increased the air con- 

ten t  in the  s lurry.  On  the  contrary,  in exper imenta l  runs 5 - - 7  no more  dry coal powder  was 

added to the s lurry.  W i t h  the lapse of t ime,  the air in the s lurry escaped gradual ly as the water 

soaked into the  coal powder .  There fo re ,  the measured  values in the la t ter  case are much  closer to 

the  calculations using pseudo-homogeneous  f low equat ions.  T h e  exper imenta l  measurements  using 

the three  mater ia ls  conf i rmed the  equations for pressure inc rement  and wave  propagat ion speed in 

pseudo-homogeneous  f lows developed in th is  s tudy.  

4 Conclusions 

F r o m  this s tudy the fol lowing conclusions can be d rawn:  

1)  T h e  s lurry wa te r  h a m m e r s  in pipelines wi th  hyperconcen t ra ted  s lurry f lows carrying solid 

particles are divided into two  types,  i . e .  pseudo-homogeneous  f low h a m m e r  and heterogeneous 

f low ha mmer .  In engineer ing  practice,  most  of the slurries can be regarded as pseudo-homoge- 

neous f low, as the  t ranspor ted  part icles are very  fine due to considerat ions of s lurry stabili ty.  
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2) Factors influencing wave propagation speed include deflection of the pipe, elastic moduli 
of water and solids, EL and Es, solid concentration by volume Cv and solid density ps. Among 
them solid volumetric concentration Cv and solid density ps, which are available with ease, are 
the deciding factors concerning wave propagation speed. On the other hand, elastic moduli of 

solids, which are difficult to measure, present little influence. Therefore the wave propagation 
speed formula has a high accuracy. 

3) With the concentration and flow velocity being equal, the velocity of larger density solids 
in heterogeneous flows is lower than particles of the same material in pseudo-homogeneous flows. 
As a result, the pressure increment in heterogeneous flows is slightly lower than that in pseudo- 
homogeneous flows. This is confirmed by the equations developed. When pseudo-homogeneous 

flow and heterogeneous flow are not easily identified, it is safer to choose the pseudo-homogeneous 
formula to calculate pressure increment. 

4) Air content in slurry has a great influence on slurry hammer pressure. But in engineering 
practice, the air content is rather small because the air can escape from the slurry due to the long 

duration of slurry preparation and can be compressed because of the high pressure in long-distance 
pipeline. Therefore the result is safer by neglecting air content in the slurry. 
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