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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．1aden flows was derived on the basis

of solid-liquid two-phase flow theory．The equation was simplified for two．dimensional，unifornl，

steady and fully developed turbulent hyperconcentrated flows．An energy emciency coefficient of

suspended—load motion was obtained from the turbulence ener盯equation，which is defined as the

ratio of the sediment suspension energy to the turbulence energ吖of the sediment．1aden flows．

Laboratory experiments were conducted to investigate the characteristics of energy dissipation in

hyperconcentrated flows．A totaI of ll 5 experimental runs were carried out．comprising 70 runs with

natural sediments and 45 runs with cinder powdeL Efleets of sediment concentration on sediment

suspension energy and flow resistance were analyzed and the relation between the ene理y efflciency
toefficient of suspended．10ad motion and sediment concentration was established on the basis of

experimenml data．Furthermore，the characteristics of ene曜Ⅳdissipation 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．

KeyWords：Hyperconeentrated flows．Turbulence energy,Efficiency coefficient,Energy dissil’a￡ion

1 Introduction

Hyperconcentrated flow is sediment．1aden flow with the concerttration exceeding 200 kg／m3 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仃ansport in

sediment—laden flows were conducted on the basis of stream power theory．Bagnold f l 966)first presented

the concept of stream power,and analyzed the relation be似een the energy available and the work done

by the flow in transporting sediment．Yang(1 976)fh-st presented the theory of minimum stream power

and established the equations of unit stream power for total load in l 979 and l 984．Using the theory,

Chang r l 979)applied the Einstein-Brown and Engelund-Hansen formulas to compute channel geometry
and river paRem．Yang’s stream power concept is different from that of Bagnold f l 966)；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 a1．(2004，2007)demons仃ated how the longitudinal bed

profile of the Lower Yellow River call 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(1 976，l 987，2002)。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 a1．(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

(1 957)studied the laws of sediment—laden flows and established a general energy equilibrium equation．

Bagnold(1 966)first proposed the concepts of sediment suspension energy in the flow and the energy

efficiency coefficient for the suspended—load motion(乞)．He studied sediment transport with the energy

e币ciency coemcient es．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 coeffieient and the yon Karman’s constant．The value of吒varies over a

wide range(0．0000牛一o．20)from laboratory and field data．Wang et a1．(1 99 1，l996)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 uncleaL 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 P．in hyperconcentrated

flows than in low concentration flows．Fei and Shu(2004)calculated the velocity and resistance for

debris flows and hyperconcentrated flows using eRergy equations．

In this study,the sediment suspension energy(E。)and the energy efficiency coefficient(乞)for

suspended．．10ad motion are derived from the time．．mearl 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(无)with sediment concentration in hyperconcentrated

flows are analyzed according to experimental results．

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，1 994)

昙h曰)+砉h砜．乒～．。等帆。等+成‰％飞。面OA， (1)

(I) (II)(III) (IⅥ(v)(VD
where subscript m denotes mixture—phase flow or sediment—laden flow；p。and umj

ale density and

velocity of the mixture-phase flow,respectively；B=÷“毛is the total kinetic energy per unit mass for

the mixture．phase flow；4：PP"S,(1一只b2谚，43 is the additional resistance due to specific gravity
p。

difference between sediment and water phases；S。is the volume sediment concentration；国is the fall

velocity of sediment particles；P and A are densities for clear water and sediment，respectively；and

瓯is a two·dimensional tensor(i=1,2，3)．The terms ofEq．(1)ale explained as follows．

(I)兰h雪)is the variation in the kinetic energy with time；
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(Ⅱ)导■勘耐)is the variation in the kinetic energy with distance；
班，

(III)“．』_OP is the work due to pressure gradient；
O％

(Ⅳ)”。J誓is恤work due to vi删s energy di骚ipation；

∽P≯。jg．|is the work due to gravity；and

(Ⅵ)_O,4 is the work due to the difference between the gravities。f sediment and wator．
斑．

2．1 Time-mean equilibrium equation for turbulence energy
The variables in Eq．(1)can be replaced by the summations ofthe time-mean value andthe fluctuation：

材州=瓦．f+“二l，f，成=磊+以，只=￡+Z，％，驴=乙，驴+吒，驴，and A=A+彳7

After averaging over time，the time—mean equilibrium equation for turbulence energy of mixture-phase
flowis

昙鬲+毒h，E)=一毒嘶+瓦)一瓦蕊鲁 ∞

城，等+蕊厂吒，筹
where聋=丢巧istllrbulence嘲perunitmassfof施姗-phasenow．
Some terms in Eq．(2)Can be re—written by considering the turbulent shearing stress，

屯=以等； (3)

therefore，——．．．．．．．．．．．．．．。——

吒等=毒蕊_．等
=以暑阿以斟

where玩is the viscous coefficient for mixture-phase flow．

(4)

According to Prandtl’S mixture length theory,the diffusion term of turbulence energy can be expressed

考f硐p．u'j+瓦气o__I⋯互lll=船鼢 ④

Accordingly,the following time-mean equation for the turbulence energy of mixture-phase flow Can be

obtained：

昙瓴E)+寿魄‰E)一番[尝考]-瓦历瓦等+石矗州一∥，(等卜云琴∞，
(I) (II)(III) (IⅥ ∽(vD．(VII)

where p!is the effective viscosity and consists of the turbulent viscous coefficient pT and dynamic

viscosity‰；i．e．，儿=‰+／ar．era,is Prandtl’S number for the mixture-phase flow．In F_q．(6)，
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(I’面0，，B，) is the variation in turbulence energy with time；

(II)要够。砒E)is the variation in turbulence energy with distance；’
6％，‘

(III)旦axs f卜丝rB,堡c3xs
1 is the di觚i。n t锄for tIlrbulence ene聊；

(Ⅳ)P一，百UtndUm j豢．．．．J． is the partial tumulencc eIle唧due to恤interaction betwecIl me劬ulent

shearing stress and mean velocity gradients in unit time；

(v)万疆矗州is the component of turbulence energy dissipated in sediment suspension；i．e．，sediment

susvension enerw矿：

㈣∥。(等]z is the work due to the viscous dissipation of一～锄咧；and
(VII)“：』娑is the work due to me resistance difference in the relative fluctuati。ns。f sedinlent

OX：

and water；the terra may be ignored in the case of fully turbulent fows．

2．2 Simplification ofthe 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．

Fig．1 Sketch diagram offlowing water

(i)Fortw0．dimensionflow：以：o and昙=o．
也

(ii)For steady f10w：昙=0．
(iii)Foruniformflow：昙=o and％=o．

0譬

(iv)For fully developed turbulent hyperconcentrated flow：秘：。娑=o．

(v)Forunitmassgravity：g。∥=一g and g。，，=g。=0．

Eq．(6)is simplified as

一瓦珂等=昙陪等)++，．1n(考x-]2+蕊．
Forconvenience，Eq．(7)may also be written as

．．390．．

(7)
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where

El=E1+E3+Es，

Et叫五等
疋=号(等·刳

is the total turbulence energy；

is the diffusion term of E；

(8)

(9)

(10)

毛=以【兰等J is恤visc。lIs di鼹ipati。n te咖of E；锄d (11)

E=以“，／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

E=一成刁等=成‰,／【可au-iYJ=以研3，乙以·鲁(-一才枷 (13)

岛=‰[等]=G所等=qc(1+砰乒3成b，匕J23忙c．c。O+砰乒-局 (14)

where C
H

is the correction coefficient；cd 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 r／s
is a factor reflecting the

effect of sediment suspension on the vertical turbulence intensity of sediment．1aden flows．

2．3 Sediment suspension energy

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

obtained as

互{·一c．c,O+q声]=昙匕豺E． ∞，

By integrating Eq．(1 5)over the water depth h，a depth-averaged turbulence energy equation is

obtained：

‰啦47ri．：vJ厶rL(1一罚；咖：J：：l巨砂：E-=-(h一口)．
Thus，

E：0,1-z“-．vJ(-一小‰①譬 (口<删，

where咖is a comprehensive index．

㈦．可l—c．c,O+矸咖，
L J

(16)

(17)

(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=2玩，where如is the grain diameter for which 65％

of grains ale fmer)．

2．4 Energy efficiency coefficient for suspended—load motion

For sediment-laden turbulent flows，an energy efficiency coefficient e8 is defined as the ratio of the

sediment suspension energy,Es，to the turbulence energy,EJ：

色：生：—丝坚一‘
El一成UI$／C9．U．

dV

Integrating Es and Et over the flow depth gives the following depth—averaged expressions．

虿=j焉1 J：：h成／y7础=丢ir∽一y．,)S aMy=饥一以瓦·石

and

瓦=瓦l—rf7等咖=j焉1屯·rf等咖=k,y．UJ·

(19)

(20)

(21)

Therefore，岛is obtained for sediment—laden flows with a large amount of suspended—load：

巳=荨=％妒， ㈤

where t 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

屯=l一去p口，(2h一％)+2∥，k。u】， (23)
70，1

where is the thickness of the flowing core in hyperconcentrated flows；Unm=力U is the

maximum flow velocity over the vertical；岛is a shape coefficient f-or tlle velocity profile over depth

(屯>1)；and U is the depth—averaged velocity of water flows．Eq．(22)can be rewritten as

曩=e,EI=e，k,y。UJ， (24)

where
ys

and
ym ale 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乞as

巳卸去㈥2， (25)

where／t-is the yonKarman constant and以is the resistance coefficient for sediment-laden flows．

According to Fei(1990)，the resistance coefficient厶for sediment—laden flows can be expressed as

五⋯吐嘉+石68 j， (26)

where口is a reducing resistance coefficient less than 1；R is the hydraulic radius；ks is the

roughness ofthe riverbed；and如is Reynoid’S number for hyperconcentrated flows．

In addition，the comprehensiveindex多Call be obtained as(Shu，2008)

①：p逝错监． (27)

Here，∥，is the ratio of the viscosities of sediment—laden flow to clear water；the coefficient P and

exponent N ale determined using experimental data；and the comprehensive factor for sediment
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transportation，T，can be expressed as

r=古(铲南·面U3·
3 Laboratory experiments

(28)

3一Experimental setups
．

To study the energy dissipation by sediment suspension and transportation in hyperconcentrated flows，

two experiments for sediment．1aden flows were conducted using flumes．One experiment was carried Out

in a flume 1 6m 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．

(a)Natural sediment setup (b)Cinder powder setup

Fig．2 Experimental setups

Fig．3 Sketch diagram ofthe velocity metcr

3．2 Experimental conditions and methods

The sediment from the Yongding River has a grain size of d=0．001 6ram一0．4mm and median diameter

of d。：O．076ram．The cinder powder has a grain size of d=0．0009mm一0．2mm and a median diameter of

d。。：0．017ram．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 bosom 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 transpoa 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 pattially 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．

d／mm

Fig．4 Grain size distributions ofthe experimental sediments

Experimental
Specific Grain Flow Water

depthgravity diameter
Concentration

ⅨQ∞／孥l s

e

J／‰ h／cmtypes asdmm S／kg·m3
gradient

Lit·m3

Natural

sediment
2．65 0．076 2．6l—765．6l 9．06_-94．87 O．17—5．40 7．O—l 7．2

Cinder powder 2．17 0．017 3．10-539．70 1 2．50一55．00 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 O．355 l and 0．72，respectively,

using experimental data．Thus the comprehensive index西Call be determined as

=0．3551龇锚皿． (29)

Substituting Eq．(29)into Eq．(17)，the sediment suspension energy巨can be expressed as

厅-

瓦=o．355l[19(／-／r+0．1胪≯备·YmUJ· (30)

Relations between sediment suspension energy 置，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
s

and sediment concentration Sv for the two different types of sediment

transport experiments were similar．置increased with increasing S，when S，Was less than O．1 5

(S≈400kg／m3 for natural sediment and S≈320kg／m3 for cinder powder)，whereas E decreased as

S，increased in hyperconcentrated flows with S。>0．15．In other words，E reached a maximum when

Sv Was about 0．1 5．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乞and S，．These results explain why hyperconcentrated
flows can carry such a huge amount of fme sediment through the Yellow River without a large hydraulic

gradient．
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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： 删∞5·铬kT㈤8 i． Ⅲ，
盯‘．⋯ k ，

From Eq．(3 1)，the value of乞can be calculated using experimental data，and the resulting relation of

e and鼠is shown in Fig．6．For low sediment concentration flows(S，<0．02)，the value of乞is

basically constant between o．006 and o．01，which confirms the experimental result of【1一岛k=0．01

presented by Bagnold(1966)．As S。increased，the value of es also increased，which indicates S，had

a dominant effect on t in flows with a mid—range sediment concentration(O．02<S，<o．1 5)．For

hyperconcentrated flows(S。>O．1 5)with either natural sediments or cinder particles，the value of乞

decreased obviously as S，increased，which clearly suggests the increase in sediment concentration does

not require all increase in energy expenditure on suspended—loadmotion in hyperconcentrated flows．

≥：：jcm‰酬》=-、未．：。IncreVasi_ng一}赢函巍
一

卜一{一÷一一一『}瞢⋯⋯；～j⋯i’_}{j：!；。j自晶蠢|¨ 1．

{}

誊摹警恭薰圹：}
：+ ，要⋯’ “：I：、

^‘●t’～ h’}苒
“

一；

；

·Natural sediment
。Cinder power

．I ‘

&

Fig．6 Variations in乞with S，

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

Tlle relations between the flow resistance coefficient(厶)，energy efficiency coefficient(乞)，and

sediment concentration(S，)are shown in Fig．7，in which厶is calculated using Eq．(26)．The results

demonstrate丘generally decreases with increasing S，and energy efficiency coefficient乞．For
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hyperconcentrated flows with a concentration Sv>O．15，the flow resistance coefficient厶decreases

with increasing S。，but varies within the range of五=0．001 8—0．0025，where乞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．

Fig．7 Relations between eI and{。，and l。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 ene理y efficiency coefficient，and the volume

sediment concenla-ation were obtained from laboratory experimentsi乃e value of the energy efficiency

coefficient iS constant in the case of 10W—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 ef珏ciency coo衔cient 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．

Acknowledgements

The flum占experiments for sediment transport were carried out at the State Key Laboratory of

Hydroscience and Engineering，Tsinghua University,and the Yellow River Institute ofHydraulic Research．

Support from experts at these laboratories is greatly appreciated．This study is supported by the National

Natural Science Foundation of China(Grant No．10672024 and No．1082521 1)．

Referenees

Annandate G．W．2004，Erosive capacity，resistance and process．2nd International Conference on Scour and Erosion,

Singapore，No．1，pp．1_20．

Bagnold R．A．1966，An approach to the sediment transport problem from general physics，U．S．Gee．Sur．，Prof．

Paper 422一I，422．

ChangH．H．1979。Minimum streampowerand riverpattern．JournalofHydrology，41，PP．303-307．
Fei X．J．1 990．Research on turbulence resistance for pseudo．homogeneous flow．Journal of Hydraulic Engineering，

No．1 2，pp．48-54(in Chinese)．
Fei X．J．and Shu A．P．2004．Movemem mechanism and disaster control for debris flow．Tsinghua University Press，

14仁159 fin Chinese)．

Qi柏N．and Wan S．H．1986，Mechanics ofsediment Motion．Science Press，pp．34扣363(in Chinese)．

Shu A．P．1 992，A preliminary study on the energy efficiency coefficient of sediment suspension motion．Journal of

Wullan University ofHydraulic and Electric Power，V“25，No．Sl，pp．133-138(in Chinese)．

Shu A．P．1 994，Study on the sediment transport capacity and mechanism ofhyperconcentrated flow．Doctoral Thesis

ofTsinghua University，PP．3-12，35-42，90-94(in Chinese)．

．396． International Journal of Sediment Research,v01．23，No．4，2008，pp．387．-397

万方数据



Shu A．P．and Fei X．J．2008．Sediment transport capacity of hyperconcenlrated flow，Science in China Series G：

Physics，MecllaniCS and Astronomy，V01．5l，No．8，PP．961—975．

Shu A．P．and Ren Y．M．2007，Development and application of a new velocity meter for hyperconcentrated flow．

Joumal ofSediment Research，No．4。pp．5％4(in Chinese)．
Wang Z．Y．and Erich J．Plate．1996。A preliminary study on the turbulence structure offlows ofnon-Ncwtonian fluid．

Joumal ofHydraulic Research，V01．34，No．3，PP．345_361．

Wang Z．Y．and Hu C．H．2004．Interactions between fluvial systems and large—scale hydro-projects．Keynote Lecture

at 9th International Symposium on River Sedimentation，Yichang China．

Wang Z．Y．and Zhang X．Y．1 99 1．Eff．ects of bed lpad motion on turbulence structure of water flow and bingham
mud flow．Joumal of Sediment Research，No．2，pp．1 4_28(in Chinese)．

Wang Z．Y．，Wu B．S．，and Wang G．Q．2007，Fluvial processes and morphological response in the Yellow and

Weihe Rivers to closure and operation of Sanmenxia Dam．Geomorphology，V01．9l，No．1_2，pp．65—79．

Xie J．H．1 957，Energy equilibrium problems about carrying capacity for sediment—laden flows，Journal of Sediment

Research。No．2，pp．35—65(in Chinese)．

Yang C．T．1976。Minimum unit stream powerand nuvial hydraulics．Journal ofHydraulic Division，ASCE,V01．102，

No．HY07．PP．919—934．

Yang C．T．1979，Unit stream power equations for total load．Journal ofHydrology，40，pp．123—138．

Yang C．T．1 984，Unit stream power equation for gravel．Journal of Hydraulic Engineering,ASCE，V01．1 10，No．

HYl2．PP．1783-1797．

Yang C．T．and Song C．C．S．1987，Theory of minimum energy and energy dissipation rate．Journal of Hydraulic

Engineering，ASCE，V01．1l 3，No．HY07，PP．769-784．

Yang C．T．2002．Sediment transport and stream power．Intemational Journal of Sediment Research，V01．17，No．1，

PP．31-38．

Yang S．Q．，Koh S．C．，Kim I。S．，and Song Y．C。2007，Sediment transport capacity_矗n improved Bagnold’s formula．

Intemational Journal of Sediment Research，V01．22，No．1，pp．27-38．

International Journal of Sediment Research，"C01．23，No．4，2008，PP．387-397 ．．397-

万方数据


