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叶栅绕流计算的高分辨率隐式解法3

西北工业大学　　姚吉先3 3 　刘前智　周新海

【摘要】　以一种性能优越的高分辨率格式为基础,发展了其隐式解法,提出并实现了与这种格式

相适应的隐式边界处理过程,从而显著提高了高分辨率格式的收敛速度。用不同来流条件下叶栅

绕流数组计算结果与实验做了对比,以说明解的准确程度和本文算法的效果。
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1　引　言
高分辨率差分格式在消除间断上下游的数值波动和提高对流场的分辨能力方面具有突出

的优越性。但是,高分辨率格式本身比较复杂,运算工作量大,采用显式方法获得一个定常解所

需时间推进步数多、计算时间长。此外,显式方法对于叶栅绕流的某些情况,可能出现残差徘徊

不降或下降极慢的问题。因此,发展无条件稳定的隐式算法很有必要。但是,在以往的隐式高

分辨率差分格式的应用中,边界条件的处理还大都采用显式方法,这无疑又导入了稳定性限

制,从而影响到这种算法优势的充分发挥。不难推断,发展内点和边界统一的全隐式算法,将可

能是克服这一障碍的最有效途径。本文以Yang [1 ]发展的以特征通量差分裂为基础的高分辨率

格式建立了隐式算法,构造了特征隐式边界处理过程。实际计算表明,这种算法不仅保持了解

的无波动、高分辨率的特点,而且具有很高的收敛速度,所完成的跨音速压气机叶栅绕流计算,

CFL 数可取 20以上,计算结果与实验吻合良好。

2　控制方程、高分辨率无波动隐格式
任意曲线坐标系下 (Ν, Γ)的二维 Eu ler方程为:

5ΣQ + 5ΝE + 5ΓF = 0 (1)

其中Q = J
- 1 [ Θ, Θu , Θv , e ]T ; E = J

- 1 [ ΘU , ΘuU + Νx p , ΘvU + Νy p , (e+ p )U ]T ; F = J
- 1 [ΘV , ΘuV +

Γx p , ΘvV + Γy p , (e+ p )V ]T ; U = uΝx + vΝy; V = uΓx + vΓy; J = 5(Ν, Γ) ö5(x , y ) ; Θ为密度; u、v 分别

为 x 和 y 向速度分量; e为总内能;压力 p = (Χ- 1)〔e- Θ(u
2+ v

2) ö2〕; Χ为比热比。
Jacob ian 系数阵A = 5E ö5Q 和B = 5F ö5Q 具有实特征值 a l 和 bl, ( l= 1, 2, 3, 4) ,即:

a1 = a2 = U　,　a3 = U + cû¨ Νû　,　a4 = U - cû¨ Νû

和 b1 = b2 = V 　,　b3 = V + cû¨ Γû　,　b4 = V - cû¨ Γû

其中 c为音速。

Yang 发展的以通量差分裂为基础的 TVD 格式,在对定常和非定常,内流和外流场的数



值模拟中得到了十分出色的计算结果[1, 2 ]。采用时间向后积分,式 (1)和隐格式为:
〔I + △ΣAδ+

j- 1ö2△- A j + △ΣAδ-
j+ 1ö2△+ A j + △ΣBδ+

k- 1ö2△- B k + △ΣBδ-
k+ 1ö2△+ B k〕∆Q n+ 1

j , k = RH S j , k (2)

其A F - A D I 型式为

〔I + △ΣAδ+
j- 1ö2△- A j + △ΣAδ-

j+ 1ö2△+ A j〕∆Q 3
j, k = R H S j, k

〔I + △ΣBδ+
k- 1ö2△- B k + △ΣBδ-

k+ 1ö2△+ B k〕∆Q n+ 1
jk = ∆Q n

j, k

Q n+ 1
j, k = Q n

j, k + ∆Q n+ 1
j, k

(3)

其中RH S j , k = - △Σ〔Aδ+
j - 1ö2△- E

M + Aδ-
j + 1ö2△+ E

M〕- △Σ〔Bδ+
k- 1ö2△- F

M + Bδ-
k+ 1ö2△+ F

M〕; E
M
j = E j

+ D j; D j 的分量为 d
l
j = m inmod〔d�l

j + 1ö2, d�l
j - 1ö2〕; 而 d�l

j+ 1ö2是列向量D� j + 1ö2= sgnA j + 1ö2 ( I - ΚûA û )

△+ E j ö2 的分量; Κ= △tö△Ν; Aδ±= L
- 1 diag {aδ±l }L ; aδ±l = 〔1± sgn (a l )〕ö2; Aδ= L

- 1 diag〔sgn

(a l)〕; sgn 为符号函数;△- 和△+ 分别为向后和向前差分算子。F
M
j 可仿此写出。

3　隐式边界处理
　　为与内点隐格式相适应,从特征理论出发,发展了隐式边界过程。周期边界条件在计算格

式的各项时直接应用。这里着重讨论进出口和物面边界。

以系数 Jacob ian 阵的左特征阵L 左乘 (2)式:

L〔I + △Σ(Aδ+ + Aδ- )△A + △Σ(Bδ+ + Bδ- )△B 〕∆Q n+ 1 = L õ RH S (4)

在边界上, (4) 式中的L 必须包含恰当的边界信息,为此,将 (4) 式改写为:

〔L 1 + + △ΣL 2 (Aδ+ + A
δ- )△A + △ΣL 2 (Bδ+ + B

δ- )△B 〕∆Q n+ 1 = L 2 õ RH S (5)

其中L 2 中仅包含代表信息由计算区域向边界传播的左特征矢量,其它为零。

给定边界条件B i= 0 ( i 视具体边界而定) ,则有 5B iö5Σ= 5B iö5Q = 5Q iö5Σ= 0,将 5B iö5Q 补
在L 2 中的零矢量处就得到L 1,因此, (5)式的实质是边界上的特征相容关系与给定的边界条

件联立构成的隐式边界求解系统。

对亚音速进口,给定来流的总压 p
3 ,总温 T

3 和气流角 Α= tan - 1 (v öu ) ,则 s= p öΘΜ确定

L 1 =

5p s 5Θus 5Θvs 5es

5ΘT
3 5ΘuT 3 5ΘvT

3 5eT
3

5ΘΑ 5ΘuΑ 5Θv Α 5eΑ
l4

　,　L 2 =

0

0

0

l4

l4 为U - cû¨ Νû对应的左特征矢量。

对下物面,给定相切条件 Γx Θu+ Γy Θv= 0

L 1 =

l1

l2

0　Γx　Γy　0

l4

　,　L 2 =

l1

l2

0

l4

l1、l2 和 l4 分别为V、V、V - cû¨ Γû对应的左特征矢量。其他边界的L 1 和L 2 可以类似地写出。

对 (4)式的求解有两种方法,一是先左乘L 1
- 1,然后进行A F 分解[3 ]。另一种方法[4 ]是先进

行A F 分解,然后左乘L 1 和L 2。虽然后一种方法的计算量较前一种方法小些,但并不严格,文

献[ 4 ]证明了这样引入的误差和时间一阶Beam - W arm ing 格式的截断误差为同一量级。

在叶栅绕流计算中,比较了这两种做法,结果没有明显区别。本文结果中,除GAMM 算例

采用后一种做法外,其余均采用第一种做法。

821 航 空 动 力 学 报 第　10　卷



4　算例分析
　　算例包括 GAMM 流道亚音和超音进口两种情况以验证程序,另外 3个算例是高亚音、微

弱超音和较强超音进口叶栅流动。采用的收敛准则是残差

R = 6
Jm ax

j= 1
6
Km ax

k= 1
〔ûΘn+ 1

j , k - Θn
j , k ûö(△Σõ Θn

j , k )〕 (J m ax õ Km ax) ≤ 10- 3

由于△Σ很小,因此这一标准是严格的。

GAMM 流道。下物面圆弧的弦长为 1,最大相对厚度 412◊ ,流道高为 1,来流M a 数 018。

图 1 (a)和 (b)分别给出了上下物面的C p 沿流向分布和等M a 数图。在约 78◊ 处获得一道激

波,占两个网格宽。上下物面的C p 在进出口附近重合为零。计算取CFL = 25,推进 52步收敛,

采用显式边界处理, CFL 数只能取至 7[1 ]。

图 1　GAMM 流道亚音进口计算结果 图 2　GAMM 流道超音进口计算结果

图 3　GAMM 流道超音进口熵增分布

来流M a 数 114。图 2 (a)和 (b)分别给出了上

下物面的C p 分布和等M a 数图, CFL 数取 20,推

进 40步收敛。捕捉到的前缘和后缘激波均占两个

网格宽。前缘激波在上物面形成反射波和后缘激

波相交。计算给出的波系清晰, C p 分布合理。图 3

是下物面熵增分布,两道激波均产生陡峭熵增,光

滑区域熵水平维持不变。一般方法的计算很难给

出如此规则的熵增分布。

CDA 41叶栅。图 4给出了进口M a 数 0192时压力面和吸力面M a 数分布和流场等M a 数

图。除压力面前缘计算有些偏差外,其余与实验吻合相当好。图 5为该例的收敛史比较, CFL =

019为显格式,可见收敛极慢; CFL 取 25时,推进 77步收敛。图 6给出了进口M a 数 1101时

的计算结果,表面M a 数除压力面前缘局部区域外,与实验亦基本吻合。

超音叶栅。图 7为进口M a 数 112的压气机叶栅M a 数分布和流场等M a 数图。计算显示,

叶栅被一较强激波封口,气流穿过激波后随吸力面的曲率变化又发生少许膨胀。前缘已呈现外

伸波的基本特征。

结论　本文建立的隐式解法能够准确快捷地计算具有复杂波系的叶栅流场。提出的特征

隐式边界处理方法显著提高了高分辨格式的计算效率,充分发挥了隐式格式的潜力,且保持了
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图 4　CDA 叶栅亚音来流计算结果 图 5　CDA 叶栅亚音来流收敛史

图 6　CDA 叶栅超音来流计算结果 图 7　超音叶栅计算结果

格式原有的分辨率,从而为叶栅流动计算提供了一种准确、实用的手段。
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coun t, such as the co llect ive p itch, p recone, sw eep , and so on. F inally, the aeroelast ic stab ility
of Do lph in’s Ro to r b lades is analysed. T he experim en t show s that the aeroelast ics stab lity of
the ro to r b lade in hover is influenced sm all by the b lade sw eep , bu t st rongly by the co llect ive
p itch and p recone. T he experim en ta l resu lts verify the feasib ility of the analysis and app lica2
b ility to ro to r design.

Key words　H elicop ter ro to r　Hovering　A eroelast ic dynam ics　Stab ility

A BLAD E FL UTTER PRED ICT ION M ETHOD
INCL UD ING SECONDARY FLOW EFFECTS

L i Kej ian , Zhang Yangjun , Tao D ep ing
(4th D ep t. , B eij ing U n ivers ity of A eronau tics and A s tronau tics, B eij ing　100083)

ABSTRACT　　　　 In o rder to ob ta in a bet ter understanding of the secondary flow ef2
fects on b lade sta ll f lu t ter, th is paper p resen ts an app rox im ate m ethod to analyse the effects
of secondary flow on b lade aeroelast ica l stab ility. T he m ethod com b ines conven t ional st ream 2
line cu rvatu re m ethods w ith the secondary flow model to ob ta in the sta t ionary flow w ith cir2
cum feren t ia l nonun ifo rm ity, and then inco rpo ra tes the non2con stan t phase angle defo rm ing
actuato r d isk m ethod. Severa l secondary flow effects on aeroelast ica l stab ility w ere analysed
respect ively. T he resu lts show that the effects of the secondary flow on the aeroelast ica l sta2
b ility are d ifferen t. T he t ip leakage vo rtex m ay have greater effect than o ther vo rtexes, tha t
is con sisten t w ith the experim en ta l resu lts.

Key words　Secondary flow　B lade　A eroelast ica l　Stab ility　P redict ion s

NUM ER ICAL ANALY SIS OF FLOW F IELD ABOUT
SW EEP-FORW ARD BLAD ES OF COM PRESSORS OR FANS

Yang L ijun and L u Ya jun
(4th D ep t. , B eij ing U n ivers ity of A eronau tics and A s tronau tics, B eij ing　100083)

ABSTRACT　　　　A num erica l analysis of the flow field abou t sw eep 2fo rw ard b lades
has been carried ou t. T im e m arch ing m ethod is u sed to calcu la te the th ree2dim en sional invis2
cid flow field. Boundary layer param eters are calcu la ted w ith in tegra ted boundary layer equa2
t ion s in non2o rthogonal ax ises. T he calcu la ted resu lts show that in ax ia l comp resso rs and
fan s w ith sw eep 2fo rw ard b lades the in ten sity of passage vo rtex, secondary flow and t ip lo sses
are decreased, the early separa t ion from the b lade su rface is p ro tected, the flow field in t ip
area is imp roved obviou sly. A s a resu lt, the aerodynam ic eff iciency of ax ia l comp resso r o r
ven t ila to r is enhanced.

Key words　Sw eep 2fo rw ard b lades boundary layer　N um erica l analysis

H IGH-RESOL UT ION IM PL IC IT PROCED URES
FOR CASCAD E FLOW CALCULAT IONS

Yao J ix ian , L iu Qianzh i, Zhou X inha i
(A eroeng ine D ep a r tm en t, N orthwes tern Polytechn ica l U n ivers ity , X ian　710072)

ABSTRACT　　　　Based on the h igh2reso lu t ion difference schem e structu red from
characterist ic f lux difference sp lit t ing, the imp licit a lgo rithm of the schem e has been devel2
oped. T he imp licit characterist ic boundary p rocedu res con sisten t w ith the schem e have been
imp lem en ted as w ell. T he imp licit boundary p rocedu res p ropo sed in th is paper elim inate the
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rest rict ion s induced by exp licit boundary trea tm en ts and, m eanw h ile, p reserve all the impo r2
tan t fea tu res of the schem e such as non2o scilla t ion and h igh reso lu t ion. T he imp licit so lver ef2
fect ively accelera tes the convergence ra te of the h igh2reso lu t ion schem e. T he comparison of
cascade flow calcu la t ion s under variou s inflow condit ion s w ith the co rresponding experim en ts
demon stra tes the accu racy and eff iciency of the p ropo sed so lver.

Key words　Cascade flow　N um erica l compu ta t ion　H igh reso lu t ion　 Imp licit m ethods

NEAR SOUND F IELD ANALY SIS OF A ROTAT ING SOURCE
Ju Hongb in

(D eot. of Eng ineer ing M echan ics Ts inghua U n ivers ity , B eij ing　100081)

Zhong Fangyuan
(Shangha i J iaotong U n ivers ity)

ABSTRACT　　　　O n the basis of moving sou rce radia t ion theo ry, th is paper d iscu sses
the sound so lu t ion of a ro ta t ing sou rce in frequency dom ain. Emphasis is la id on near sound
field w h ich has th ree“addit ional sou rces”in con trast to far f ield. T he compu ta t ion reveals
that the near sound field p roduced by these " addit ional sou rces" d ist ribu tes in discrete view 2
ing angles. R adia l and ax ia l devia t ion s affect sound field respect ively around the ro ta t ing
p lane and ax ia l area, and their m ax im um connect ion s have differen t characterist ics. T he anal2
ysis is p roved p relim inarily by a fan experim en t.

Key words　Sound R adia t ion　A eroacou st ics　Sound sou rce　F requency analysis

NUM ER ICAL ANALY SIS OF FLOW
AND L EAKAGE IN LABY R INTH SEAL

Huang Shoulong and M a Y uy i
(N a iona l L ab. of Coa l Com bus tion H uazhong U n ivers ity of Science & Technology, W uhan , 430074)

W u X iaosong and Xu Chen
(M echan ica l College, N anj ing U n ivers ity of Science & Technology)

ABSTRACT　　　　T he un steady N avier2stokes equat ion s are so lved to p redict num eri2
cally the in ternal f low of single2cavity labyrin th channel w ith dep th2to2w idth ra t io s H öW =
011, 013 and 015. T he num erica l resu lts demon stra te the o scilla t ion of the flow structu re and
fluctuat ion of the ex it leakage ra te. It is show n that the seal eff iciency is relevan t to the am 2
p litude of leakage fluctuat ion, fu rthermo re, the sequence of H öW from 013, 015 to 011 is a lso
the o rder of bo th increasing seal eff iciency and increasing amp litude of leakage fluctuat ion.
A lso , the comp lex physics, including mo tion and m ergences of vo rtex, m igra t ion of separa t ion
bubb le, bending and impact of jet, is d iscu ssed, and the influence of impact effects on the in2
creasem en t of energy dissipat ion and decreasem en t of leakage are analysed.

Key words　L abyrin th seal　o scilla t ion flow　N um erica l analysis

M ETHOD FOR PRED ICT ING FAT IGUE REL IAB IL ITY
AND L IFE OF COM PRESSOR BLAD E

L e X iaob in , Gao D ep ing, He M ingj ian
(2nd D ep t, N anj ing U n ivers ity of A eronau tigue and A s trona tics, B eij ing , 100083)

ABSTRACT　　　　 In engineering app lica t ion of fa t igue p rob lem , it is very diff icu lt to
ob ta in som e w o rk ing parts’ load spectrum due to som e reason s. T h is paper p rovides m ethod
fo r p redict ing the fa t igue reliab ility and life of the part w ithou t w o rk ing load spectrum. Fa2
t igue tests are carried ou t on the part tha t has w o rked fo r som e tim e. Basing on the test data,
the su rp lu s fa t igue dam age strength of the part can be calcu la ted. W ith its su rp lu s fa t igue
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