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Numerical Simulation of Accelerated Flow on Hydrofoil Cavitation
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Abstract: In order to study the hydrofoil cavitation characteristics in the process of accelerated flow, detached eddy
simulation (DES) and homogeneous cavitation model were employed to simulate the unsteady flow around NACA66 model
at attack angle of 5郾 8毅. The cavitation number was 0郾 99 and the corresponding Reynolds number was 8 伊 105 . The
characteristics of cavitation evolution and flow field structure were obtained in the case of two different accelerations (a1 =

5 m / s2,a2 = 2郾 5 m / s2). Different numerical simulation results were obtained by studying different accelerations. Cavitation
was first born in the leading edge of the hydrofoil, and grew after a period of time and finally separated. Then the cavitation
in the leading edge was reduced and the cavitation at the tail of the hydrofoil was increased and backward spread until
rupture. Cavitation was first generated at around 0郾 6 times of total acceleration time and finished a cycle at about 1郾 12
times of total acceleration time. Oscillation ranges of the lift coefficient became large and the range of the drag coefficient
was small with the increase of acceleration. Using small acceleration, the cavitation developed more slowly. The simulation
results obtained by DES turbulence model were more close to the experimental values than those obtained by homogeneous
cavitation model. The research results can provide reference basis for cavitation characteristics study of hydraulic
mechanical startup process.
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0摇 Introduction

摇 Cavitation is a complex phenomenon of gas鄄liquid
two鄄phase flow which often develops in the fluid
machinery and can easily cause decline in the
hydraulic performance, vibration, noise, erosion and
other problems. Meanwhile, it is also related to the
unsteady problems of two鄄phase flow and the study of
unsteady viscous flow in hydraulic machinery is
pervasive. Unsteady flow occurs when the boundary
conditions change, for instance, the start鄄up and stop
process of hydraulic rotating machinery. The study on
hydrofoil cavitation characteristics, including the
process of formation, development and collapse, has
been premised for the hydraulic machinery cavitation.
摇 The domestic and foreign researchers have done
intensive studies on the two aspects mentioned above.
SORIA, et al[1], made experimental measurements of
accelerated flow on NACA0015 hydrofoil at attack

angle of 30毅 using the advanced PIV technology. The
results validated that different accelerations have an
important effect on the shear stress and vertex structure
during the start鄄up process. FREYMUTH[2] obtained
images of complex vertex structure by flow visualization
to make a parametric study of air flow on NACA0015
hydrofoil with a constant acceleration. HUTTON, et
al[3], found that when attached cavitation appears,
vertex cavitation which can lead to cavitation clouds
occurs in the downstream flow. The unsteady cloud
cavitation flow structure of 2D static hydrofoil was
studied by KUBOTA,et al[4],and they found that the
cavitation cloud which has a vorticity peak in its core is
composed of many cavitation bubbles. To solve the
problem of numerical simulation of the large separated
flow, SPALART, et al[5 - 6], proposed DES model and
analyzed the advantages compared with the LES model.
WU, et al[7], used finite volume method to carry
numerical simulation for accelerated flow of NACA0015



hydrofoil at large attack angles and obtain details of
structure and development of transient flow during and
after the acceleration process. To make numerical
calculations on the uncompressed and unsteady flow
caused by the transient start鄄up, HAO, et al[8 - 9],
adopted finite volume method which is based on the
dynamic mesh and the results reveal the structure and
development of unsteady flow around hydrofoil with
different accelerations. HUANG,et al[10],studied the
application of DES method in the calculation of
cavitation flow and found the prediction of cavitation
flow around hydrofoil under high Reynolds number is
logical,which can simulate the unsteady characteristics
of cavity form and the unsteady details of alternate
shedding cavities accurately. LI, et al[11], made a
comparison of RANS and DES methods in the
simulation of the stall properties of hydrofoil and drew
the conclusion that DES method is better.
HUITENGA, et al[12 - 13], analyzed the 3D flow field
structure and torque transfer of a certain pump and
turbine coupling during the start鄄up process and
proposed the method of hydraulic optimization design
about the conditions of accelerated flow. LIU,et al[14],
studied the transient characteristics of double鄄suction
pump during the start鄄up with closed valve and found
the simulation of all circuit model is closer to the
experiment result.
摇 This paper makes a comparison of simulation and
experimental results of NACA0015 hydrofoil at large
attack angles and verifies the DES method is applicable
to the accelerated flow condition. NACA66 hydrofoil is
selected as a research object. Finite volume method is
used in the numerical calculation of the hydrofoil
cavitation under two accelerated flow conditions to
obtain the flow structure and development process,and
lay a foundation for the design of hydraulic machinery.

1摇 Numerical simulation and verification

1郾 1摇 Turbulent model
摇 To observe and capture the development of various
vertexes in the boundary layer during the acceleration
process preferably, DES ( detached eddy simulation)
model is applied to make numerical simulation. DES is
a mix turbulent model which combines the LES ( large
eddy simulation ) and RANS ( Reynolds averaged
Navier鄄Stokes). It can greatly lower the calculation

cost that LES needs and improve the analysis ability for
turbulence. Moreover,DES model gives consideration
to the low requirements for the grids at the boundary as
RANS.
摇 The DES model based on the SST k - 棕 is adopted
for this paper. The calculation switches from SST k - 棕
to LES model when the turbulence length Lt predicted
by SST k - 棕 is larger than the size of partial grids.
And the turbulence length Lt is replaced by the size of
partial grids 驻 to calculate the dissipation in the k
equation

着 = 茁*k棕 = k3 / 2 / Lt寅k3 / 2 / (Cdes驻)
(Cdes驻 < Lt) (1)

摇 Therefore, the SST model is corrected as follows.
着 = 茁*kFdes

which Fdes (= max
Lt

Cdes驻
, )1 (2)

where摇 着—dissipation rate
驻—maximum local grid spacing
Lt—length scale of turbulence
Cdes—0郾 61摇 摇 茁*—0郾 09

1郾 2摇 Cavitation model
摇 The homogeneous flow model is used, i. e, the
multiphase flow in which the velocity fields of gas and
liquid are same. The Zwart model based on the
Rayleigh鄄Plesset equation is adopted. The effect of the
density of gas core in water on evaporation is
considered. The equation to calculate the mass
transferred among the cavitation unit volumes is as
follows.
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where摇 a淄—gas volume fraction

p淄—vapor pressure,Pa
p—local environment pressure,Pa
籽淄—water vapor density,kg / m3

籽l—liquid density,kg / m3

Fe = 50;Fc = 0. 01;rnuc = 5 伊 10 - 4;RB = 10 - 6 m.
1郾 3摇 Verification of DES model
摇 According to the experiment indocument [ 1 ],
NACA0015 is selected and placed on a plane which is
800 mm long and 200 mm wide. The attack angle is
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30毅 and the chord is 80 mm. The inlet flow is
accelerated to 100 mm / s at different accelerations and
the corresponding Reynolds number is 8 000. The 2D
sketch of the model is in Fig. 1.

Fig. 1摇 Sketch of two dimension model
摇

摇 ICEM software is used to divide structured grid.
Stretch a layer of grid from the 2D hydrofoil to generate
3D structured grid. The amount of total grids is
400 000. Grids around the hydrofoil are refined and
the value of Y + is controlled to be 0 ~ 18. Fig. 2a is
the velocity field of simulation at one moment after the
start鄄up and the corresponding experimental result is in
Fig. 2b. The moment is t / ta ( t means a certain time
and ta means the time of acceleration ). The
acceleration is a = 100 mm / s2 and Reynolds number is
Re = 8 000.

Fig. 2摇 Comparison of numerical and experimental results
摇

摇 And ta = U肄 / a is the time scale of the acceleration
process and U肄 = 100 mm / s is the velocity after
accelerating. And ta is 1s corresponding to accelerated
flow whose acceleration is a = 100 mm / s2 . The specific
acceleration process can be depicted as follows.

vt = (at t臆100 )a

vt (= 100 t > 100 )
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摇 It can be found from Fig. 2 that the position and
development of the vertex in the simulation is in accord
with that in experiment. It is verified that the DES
model is reliable for the prediction of the characteristics
of accelerated flow around hydrofoil.

2摇 Physical model and boundary conditions

2郾 1摇 Physical model
摇 A NACA66 hydrofoil is used to reveal the cavitation

development of hydrofoil in accelerated flow. The
geometry of this model is in accord with the case in
Leroux爷 s experiment[15 - 16] . The length of chord is
150 mm and wingspan is 192 mm. The nominal angle
of attack 琢 in the experiment is (6郾 0 依 0郾 2)毅 and it is
selected 5郾 8毅 in the simulation. The specific model is
illustrated in Fig. 3.

Fig. 3摇 NACA66(mod) model
摇

摇 ICEM software is used to generate mesh and the type
of grid is C. Furthermore, it is 100 伊 27 orthogonal
grid. It should be noted that the sidewall grid of the
hydrofoil must be refined to control the value of Y + to
be ranged from 0郾 03 to 6郾 45. The specific mesh is
illustrated in Fig. 4.

Fig. 4摇 Grid around hydrofoil
摇

2郾 2摇 Boundary conditions
摇 The steady inlet velocity is used as reference velocity
vref = 5郾 33 m / s when setting boundary conditions. The
outlet pressure is p0 = 17 636郾 4 Pa. Reynolds number
is Re = 8 伊 105 and cavitation number 滓 is 0郾 99. The
initial velocity is v0 = 0郾 33 m / s in the acceleration
process. And it is accelerated to vref = 5郾 33 m / s with
different accelerations. Two different accelerations are
selected as follows: a1 = 5 m / s2, Tac1 = 1 s, a2 =
2郾 5 m / s2,Tac2 = 2 s. The total computing time is 4 s
and time step is 4 伊 10 - 4 s. The specific accelerating
process can be depicted as follows.

vt = 0. 33 + (at t臆5 )a

vt = 5. (33 t > 5 )
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3摇 Simulation results and discussion

3郾 1摇 Comparison of simulation and experiment
result with constant inlet velocity

摇 To illustrate that the DES turbulent model and Zwart
cavitation model are reliable in the simulation of
NACA66,the inlet velocity is set as 5郾 33 m / s and the
simulation of cavitation characteristics is at constant
inlet velocity. The comparison results of simulation and
experiment is as illustrated in Fig. 5. And T means the
total acceleration time.
摇 It could be verified that numerical simulation can
accurately predict the development of cavitation cloud
over acycle. Cavity develops slowly from T / 14 to

5T / 14. The surface of the sheet cavity is perturbed and
part of it fractures, as illustrated in Fig. 5d. And
Fig. 5e reveals that the cavity develops into cavity
cloud by entrainment which collapses in Fig. 5f. Sheet
cavitation restarts to develop around the leading edge
after collapse of the secondary cavity for another cycle.
Based on the reliability analysis of Fig. 5,then simulate
the accelerated flow around hydrofoil. The results of
steady cavitation flow with v0 = 0郾 33 m / s is used as the
initial flow field to compute. Meanwhile, considering
that 3D computation takes too much time,the 3D model
is simplified into 2D. When CFX is used to compute,
stretch a layer of grid along the Z axis to analyze the
results.

Fig. 5摇 Comparison of numerical and high speed photography results
摇

Fig. 6摇 Cavitation process at different times
摇

3郾 2 摇 Development of cavitation with different
accelerations

摇 Fig. 6 and 7 reveal the development of cavitation
within the hydrofoil at different times with different
accelerations, including the processes of inception,
development,collapse and rebirth. At these two kinds
of accelerated flows,cavity firstly appears at the leading
edge of hydrofoil and develops after some time. Then it
separates at the trailing edge so that the cavity reduces
at the leading edge. And cavity at the trailing edge
increases and derives aback until collapses.
Meanwhile,development of cavitation described above
appears repeatedly during the start鄄up and time interval

is very short.
摇 Through further analysis of Fig. 6, during the
acceleration process with acceleration a1 = 5 m / s2,
acceleration time Tac1 = 1 s and total acceleration time
T = 4 s,cavity firstly appears at T = 0郾 66 s and the first
period finishes at T = 1郾 14 s. The process repeats until
T = 4 s.
摇 As it is illustrated in Fig. 7,during the acceleration
process with acceleration a2 = 2郾 5 m / s2, acceleration
time Tac2 = 2 s and total acceleration time T = 4 s,cavity
firstly appears at T = 1郾 22 s and the first period finishes
at T = 2郾 24 s. The process repeats until T = 4 s.
摇 The time is made dimensionless to discovery
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characteristics of cavitation development with different
start鄄up accelerations preferably. Through analysis, it
can be found that during these two acceleration

processes,the cavity firstly appears around T / Tac = 0郾 6
and the first cycle finishes around T / Tac = 1郾 12.

Fig. 7摇 Cavitation process at different times
摇

3郾 3摇 Velocity distribution at different accelerations
摇 Velocity distribution around hydrofoil at different
accelerations and moments is given in Fig. 8. It can be
found that DES model can effectively simulate the
velocity distribution around hydrofoil and change rule
of vortices. It is distinct that vortexes around the
trailing edge develop more sufficiently by comparison.
As is illustrated in Fig. 8,during the initial phase,small

vortexes appear at the leading edge because of main
flow and back jet flow. However, large clock wise
vortexes are generated at the trailing edge under the
effect of intense back jet flow. And as time goes on,
vortexes around leading edge disappear and enhance at
the trailing edge. Meanwhile, the vortexes are driven
by main flow to the downstream of hydrofoil until
disappear.

Fig. 8摇 Velocity field at different times
摇

Fig. 9摇 Lift coefficient at different times
摇

3郾 4摇 Lift and drag characteristics of hydrofoil at
different accelerations

摇 It can be found that change tendency of lift
coefficient at these two different accelerations is
coincident, as is illustrated in Fig. 9. The lift
coefficient descends to a small value rapidly and makes
a smooth transition to Tac . And it achieves to the
maximum around this point. Then the lift coefficient

fluctuates periodically. The fluctuation of lift
coefficient is ranged from - 0郾 18 to 1郾 42 for the
former accelerated flow and the range is - 0郾 05 ~ 1郾 4
for the latter. The lift fluctuation range is wider with
increasing acceleration.
摇 From Fig. 10, it can be found that change tendency
of drag coefficient at these two different accelerations is
coincident. The drag coefficient descends to a small
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value rapidly and makes a smooth transition to Tac .
And it achieves to the maximum around this point.
Then the drag coefficient fluctuates periodically. The
fluctuation of drag coefficient is ranged from - 0郾 04 to
0郾 3 for the former accelerated flow and the range is
- 0郾 08 ~ 0郾 3 for the latter. The drag fluctuation range
is smaller with increasing acceleration.
3郾 5 摇 Comparison of vapor volume fraction at

different accelerations
摇 The total vapor volume fraction on the hydrofoil
surface in different accelerated flows and at different
moments is as illustrated in Fig. 11. The vapor volume

fraction begins to increase when a1 =5 m / s2,T =0郾 66 s
and achieves to the maximum when T = 1郾 08 s. And
the process costs 0郾 42 s. Then the volume fraction
periodically changes irregularly in the future. In
addition,the vapor volume fraction begins to increase
when a2 = 2郾 5 m / s2,T = 1郾 22 s and achieves to the
maximum when T = 2郾 23 s. And the process costs
1郾 01 s. By comparison, it can be found that
development of the vapor volume fraction from zero to
the maximum is slower at lower accelerations and takes
more time.

Fig. 10摇 Lift coefficient at different times
摇

Fig. 11摇 Vapor volume fraction at different times
摇

4摇 Conclusion

摇 (1)Through the comparison between simulation and
experiment, it is verified that detached eddy simulation
and Zwart model can predict hydrofoil cavitation for
accelerated flow accurately and provide reference for
the study on hydraulic machinery cavitation during
start鄄up.
摇 ( 2 ) During start鄄up, cavity firstly appears at the
leading edge of hydrofoil and develops after some time.
Then it separates at the trailing edge and reduces at the
leading edge. Meanwhile, cavity at the trailing edge
increases and derives aback until collapses. The cavity
always firstly appears around T / Tac = 0郾 6 and the first
cycle finishes around T / Tac = 1郾 12.

摇 (3) The vortexes around the trailing edge develop
more sufficiently with decreasing acceleration. Small
vortexes at the leading edge are owing to the effects of
main flow and back jet flow. But large clockwise
vortexes around trailing edge are caused by the intense
back jet flow. Meanwhile, as time goes on, vortexes
around leading edge disappear and enhance at the
trailing edge.
摇 (4)The change tendency of lift and drag coefficients
are coincident at different accelerations. The
coefficient descends to a small value rapidly and makes
a smooth transition to Tac . And it achieves to the
maximum around this point. Then the coefficient
fluctuates periodically. With the increasing
acceleration the lift fluctuation range is wider,while the
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drag range is smaller.
摇 (5) Development of the vapor volume fraction from
zero to the maximum is slower at lower accelerations
and takes more time.
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绕水翼加速流空化特性数值模拟

施卫东　张俊杰　张德胜　赵睿杰　张　琳
（江苏大学国家水泵及系统工程技术研究中心，镇江 ２１２０１３）

摘要：为了解翼型加速流动过程中空化特性，采用分离涡湍流模型（Ｄｅｔａｃｈｅｄｅｄｄｙｓｉｍｕｌａｔｉｏｎ，ＤＥＳ）和均相流空化

模型对攻角为 ５８°的 ＮＡＣＡ６６（ｍｏｄ）水翼进行数值模拟，分析了空化数为 ０９９、对应雷诺数为 ８×１０５时绕二维水

翼的非定常流动。通过模拟 ２种不同加速度（５ｍ／ｓ２和 ２５ｍ／ｓ２）情况下空化演变过程和流场结构变化特征，得出

了加速过程特有的变化规律：不同加速流下空泡都先在翼型的前缘产生，经过一段时间发展壮大，在翼型尾翼处分

离，前缘处空泡减少，尾翼处空泡增加并向后衍生，直至破裂。空化产生于总加速时间的 ０６倍左右，在总加速时

间的 １１２倍左右结束第一个周期。加速度越小，升力系数振荡范围越小，阻力系数振荡范围越大，空化发展过程

越缓慢。

关键词：水力机械；水翼空化；加速流；分离涡模型
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　　引言

空化是一种气 液两相的复杂流动现象，经常发

生于各种流体机械中，容易导致水力性能下降、振

动、噪声和空化侵蚀等问题。同时又涉及两相之间

流动的非定常问题，而非定常粘性流动在水力机械



的研究中普遍存在。当边界随时间改变发生变动

时，都会引起非定常流动，典型情况如水力旋转机械

的启动和停机过程。绕水翼空化特性的研究已经成

为各种水力机械空化特性研究的前提，包括空化的

形成、发展和溃灭过程。

国内外学者对上述 ２个方面进行了深入研究，
ＳＯＲＩＡ等［１］

采用最新 ＰＩＶ技术对绕 ＮＡＣＡ００１５翼
型３０°攻角加速流动进行了实验测量，验证了不同
加速度对启动过程剪切层强度、涡结构的发展有着

重要影响。ＦＲＥＹＭＵＴＨ［２］采用流动显示技术提供
了复杂涡结构图像，对以固定加速度加速流过

ＮＡＣＡ００１５翼型的空气流动进行了参数化研究。
ＨＵＴＴＯＮ等［３］

发现，随着附着空化的产生，下游出

现旋涡空化，旋涡空化将产生空化云。ＫＵＢＯＴＡ
等

［４］
实验研究了二维静止翼型非定常云型空化流

场结构，发现空化云是由许多小的空化气泡组成的，

它的中心存在着涡量极值。ＳＰＡＬＡＲＴ等［５－６］
针对

大分离流动的数值模拟问题，提出了 ＤＥＳ模型，分
析了区别于 ＬＥＳ模型的优势。吴大转等［７］

采用有

限体积法对大攻角 ＮＡＣＡ００１５翼型的加速流动进行
了数值模拟，给出了加速过程和完成加速后的详细

瞬态流动结构和演化过程。郝宗睿等
［８－９］

采用基于

动网格方法的有限体积法对翼型瞬态启动引起的二

维不可压缩非定常流动进行了数值计算，计算了不

同启动加速度下绕翼型非定常流动的结构及其演化

过程。黄彪等
［１０］
研究了 ＤＥＳ方法在空化流动计算

中的应用，发现高雷诺数的绕水翼空化流动的预测

是合理的，可以准确地模拟出空穴形态的非定常特

性和空泡团交替脱落的非定常细节。李栋等
［１１］
对

比了 ＲＡＮＳ方法和 ＤＥＳ方法在模拟翼型失速特性
的能力，得出了 ＤＥＳ方法对大分离流动体现更强能
力。ＨＵＩＴＥＮＧＡ等［１２－１３］

分析了某水泵和透平耦合

的启动过程中三维流场结构和转矩传递，提出了针

对加速流工况的水力设计优化思路。刘竹青等
［１４］

对双吸离心泵关阀启动过程的瞬态特性进行了深入

研究，得出全回路模型模拟与实验值更接近。

本文采用ＮＡＣＡ００１５大攻角翼型模拟结果与实验
结果进行对比，验证 ＤＥＳ方法对加速流工况流动问题
的适用性。然后选取 ＮＡＣＡ６６翼型为研究对象，运用
有限体积法对２种加速流工况水翼的空化特性进行数
值计算，以得出不同加速流非定常空化的流动结构和

演化过程，为后续水力机械的研究打下基础。

１　数值模拟方法及其验证

１１　湍流模型
为了更好地观察和捕捉水翼加速流过程中边界

各种涡的发展过程，采用分离涡模型（Ｄｅｔａｃｈｅｄｅｄｄｙ
ｓｉｍｕｌａｔｉｏｎ，ＤＥＳ）进行数值模拟。它是结合了大涡
模拟 （Ｌａｒｇｅｅｄｄｙｓｉｍｕｌａｔｉｏｎ，ＬＥＳ）和雷诺时均
（ＲｅｙｎｏｌｄｓａｖｅｒａｇｅｄＮａｖｉｅｒ Ｓｔｏｋｅｓ，ＲＡＮＳ）模型的
混合湍流模型，能够很好地降低大涡模拟所需要的

计算成本，提高对湍流解析的能力，兼顾雷诺时均模

型对边界层网格的低要求。

采用基于 ＳＳＴｋ ω的 ＤＥＳ模型。当 ＳＳＴｋ ω
预测的湍流长度 Ｌｔ比局部网格尺寸大时，从 ＳＳＴｋ

ω模式切换到 ＬＥＳ模式进行计算。此时，局部网格
尺寸 Δ代替湍流尺度 Ｌｔ，用来计算 ｋ方程中的耗散
率，即

ε＝βｋω＝ｋ３／２／Ｌｔ→ｋ
３／２／（ＣｄｅｓΔ）

（ＣｄｅｓΔ＜Ｌｔ） （１）
式中　ε———耗散率　　Δ———最大局部网格间距

Ｌｔ———湍流长度尺度
Ｃｄｅｓ———ＤＥＳ方程中的标定常数，设定为０６１

β———常数，设定为００９
ｋ———湍动能　　ω———湍流特征频率

所以，ＳＳＴ模型在 ＤＥＳ中被修正为

ε＝βｋＦｄｅｓ （２）

其中 Ｆｄｅｓ (＝ｍａｘ
Ｌｔ
ＣｄｅｓΔ

， )１
１２　空化模型

采用均相流模型，即假设气液两相流具有相同

速度场的多相流模型。空化模型采用基于 Ｒａｙｌｅｉｇｈ
Ｐｌｅｓｓｅｔ方程的 Ｚｗａｒｔ模型。同时考虑水中气核密度
对蒸发的影响，空化的单位体积相间质量传输率计

算式为

ｍ＝
Ｆｅ
３ｒｎｕｃ（１－αν）ρν

ＲＢ
２
３
ｐν－ｐ
ρ槡 ｌ

（ｐ＜ｐν）

Ｆｃ
３ανρν
ＲＢ

２
３
ｐ－ｐν
ρ槡 ｌ

（ｐ＞ｐν











 ）

（３）
式中　αν———气相体积分数

ｐν———气化压力，Ｐａ
ｐ———当地环境压力，Ｐａ
ρν———气化压力下的水蒸气密度，ｋｇ／ｍ

３

ρｌ———液体密度，ｋｇ／ｍ
３

式中经验常数分别为：蒸发系数 Ｆｅ＝５０；凝结系数

Ｆｃ＝００１；气核的体积分数 ｒｎｕｃ＝５×１０
－４
；空泡半径

ＲＢ＝１０
－６ｍ。

１３　ＤＥＳ模型验证
根据文献［１］中的实验，选取 ＮＡＣＡ００１５模型，

将其放置于一个长 ８００ｍｍ、宽 ２００ｍｍ的二维平面
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中，翼型攻角为３０°，弦长为８０ｍｍ，进口加速流从零
以不同加速度加速到 １００ｍｍ／ｓ，对应的雷诺数为
８０００，该模型的二维示意图如图１所示。

图 １　二维模型示意图

Ｆｉｇ．１　Ｓｋｅｔｃｈｏｆｔｗｏｄｉｍｅｎｓｉｏｎｍｏｄｅｌ
　
使用前处理 ＩＣＥＭ软件进行结构化网格划分，

将二维翼型往外拉伸一层网格，变成三维结构化网

格，总体网格数为 ４０万，并对翼型外围进行了加密
处理，最后 Ｙ＋值控制在 ０～１８（Ｙ＋表示第 １层网格
中心到壁面的无量纲距离）。如图２ａ所示为启动完
成后的某一时刻速度场的模拟结果，并与图２ｂ的实
验进行了比较。该时刻为 ｔ／ｔａ＝３２（ｔ表示某一时

刻，ｔａ表示加速时间），加速度 ａ＝１００ｍｍ／ｓ
２
，雷诺数

Ｒｅ＝８０００。其中 ｔａ＝Ｕ∞／ａ为加速过程的时间尺
度，Ｕ∞为完成加速后的速度，即 １００ｍｍ／ｓ。对应

ａ＝１００ｍｍ／ｓ２加速流动，ｔａ为 １ｓ。具体加速过程可
描述为

ｖｔ＝ (ａｔ ｔ≤１００)ａ

ｖｔ (＝１００ ｔ＞１００){
ａ

（４）

式中　ｖｔ———不同时刻速度，ｍ／ｓ

图 ２　计算结果与实验结果比较

Ｆｉｇ．２　Ｃｏｍｐａｒｉｓｏｎｏｆｎｕｍｅｒｉｃａｌａｎｄｅｘｐｅｒｉｍｅｎｔａｌｒｅｓｕｌｔｓ
　

通过对比可以发现，模拟结果中出现的旋涡所

处的位置和涡的发展过程以及结构都与实验结果相

互吻合。验证了 ＤＥＳ模型对预测加速流下绕水翼
流动特性的可靠性。

２　物理模型及边界条件

２１　物理模型
为了说明水翼在加速过程中空化的发展情况，

选取 ＮＡＣＡ６６（ｍｏｄ）模型，几何尺寸与文献［１５－
１６］实验的原型情况一致，弦长１５０ｍｍ，翼展１９２ｍｍ，
实验的名义攻角为 α＝（６０±０２）°，模拟时的攻角

为 α＝５８°。具体模型如图３所示。

图 ３　ＮＡＣＡ６６（ｍｏｄ）模型

Ｆｉｇ．３　ＮＡＣＡ６６（ｍｏｄ）ｍｏｄｅｌ
１．速度进口　２．壁面　３．翼型　４．压力出口

　
采用 ＩＣＥＭ软件进行网格划分，水翼网格采用

Ｃ型网格，具体为１００×２７正交网格，特别注意翼型
边壁要进行网格加密，以控制 Ｙ＋值在 ００３～６４５
之间。具体网格如图４所示。

图 ４　水翼周围的网格图

Ｆｉｇ．４　Ｇｒｉｄａｒｏｕｎｄｈｙｄｒｏｆｏｉｌ
　
２２　边界条件

边界条件设置时，将稳定后进口速度作为参考

速度 ｖｒｅｆ＝５３３ｍ／ｓ，出口绝对压力 ｐ０＝１７６３６４Ｐａ。

基于翼型弦长 ｃ计算的雷诺数 Ｒｅ＝８×１０５，空化数
σ＝０９９。加速过程初始速度 ｖ０＝０３３ｍ／ｓ，经不同
加速度加速到ｖｒｅｆ＝５３３ｍ／ｓ。选取２种不同加速度

ａ１＝５ｍ／ｓ
２
，加速时间 Ｔａｃ１＝１ｓ，ａ２＝２５ｍ／ｓ

２
，Ｔａｃ２＝

２ｓ，总计算时长为４ｓ，计算时间步长 Δｔ为４×１０－４ｓ，
具体加速过程可以描述为

ｖｔ＝０３３＋ (ａｔ ｔ≤５ )ａ
ｖｔ (＝５３３ ｔ＞５ ){

ａ

（５）

３　数值模拟结果与讨论

３１　进口恒定流速下模拟与实验对比
为了更好地说明 ＤＥＳ湍流模型和 Ｚｗａｒｔ空化模

型在模拟 ＮＡＣＡ６６时的可靠性，首先将进口流速设
定为５３３ｍ／ｓ，进行恒定流速下空化特性模拟，与文
献［１５］中的实验结果进行对比，结果如图 ５所示，
图中 Ｔ表示加速总时间。
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图 ５　数值模拟空化图像和高速摄影的对比

Ｆｉｇ．５　Ｃｏｍｐａｒｉｓｏｎｓｏｆｎｕｍｅｒｉｃａｌａｎｄｈｉｇｈｓｐｅｅｄｐｈｏｔｏｇｒａｐｈｙｒｅｓｕｌｔｓ
　
　　上述对比可以说明数值模拟较好地预测了空泡
云在周期内的演化过程。空穴在 Ｔ／１４～５Ｔ／１４中
缓慢生长；在图５ｄ中，片状空穴表面受到扰动，片状
空穴部分断裂；如图 ５ｅ所示，空穴继续向下游卷吸
形成空泡团；空泡团在图 ５ｆ中溃灭；二次空泡溃灭
后，在图 ５ｇ、５ｈ中片状空化在翼型头部重新开始生
长，开始一个新的周期。

基于上述图 ５中结果可靠性分析，进而模拟翼
型加速流工况特性。为了反映空化流动的基本特

征，将 ｖ０＝０３３ｍ／ｓ稳态空化流动的结果作为初始
流场进行计算。同时考虑到三维计算需要的时间过

长，故将三维模型简化为二维，再用 ＣＦＸ计算时沿
着 Ｚ轴拉伸一层网格，进行结果分析。
３２　不同加速度下空化发展过程

图６、图７分别为不同加速流下不同时刻翼型
内部空化发展情况，经历了空化初生、发展、溃灭、重

生过程。在２种加速流下，空泡首先在翼型的前缘
产生，经过一段时间后发展壮大，然后在翼型尾翼处

分离，前缘处空泡减少，尾翼处空泡增加并向后衍

生，直至破裂。同时上述空化发展过程在启动过程

中反复呈现，时间间隔很短暂。

　　具体分析图６可知，在加速度 ａ１＝５ｍ／ｓ
２
，加速

时间为 Ｔａｃ１＝１ｓ，总时间为４ｓ的加速过程中，空泡
首先在 Ｔ＝０６６ｓ时产生，Ｔ＝１１４ｓ后第 １个周期
结束，直到 Ｔ＝４ｓ一直重复上述过程。

从图７可知，在加速度 ａ２＝２５ｍ／ｓ
２
，加速时间

为 Ｔａｃ２＝２ｓ，总时间为 ４ｓ的加速过程中，空泡首先
在 Ｔ＝１２２ｓ时产生，Ｔ＝２２４ｓ后第１个周期结束，
直到 Ｔ＝４ｓ一直重复上述过程。

图中为了更好地找出不同启动加速度下空化发

展特征，将时间无量纲化。通过分析可以发现，在 ２
种加速流过程中空化都首先产生于 Ｔ／Ｔａｃ＝０６左

图 ６　不同时刻空化发展过程（ａ１＝５ｍ／ｓ
２
）

Ｆｉｇ．６　Ｃａｖｉｔａｔｉｏｎｐｒｏｃｅｓｓａｔｄｉｆｆｅｒｅｎｔｔｉｍｅｓ
　

图 ７　不同时刻空化发展过程（ａ２＝２５ｍ／ｓ
２
）

Ｆｉｇ．７　Ｃａｖｉｔａｔｉｏｎｐｒｏｃｅｓｓａｔｄｉｆｆｅｒｅｎｔｔｉｍｅｓ
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右，在 Ｔ／Ｔａｃ＝１１２左右结束第１个周期。
３３　不同加速度下速度场分布

图８分别给出了不同加速流下不同时刻翼型周
围速度场分布情况。从中可以发现，ＤＥＳ模型能够
较好地模拟出翼型周围速度场分布和旋涡的变化规

律。对比两者可以明显看出小加速流下，翼型尾翼

处旋涡发展得更加充分。从图８ａ～８ｃ看出，初始阶
段，翼型前缘在主流和回射流的作用下出现小型旋

涡，而尾部在强烈的回射流作用下，产生大型的顺时

针方向的旋涡。并且随着时间的推移，翼型前缘处

旋涡消失，尾翼处旋涡增强，同时在主流推动下向翼

型后方移动直至消失。

３４　不同加速度下翼型升阻力特性
从图 ９中可以发现，在 ２种不同加速度下翼型

升力系数的变化趋势是一致的，开始先从一个较大

的值快速下降到较小值，然后平稳过渡到 Ｔａｃ，并且
在该点左右达到了极大值，随后呈周期性振荡走势

来回波动。第 １种加速流下升力系数振荡范围在
－０１８～１４２之间，第 ２种振荡范围在 －００５～
１４之间。加速度越大，升力振荡范围越大。

图 ８　不同时刻速度场分布

Ｆｉｇ．８　Ｖｅｌｏｃｉｔｙｆｉｅｌｄａｔｄｉｆｆｅｒｅｎｔｔｉｍｅｓ
　

图 ９　不同时刻升力系数

Ｆｉｇ．９　Ｌｉｆｔｃｏｅｆｆｉｃｉｅｎｔａｔｄｉｆｆｅｒｅｎｔｔｉｍｅ

图 １０　不同时刻阻力系数

Ｆｉｇ．１０　Ｄｒａｇｃｏｅｆｆｉｃｉｅｎｔａｔｄｉｆｆｅｒｅｎｔｔｉｍｅ

　　从图 １０可以看出，在 ２种不同加速度下翼型
阻力系数的变化趋势是一致的，开始先从一个较

大的值快速下降到较小值，然后平稳过渡到 Ｔａｃ，并
且在该点左右达到了极大值，随后呈周期性振荡

走势来回波动。第 １种加速流下阻力系数振荡范
围在 －００４～０３之间，第 ２种阻力系数振荡范围

在 －００８～０３之间。加速度越大，阻力振荡范围
越小。

３５　不同加速度下空泡体积分数对比
图１１为不同加速流下，不同时刻翼型表面空泡

总体积分数，该体积分数变化与 ３１节中空化发展
趋势相同，当 ａ１＝５ｍ／ｓ

２
时，Ｔ＝０６６ｓ时空泡体积
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分数开始增加，Ｔ＝１０８ｓ时达到极大值，所需时间
０４２ｓ，往后成不规律周期性变化。当 ａ２＝２５ｍ／ｓ

２

时，Ｔ＝１２２ｓ时空泡体积分数开始增加，Ｔ＝２２３ｓ

时达到极大值，所需时间为 １０１ｓ。对比两者可以
发现，在低加速度情况下，空泡体积分数从零到极大

值所需时间更长，发展过程更加缓慢。

图 １１　不同时刻空泡体积分数

Ｆｉｇ．１１　Ｖａｐｏｒｖｏｌｕｍｅｆｒａｃｔｉｏｎａｔｄｉｆｆｅｒｅｎｔｔｉｍｅ
　

４　结论

（１）通过模拟与实验对比，验证了分离涡湍流
模型（ＤＥＳ）和 Ｚｗａｒｔ空化模型可以较好地预测绕水
翼加速流下空化情况。并且能够为后续水力机械启

动加速过程的空化特性研究提供参考依据。

（２）在加速启动过程中，空泡首先在翼型的前
缘产生，经过一段时间后发展壮大，然后在翼型尾翼

处分离，前缘处空泡减少，尾翼处空泡增加并向后衍

生，直至破裂。并且在随后的过程中反复呈现这种

规律。不同加速情况下，空化都首先产生于总加速

时间的０６倍左右，在总加速时间的１１２倍左右结
束第１个周期。

（３）加速度越小，翼型尾翼处旋涡发展得越充
分。翼型前缘小型旋涡是由主流和回射流的作用产

生的，而尾翼大型的顺时针方向旋涡是由强烈的回

射流作用而产生的。同时随着时间的推移，翼型前

缘处旋涡消失，尾翼处旋涡增强。

（４）不同加速度下翼型升、阻力系数的变化趋
势是一致的，开始先从一个较大的值快速下降到较

小值，然后平稳过渡到 Ｔａｃ，并且在该点左右达到了
极大值，随后成周期性振荡走势来回波动。加速度

越大，升力振荡范围越大，阻力振荡范围越小。

（５）加速度越小，空化发生过程越缓慢，空泡体
积分数从零到极大值所需要的时间更长。
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