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Characteristics of energy dissipation in hyperconcentrated flows
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Abstract

An equilibrium equation for the turbulence energy in sediment-laden flows was derived on the basis
of solid-liquid two-phase flow theory. The equation was simplified for two-dimensional, uniform,
steady and fully developed turbulent hyperconcentrated flows. An energy efficiency coefficient of
suspended-load motion was obtained from the turbulence energy equation, which is defined as the
ratio of the sediment suspension energy to the turbulence energy of the sediment-laden flows.
Laboratory experiments were conducted to investigate the characteristics of energy dissipation in
hyperconcentrated flows. A total of 115 experimental runs were carried out, comprising 70 runs with
natural sediments and 45 runs with cinder powder. Effects of sediment concentration on sediment
suspension energy and flow resistance were analyzed and the relation between the energy efficiency
coefficient of suspended-load motion and sediment concentration was established on the basis of
experimental data. Furthermore, the characteristics of energy dissipation in hyperconcentrated flows
were identified and described. It was found that the high sediment concentration does not increase the
energy dissipation; on the contrary, it decreases flow resistance.
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1 Introduction

Hyperconcentrated flow is sediment-laden flow with the concentration exceeding 200 kg/m* and a
certain amount of fine silt and clay being carried. Hyperconcentrated flow frequently occurs in the Yellow
River of China. A number of studies on the characteristics of turbulence and sediment transport in
sediment-laden flows were conducted on the basis of stream power theory. Bagnold (1966) first presented
the concept of stream power, and analyzed the relation between the energy available and the work done
by the flow in transporting sediment. Yang (1976) first presented the theory of minimum stream power
and established the equations of unit stream power for total load in 1979 and 1984. Using the theory,
Chang (1979) applied the Einstein-Brown and Engelund—Hansen formulas to compute channel geometry
and river pattern. Yang’s stream power concept is different from that of Bagnold (1966); the former is
power per unit bed area and the latter is power per unit weight of water. These two concepts lead to the
use of two different and independent parameters relating the sediment transport rate to the energy
dissipation rate in open channel flows. Wang et al. (2004, 2007) demonstrated how the longitudinal bed
profile of the Lower Yellow River can develop into a convex shape in the long run, in contrast to the
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concave shapes, of all other rivers in the world, which supported the minimum stream power theory
developed by Yang (1976, 1987, 2002). Annandale (2004) studied the rate of sediment transportation and
concluded the sediment transport rate is not solely related to the shear stress of flow and stream power.
Yang et al. (2007) suggested a method for computing the amount of bed-material load in rivers, which
was based on the concept of the modified Bagnold’s stream power.

Studies on the laws of energy dissipation have also focused on the energy equilibrium equation. Xie

(1957) studied the laws of sediment-laden flows and established a general energy equilibrium equation.
Bagnold (1966) first proposed the concepts of sediment suspension energy in the flow and the energy
efficiency coefficient for the suspended-load motion (e, ). He studied sediment transport with the energy
efficiency coefficient e,, which is defined as the ratio of the sediment suspension energy to the
turbulence energy of water flow. Qian and Wan (1986) analyzed the relation between the effective
sediment suspension energy coefficient and the von Karman’s constant. The value of e, varies over a
wide range (0.00004—0.20) from laboratory and field data. Wang et al. (1991, 1996) concluded that
turbulence in hyperconcentrated flows is produced in the turbulent layer; and, high-frequency turbulence
is suppressed by the high viscosity and yield stress.

The characteristics of energy dissipation in hyperconcentrated flows are still unclear. According to Shu
(1992), the energy efficiency coefficient e, is mainly affected by the flow intensity and sediment
concentration. The sediment concentration has a more significant effect on e, in hyperconcentrated
flows than in low concentration flows. Fei and Shu (2004) calculated the velocity and resistance for
debris flows and hyperconcentrated flows using energy equations.

In this study, the sediment suspension energy (E,) and the energy efficiency coefficient (e, ) for
suspended-load motion are derived from the time-mean turbulence energy equation of solid-liquid
two-phase flow. Laboratory experiments are also conducted to verify these equations. Variations in the
effective E,, e, and flow resistance coefficient ( £, ) with sediment concentration in hyperconcentrated
flows are analyzed according to experimental resuits.

2 Equilibrium equation for turbulence energy

Under the hypothesis of a continuous medium, water and sediment in the sediment-laden flows are
regarded as the liquid-phase and solid-phase of two-phase flow, respectively. According to the equations
of continuity and motion for two-phase flows, an instantaneous energy equation for sediment-laden flows
can be written as (Shu, 1994)

—(p B)+—(p Bu, ) u,, ‘Z: +u,,—L a;"” + Pl B~ g: s )
fl 7 i
O (41)) (IIT) Iv) \%) VD

where subscript m denotes mixture-phase flow or sediment-laden flow; p, and u,, are density and

velocity of the mixture-phase flow, respectively; B = —;-u: . is the total kinetic energy per unit mass for

the mixture-phase flow; A=ﬂSV(I—S, )0’5,5,, is the additional resistance due to specific gravity

m

difference between sediment and water phases; S, is the volume sediment concentration; @ is the fall
velocity of sediment particles; p and p, are densities for clear water and sediment, respectively; and

8, is a two-dimensional tensor (i =1,2,3 ). The terms of Eq. (1) are explained as follows.

M gt-(p,B) is the variation in the kinetic energy with time;
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o aa'-(meum ,.) is the variation in the kinetic energy with distance;

) w,, gxli is the work due to pressure gradient;

or, . .
av) u,, ax""’ is the work due to viscous energy dissipation;
i

V) p,u,..8., isthe work due to gravity; and

VD g;—:- is the work due to the difference between the gravities of sediment and water.

i

2.1 Time-mean equilibrium equation for turbulence energy
The variables in Eq. (1) can be replaced by the summations of the time-mean value and the fluctuation:

Up i =y FUpis Pr=Pnt P> b= =P +P, T +7,,,and A= A+ A

m y m Wif
After averagmg over time, the time-mean equilibrium equation for turbulence energy of mixture-phase
flow is

6 f aum'
(f’m u, B, ) "aj(p,,,u /B, + Pu,, ) Dnll it o

¢
+u, iai"ﬂ+p' u,.g, . —u oA
m,i 6xl. memiom,i m,i 5x,
where g — lﬁ is turbulence energy per unit mass for mixture-phase flow.
2 m.
Some terms in Eq. (2) can be re-written by considering the turbulent shearing stress,
o= py s 3)
"y m &]
therefore,
’ arﬂ a I ’ ’ 6“"" i
uu.l ax“l = ax T-Jl —Tn.U_ax+
7 @
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where 4 is the viscous coefficient for mixture-phase flow.
According to Prandtl’s mixture length theory, the diffusion term of turbulence energy can be expressed

as
) w?\ =— o (u, | o(u oB
= "N PY - 2|z | L], 5
axj [pmun.j[ 2 ] mun,j m ax ( )} axj (o_m ax/) ( )
Accordingly, the following time-mean equation for the turbulence energy of mixture-phase flow can be
obtained:

a lue aBl - ’ ’ aum‘i r,,! au”’ll
(pm l)+ (P uij )=—&—(a_mgx_"]—pmum,lum.j axj +pmum,igm,l—ﬂm{ o J Uy ; axj (6)

J J

M (II) (1 av) 2 vp . (VI

where 4, is the effective viscosity and consists of the turbulent viscous coefficient 4, and dynamic

viscosity 1, ;ie., g, =pm, + p. o, is Prandtl’s number for the mixture-phase flow. In Eq. (6),
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[{)) —gB ) is the variation in turbulence energy with time;

a —(77 Un;B, ) is the variation in turbulence energy with distance;’

(1D _(i‘_%
ox |\ o, &

J

J is the diffusion term for turbulence energy;

——0u,, . . . .
(V) pu.u M?”"’ is the partial turbulence energy due to the interaction between the turbulent
J
shearing stress and mean velocity gradients in unit time;
V) pLu,,g,, isthecomponent of turbulence energy dissipated in sediment suspension; i.e., sediment

suspension energy;
, 2
VD u, (@ﬂj_] is the work due to the viscous dissipation of turbulence energy; and
J

o4 . . . . . . .
II) «’ -— is the work due to the resistance difference in the relative fluctuations of sediment
mi
J

and water; the term may be ignored in the case of fully turbulent flows.

2.2 Simplification of the turbulence energy equation for hyperconcentrated flows
" For two-dimensional, uniform, steady and fully developed turbulent hyperconcentrated flows, as shown
in Fig. 1, the turbulence energy equation can be simplified on the basis of the following assumptions.

Y a
h > Ay
Uy
x
ul
o~y
0, ™

z
Fig. 1 Sketch diagram of flowing water

(i) For two-dimension flow: 4 =0 and % =0.
(ii) For steady flow: % =0.

(iii) For uniform flow: Eax- =0 and u,=0.

(iv) For fully developed turbulent hyperconcentrated flow: 4’ ZA' 0.
x

J

(v) For unit mass gravity: g,, =~-g and g, =g,.=0.
Eq. (6) is simplified as

- o - jy(" Z‘;}w{%) o ™

For convenience, Eq. (7) may also be written as
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E =E,+E, +E,, t)

where
E, =—pmux/uy/—6a—-1;‘— is the total turbulence energy; ®
E, =i(ﬁa-%J is the diffusion term of E,; (10)
y\o, %
ou,' ’
E = y,_( 8yx ] is the viscous dissipation term of E,; and (11)
E = p,’,,uy'g is the sediment suspension energy. (12)

As shown in Eq. (7), the total turbulence energy equals the summation of the diffusion of turbulence
energy, viscous dissipation of turbulence energy and sediment suspension energy. In other words,
sediment suspension energy comes from turbulence energy in sediment-laden flows.

Furthermore, the production term and dissipation term for turbulence energy may be expressed
respectively as

— —\3 3 3
77 du, Bu, % ot (i ¥} 13
E =-p,uu/ P =Pml,i[ay) =P, H"'=4'1W - and 13)
—
ou' 2B 3 —3 3
E, =,um( ay J = Catty =C,C(1+C?Ep,lu, F /1, =C,C.l1+C?R-E, 14

where C, is the correction coefficient; C;, is the proportional coefficient for the turbulence energy
dissipated in the flow, which is related to the turbulence exchanging factor; C, is the ratio of
turbulence intensities in the transverse and longitudinal directions; and 7, is a factor reflecting the
effect of sediment suspension on the vertical turbulence intensity of sediment-laden flows.

2.3 Sediment suspension energy
Substituting Eqs. (13) and (14) into Eq. (8), a differential equation for the energy equilibrium is
obtained as

Oy O

By integrating Eq. (15) over the water depth 4, a depth-averaged turbulence energy equation is
obtained:

E, -[1—cﬂc,(1+c,’)§]=i(—‘i@'-]+5,. (15)

ymd)@r(l—Z)Edy=jhE,dy=E_',(h-—a)- (16)
K a h a
Thus,
E,- m@(“g < ro (@<<h), an
K K

where & is a comprehensive index.
Q:l.M[l—C”C,(1+C,’)%]ﬂ,’, (18)

where E’: is the depth-averaged work due to sediment suspension (i.e., sediment suspension energy);
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a is the thickness of the bed-load layer; and a =2D,,, where D, is the grain diameter for which 65%
of grains are finer).

2.4 Energy efficiency coefficient for suspended-load motion
For sediment-laden turbulent flows, an energy efficiency coefficient e, is defined as the ratio of the
sediment suspension energy, Ej, to the turbulence energy, E;:

E, p.v'e - (19)
e =— = —

TR

Integrating E; and E; over the flow depth gives the following depth-averaged expressions.

LW v 1 h ot
E Lot =— (-1 S0ty = - 5 0)
and
P B ) 21
= a[ Pay= —ak,-Lr—a;dy-k,meJ 21
Therefore, e, is obtained for sediment-laden flows with a large amount of suspended-load:
o B _Ui-r. 50, 22)
*TE kUl

where k, is the transfer ratio for turbulence energy in the two-phase mixture flow, defined as the ratio of
the depth-averaged values of turbulence energy to effective potential energy, expressed as
k = 1——15[7”(2;, ~ Yo )+ 24k, U} (23)

0

where y, =T} is the thickness of the flowing core in hyperconcentrated flows; u_ =k, U is the
ro

maximum flow velocity over the vertical; k, is a shape coefficient for the velocity profile over depth
(k,>1);and U is the depth-averaged velocity of water flows. Eq. (22) can be rewritten as

E_s =eE, =eky,UJ, (24)
where y and y, are the specific gravities for solid and mixture phases, respectively and J is the

hydraulic gradient.
Substituting Eq. (24) into Eq. (17) gives the final expression for e, as

L A
—Q)__l_(f”']z, @5)
k
where x is the von Karman constant and f,, is the resistance coefficient for sediment-laden flows.
According to Fei (1990), the resistance coefficient f, for sediment-laden flows can be expressed as

025
k68
=0.11 , 26
% (4R RJ 2o

where o is a reducing resistance coefficient less than 1; R is the hydraulic radius; k, is the

roughness of the river bed; and R,, is Reynold’s number for hyperconcentrated flows.
In addition, the comprehensive index @ can be obtained as (Shu, 2008)
[lg(,u +0.1) ]N (27
TI -N
Here, u, is the ratio of the viscosities of sediment-laden flow to clear water; the coefficient P and
exponent N are determined using experimental data; and the comprehensive factor for sediment
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transportation, T, can be expressed as

3
J’ Y U (©28)

3 Laboratory experiments

3.1 Experimental setups

To study the energy dissipation by sediment suspension and transportation in hyperconcentrated flows,
two experiments for sediment-laden flows were conducted using flumes. One experiment was carried out
in a flume 16m long, 0.5m wide and 0.5m high with a tilting bed slope varying from 0% to 2.5% and
natural sediment from the Yongding River in the northern of China. The second was conducted in a flume
25m long, 0.5m wide and 0.6m high with cinder powder. The experimental setups are shown in Fig. 2.

Water depths were measured with an ultrasonic water level gauge. The velocity profile was measured
using a Pitot tube and pressure sensor, as shown in Fig. 3. This instrument developed by Shu and Ren
( 2007) is able to measure flow velocity in hyperconcentrated flows.

T Intake gate  Measuring track  Velocity meter Energy dissipater Velocity meter
1 1 L7 1 1

T R Automatic water gauge Rail gate
= ERAEE / T

i Fo (R TIT,

| 7 T Jd Pu |
=== 1 # T=—\ /M fump
F— ¥ % %

Q)
- > =3 Headstock
Headstock gear Flow meter Bearing point gear

(a) Natural sediment setup (b) Cinder powder setup
Fig.2 Experimental sctups

1 1 1

Signal output

T +15V direct
Magnifying | @ |  current input
device

Power
()

Pole switchover]

T-ooIZotItta

Inductive pi
_*—_eier . Compuﬂ
Leading pipe |»
Probe
Fig. 3 Sketch diagram of the velocity meter

3.2 Experimental conditions and methods
The sediment from the Yongding River has a grain size of d = 0.0016mm —0.4mm and median diameter
of d, =0.076mm. The cinder powder has a grain size of d =0.0009mm-0.2mm and a median diameter of

d,, =0.017mm . The size distributions of the two materials are shown in Fig. 4. Experimental conditions

are summarized in Table 1.

The sediment was spread to a 20cm thickness on the flume bottom before each run in the natural
sediment experiments. Clear water was then poured into the flume and the sediment layer was scoured
away with increasing discharge. When a stable equilibrium state for sediment transport was established,
several important hydraulic and sediment factors, such as velocity, water depth, hydraulic gradient and
sediment concentration, were measured.

For the experiments with cinder powder, cinder power suspension flowed into the flume from a tank in
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which the cinder powder was fully mixed with water. Initially, the cinder powder partially deposited on
the flume bottom. The sediment-laden flows reached an equilibrium state when the deposition stopped.

A total of 70 natural sediment runs and 45 cinder powder runs were conducted in the laboratory, and
important parameters, such as discharge, velocity, hydraulic gradient, sediment concentration, hydraulic
gradient and grain size, were measured. The experimental data were used to study energy dissipation and
sediment transport in hyperconcentrated flows.

100 = araral sediment - l
90 Ho Cinder powder gl b ‘
80F i ié; - :rrrﬁ';" Fol- gt I
70 B‘I i

SR ;
40} &} | :
30p e |
200 T A ,
10F ++ kvf/ Cd 5 ;m i

oL ilotl SR i
0.0001 0.001 0.01 0.1 1 10

d/mm
Fig.4 Grain size distributions of the experimental sediments

Table 1 Experimental Conditions
. Specific Grain . . . Flow Water
Experimental gravity diameter Concentraglon Dlschafge gradient depth
types sit-m dsy/mm S’kg'm Q/l's /%o Hem
Natural
sediment 2.65 0.076 2.61-765.61 9.06-94.87 0.17-5.40 7.0-17.2
Cinder powder 2.17 0.017 3.10-539.70 12.50-55.00 0.26-3.13 5.5-15.0

4 Results analysis

4.1 Relationship between sediment suspension energy and sediment concentration
The coefficient p and exponent N in Eq. (27) were determined as 0.3551 and 0.72, respectively,

using experimental data. Thus the comprehensive index & can be determined as
.72
® =0.355 IM

T0.28 (29)
Substituting Eq. (29) into Eq. (17), the sediment suspension energy E, can be expressed as
E, =0.3551[1g(x, +0.1)]"" }ZLJ;"'M; cy U - (30)

Relations between sediment suspension energy E, , calculated using Eq. (30), and sediment
concentration S, were also obtained using experimental data (Fig. 5). It can be seen the relations of the
sediment suspension energy E, and sediment concentration §, for the two different types of sediment
transport experiments were similar. E, increased with increasing S, when S, was less than 0.15
(S ~400kg/m’ for natural sediment and S ~320kg/m’ for cinder powder), whereas E, decreased as
§, increased in hyperconcentrated flows with S, > 0.15. In other words, E, reached a maximum when
S, was about 0.15. The decrease in the energy dissipated in maintaining the suspended-load motion was
due to the decrease in the resistance to hyperconcentrated flows. The relation between E, and S,
basically agrees with the relation between e, and S,. These results explain why hyperconcentrated

flows can carry such a huge amount of fine sediment through the Yellow River without a large hydraulic
gradient.
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Fig.5 Relationsof E, and S,

4.2 Variations of the energy efficiency coefficient with sediment concentration
Substituting Eq. (29) into Eq. (25), the energy efficiency coefficient of the suspended-load motion is

obtained:
gl +0.0P" (1.
e = 0.3551[——K;ﬁ728—]"—(—é—J . @31)

From Eq. (31), the value of e, can be calculated using experimental data, and the resulting relation of
e, and §, is shown in Fig. 6. For low sediment concentration flows (§,< 0.02), the value of e, is
basically constant between 0.006 and 0.01, which confirms the experimental result of (1 —e,,)e, =0.01
presented by Bagnold (1966). As S, increased, the value of e, also increased, which indicates S, had
a dominant effect on ¢, in flows with a mid-range sediment concentration (0.02<S, <0.15). For
hyperconcentrated flows (S,> 0.15) with either natural sediments or cinder particles, the value of e,
decreased obviously as S, increased, which clearly suggests the increase in sediment concentration does
not require an increase in energy expenditure on suspended-load motion in hypercdncentrated flows.

0l—T T T
o G T T T €, T
Constant; {....." .. iIncreasing  : Decreasin

0.0l o

~Natural sediment]:
° Cinder power

0.001 i | i i
0.001 0.01 0.1
S.

Fig. 6 Variationsin e, with §,

For hyperconcentrated flows, the relations between E, and S, are similar in the experiments for
natural sediment and cinder powder. Therefore, the energy efficiency coefficient e, was closely related

to the sediment concentration S, and was basically independent of the specific gravity.

4.3 Relations between the flow resistance coefficient and sediment concentration
The relations between the flow resistance coefficient ( 7 ), energy efficiency coefficient (e,), and

sediment concentration (.S, ) are shown in Fig. 7, in which y_ is calculated using Eq. (26). The resuits
demonstrate s~ generally decreases with increasing S, and energy efficiency coefficient e,. For

-
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hyperconcentrated flows with a concentration S, >0.15, the flow resistance coefficient f, decreases

with increasing §,, but varies within the range of £, =0.0018-0.0025, where e, is in the range

0.02-0.03. It is shown the flow resistance in hyperconcentrated flows is smaller than that in
low-concentration flows.

0.04 T - 0.004
» Natural sediment » Natural sediment
0.03 o Cinder powder l o Cinder powder
: 0.003
0.02 &
)
0.002
0.01
0 i 0.001 : :
0.001 0.002 0.003 0.004 0 0.1 0.2 0.3
fm Sv

Fig.7 Relations between e, and f,,and f, and S,

5 Conclusions

A time-mean turbulence energy equation for sediment-laden flows is presented in this study and the
equation is simplified for two-dimensional, uniform, steady and fully-developed turbulent
hyperconcentrated flows. The sediment suspension energy and the energy efficiency coefficient of
suspended-load motion were derived.

Relations between sediment suspension energy, the energy efficiency coefficient, and the volume
sediment concentration were obtained from laboratory experiments. The value of the energy efficiency
coefficient is constant in the case of low-concentration sediment-laden flows, and increases as the
sediment concentration increases in the transitional range from low to high concentrations. It deceases
with a further increasing in the concentration for hyperconcentrated flows. The flow resistance also
decreases with increasing sediment concentration in hyperconcentrated flows. The relation between the
energy efficiency coefficient and sediment concentration is normally similar to the relation of the
sediment suspension energy and sediment concentration. This suggests that owing to a decrease in flow
resistance, the energy dissipated in the suspended-load motion decreases when the sediment concentration
increases in hyperconcentrated flows.
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