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气固两相流 k-E-kp-Ep 双流体模型及应用

西安交通大学　　王运良* *　徐　忠　苗永淼

【摘要】　以流体 k-E双方程模型为基础,提出了一种包括颗粒湍动能输运方程和耗散率方程的 k-

E-kp -Ep两相湍流模型。并对两个垂直上升管道内气固两相湍流进行了数值计算, 计算结果和已有

实验结果吻合得很好。
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1　引　言

　　在气固两相湍流的数值模拟中, 为了考虑气体和颗粒之间的双向耦合作用,过去往往采用

以局部追随理论为基础的 Hinze- T chen 颗粒代数模型
[ 1]。但是大量的 LDV 实验结果表明,

颗粒的湍流度并非处处比流体湍流度小,而是时常比流体湍流度大
[ 2、3]
。为此周力行

[ 4]
曾提出

了 k-E-kk模型。但在其模型中, 假定颗粒的涡团长度和流体的湍流涡团长度相当。本文作者认

为,颗粒的湍动能的耗散受其自身的耗散方程的制约,也就是 Ep方程。并且颗粒的湍流涡团长

度 lp∝k
3/ 2
p / Ep , vp

k∝k
2
p / Ep。这就是本文提出的 k-E-kp-Ep 两相湍流模型。它全面考虑了粒子湍动

能本身的对流、扩散、生成和耗散,以及与流体之间的相互作用耦合关系。为了验证本文模型的

有效性,对两个垂直上升管道内气固两相湍流进行数值分析, 并和实验结果进行了比较。

2　控制方程、湍流模型及求解方法

　　假定: ( 1)气体和粒子宏观上都是连续介质,但仅气体在微观上也当作连续介质处理; ( 2)

粒子相是稀相(体积分数 A< 0. 01) , 忽略掉粒子项的分压,认为( 1- A)≈1; ( 3)气体和粒子之

间的动量交换是由粘性阻力描述的,并考虑粒子的重力; ( 4)粒子存在层流粘性 M2 ,并且满足

M2/ M= Mtp / Mt
[ 5]
; ( 5)粒子为具有同一直径 dp 的球体,大小均匀; ( 6)平均流是稳态的不可压缩流。

通过对瞬态控制方程进行 Reynolds时间平均,可忽略掉有关体积分数的三阶脉动量。气

相各控制方程
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固相各控制方程 5(AUpj )/ 5x j = - (5/ 5xj ) (A′U′pj) ( 5)　
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Fpi = (Qp/ Sp)〔A(Ui - Upi) + A
′
U
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i - A
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U
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pi〕　,　Gk = - Qf U
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iU
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Qf、Qp 为流体和粒子的材料密度, d p为粒子直径。在方程( 1)～( 8)中出现了与颗粒体积分数相

关的二阶脉动量A
′
U
′
i、A

′
U
′
pi、A

′
U
′
pj ,根据 Hinze 的梯度型扩散假设相关联。雷诺应力项- Qf U

′
iU
′
j

和- AQp U′piU′p j根据 Boussineq假定给出。对于二阶相关量U′iU′p i和 v (5U′i / 5x j ) (5U′pi / 5x j )采用

相关分析法进行模化。在对其它脉动相关量进行模化时, 根据陈景仁的模化法则进行。vt=

CLk
2
/ E, v tp = CLpk

2
p / Ep。方程中各系数分别为: C1p= C1= 1. 44, C2p= C2= 1. 92, CLp= CL= 0. 09, RU

= 0. 7, Rkp= Rk= 1. 0, REp= RE= 1. 3。气相在壁面采用无滑移条件,并采用壁面函数法修正。粒子

相采用有滑移条件,由实验得出的半经验关系式给出dUp / dy= 0. 8dU/ dy, vp= 0。流道出口按

局部单一化处理。以上列出共 10个方程, 10个求解变量,方程组完全封闭, 可以求解。本文采

用非交错网格,应用 SIMPLEC方法进行求解。求解粒子相连续方程理时用 QUICKER格式

差分。

3　算例及分析

　　为了验证本文湍流模型的可行性, 本文对吕清刚
[ 3]
和T suji

[ 2]
垂直上升直管内气固两相流

动进行了数值模拟。文献[ 3]中实验所用粒子为玻璃球, dp= 100Lm, Qp= 2990kg/ m
3 ,文献[ 2]

中所用粒子为聚苯乙烯, dp= 200Lm, Qp= 1020kg/ m
3,管道直径 D= 30mm。

由图 1(dp = 0. 2mm, Re= 23000)可看出,随着粒子载荷比的增加,气相主流速度分布曲线在

主流区愈加平坦, 在壁面附近则变得愈加陡峭。而气流湍流强度随着粒子载荷比的增大而呈减小趋

势。由图 2( a)可发现,方管内气流速度分布要比圆管内陡峭, 但粒子速度分布却很平坦。由图 2

( b) (dp= 0. 1mm, Ub= 15. 96m/ s, B= 1. 93%)可知,气流湍流强度分布为中心小,两壁面最大。颗

粒湍流强度分布平坦,且在大部分区域大于气流的湍流强度。计算结果也得出粒子的湍流强度大于

气流湍流强度这一趋势,并且和实验结果较吻合, 因而本模型在对粒子湍流强度预测上大大优于颗

粒代数模型。总的看来,计算结果和实验结果的吻合程度是令人满意的。
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图 1　圆管内不同载荷下气流( a)主流速度分布( b)湍流强度分布

图 2　方管内气流和粒子( a)主流速度分布(b)湍流强度分布

结论　( 1)k-E-kp-Ep 双流体湍流模型充分考虑了粒子相湍动能产生和耗散的特点, 比只反

映粒子湍流跟随理论的代数模型优越。( 2)k-E-kp-Ep 模型在预测上升直管内两相流动是成功

的。计算和实验结果吻合很好。对粒子湍流强度预测,在定量上还有距离,有待进一步改进。
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OPTIMIZATION OF MATERIALS YIELD LIMIT
FOR RELIABILITY DESIGN

Gu Yuan and Hong Qilin
(4th Dept. , Beij ing University of Aeronautics and Astronautics, Beij ing　100083)

Zang Yuedun ( Aeroengine Institute 608　412002)

ABSTRACT　　　　According to aeroengine st ructure integrit y program, fracture crit ical
components must be analysed with damage tolerance concept . Due to crack propagat ion produced

by material defects , working defect s or fatigue defect s can make st ructure fracture. Therefore, the
sufficient damage tolerance should be maint ained. It is realized by selecting material correct ly, con-
trolling s tress level, using the ant i-fracture st ructures and reliable inspection. In this paper, the

st ructural reliability concept is applied to s tudying opt imization of materials for maximum reliabili-
ty under cert ain st ress levels and crack sizes , t o investigating variation influences of material
st rength and st ress level on s tructure reliabilit y.

Key words　Reliabilit y design　Damage　Yield limit

OPTIMAL CONTROL OF STRUCTURAL
DYNAMIC SYSTEM

Deng Zichen
(5th Dept. , Northwestern Polytechnical University, Xi′an　710072)

ABSTRACT　　　　A control mathematical model of the dynamic syst em is established ac-
cording to the different ial equat ion obtained from the st ructural dynamic system. Mixed-energy of

time-int erval is defined and condensation formulas are given with the help of the variational princi-
ple. Further the subst ructural condensation method in structural mechanics is used for the Riccati
equat ion solut ion, based on the s imulation relation between computational s tructural mechanics and

optimal cont rol. T hen, t he optimal cont rol of the dynamic sys tem is obt ained. The numerical exam-
ple shows the effectiveness of this method.

Key words　Dynamic st ructural analys is　Dynamical syst ems　Optimal cont rol

A k-E-kp-Ep TURBULENCE MODEL FOR GAS- SOLID
TWO- PHASE FLOWS AND ITS APPLICATION

Wang Yunliang, Xu Zhong, Miao Yongmiao
(Dep t. of Power, Xi′an J iaotong University, Xi′an　710049)

ABSTRACT　　　　Based on k-Etwo-equat ion turbulence model of gaseous phase, the k-E-kp -

Ep two-phase turbulence model is present ed, which includes the turbulent kinematic energy equation

of part iculat e phase and the dissipat ion rat e equation of that energy. The numerical computations

are made for the turbulent gas -solid two-phase flows in two vert ical st raight channels. The mean
velocities and turbulence int ens it ies of gaseous phase and part iculat e phase, which are predict ed
with the present ed turbulence model , are in good agreement with the experimental result s. And it

is concluded, that the turbulence int ens it y of part iculat e phase is often great er than that of gaseous
phase. This conclusion is consist ent with available LDV experimental results . Since the algebraic
model of particles has no ability to describe the charact erist ics, the presented turbulence model is

very successful in predict ing the flow charact erist ics of turbulent gas -solid two-phase flows .

Key words　Two-phase syst ems　Coupling　Turbulence model
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