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求解涡扇发动机数学模型
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【摘要】　提出一种基于 N- R 迭代方法的有限域优化搜索法, 用于求解涡扇发动机数学模型。该

方法不仅具有 N - R 优化迭代求解特色, 还具有将初猜解附近划定域进行泛搜能力, 使迭代运算

具有强收敛性和平稳性。该方法所定义的迭代因子可通过编程自动调整,进而可以确定最小迭代

次数及此意义下的最优迭代因子。
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1　“有限域优化搜索法”思想

　　求解非线性涡扇发动机数学模型的传统 N- R方法是以优化迭代方法不断地对猜解进行

修正,使其逼近方程组真解。从理论上讲, 合适的初猜解总是能保证N - R求解的迭代运算收

敛。但要给出合适的初猜解往往不易,尤其是在发动机数学模型的求解中,按经验数据、公式给

出的初始猜解并不能保证在飞行包线的每一点都合适。在这种情况下,如何保证求解迭代运算

的收敛性呢? 从根本上说, 如果能用一种非常原始的方法,将含方程组真解的初猜解邻域逐点

遍搜就一定能求出真解。遗憾的是, 这样的方法在数学上不能准确描述。然而,我们可以把这

样遍搜的思想与 N- R 法相结合,构成“有限域优化搜索法”。具体实现方法如下: 设有多元非

线性方程组 F( X ) = 0, F( X ) = [ f 1 ( X ) f 2 ( X ) ⋯ f n( X ) ] T , X = [ x 1x 2⋯x n] T。

( 1)给出方程组解的初猜解向量 X 0= [ x 10 x 20⋯ x n0 ]
T
。选择猜解增量调整因子A CF,猜解

增量限定因子A CR1, 猜解限定因子 ACR2。给出迭代求解运算收敛的方程残差指标向量: E=

[ �1 �2⋯ �n] T。

( 2)用 N- R 方法进行基本的求解运算求出猜解增量△X
k
= [ FX / X ]

- 1
X= X

k·F ( X k ) , ( k 为

迭代次数)。△X k= [△x 1k△x 2k⋯△x nk ]
T
, X k= [ x 1k x 2k⋯ x nk]

T
, F ( X k) = [ f 1 ( X k ) f 2( X k) ⋯ f n

( X k ) ] T。

( 3)若� f i( X k ) �< �i,　( i= 1, 2,⋯, n) ,那么迭代求解运算结束,否则进行下一步。

( 4)若�△x ik/ x io�< A CR 1　( i= 1, 2,⋯, n) ,就进行到第 7步, 否则进行第 5步。

( 5)△x ik= △x ik / ACF　,　( i= 1, 2, ⋯, n)。

( 6)返回第 4步。



( 7) x ik+ 1= x ik- △x ik　,　( i= 1, 2,⋯, n)。

( 8)若� ( x ik+ 1- x i0 ) / x i0�> ACR 2,取 x ik+ 1= x i0- △x ik ( i= 1, 2,⋯, n) ,否则 x ik+ 1仍为第 7

步中算出的值。

( 9)返回第二步。

A CF 和 A CR 1作用在于通过调整猜解修正增量大小, 从而影响猜解落入收敛区域的快

慢; ACR 2作用在于迭代点超出了划定区域时, 按 x ik+ 1= x i0- △x ik自动回头,从而使得迭代运

算在划定区域内有一定泛搜力。一般地,考虑到发动机初猜解给定精度,优化搜索法中 3个因

子的取值范围为 1. 1< ACF< 10(唯特殊情况:增量很小迭代收敛十分缓慢时 A CF 可取小于

1. 0) , 1%< ACR 1< 8%, 10% < A CR 2< 30%。在实际编程中,可以按要求的迭代收敛次数来

自动调整确定 A CF、A CR 1和 A CR 2的值。由此可确定保证收敛精度下的最少迭代次数及最

优迭代因子。

2　有限域优化搜索法在发动机数学模型求解运算中的应用

　　本文所用模型来自文献[ 1]中的某型涡扇发动机数学模型。稳态模型有 4个猜值: PN F

(低压转子转速相对于设计点物理转速百分比) , PN C (高压转子转速相对于设计点物理转速

百分比) , XWA 22C(按风扇出口气流参数计算的换算流量 kg·Pa/ s· K ) , XWA 3C (按高

压压气机出口气流参数计算的换算流量 kg·Pa/ s· K )。动态模型有 2个猜值: XWA 22C

和 XWA 3C。

表 1选取了在飞行包线内较有代表意义的 10个工作点。用传统的 N- R求第 1点时, 迭

代运算振荡大。PN F 的初值为 100. 0,第 1次迭代结果为 771. 3, 第 2次迭代结果为- 234. 4,

第 3次迭代结果为 2782. 0,⋯⋯,迭代中, 初猜解的精度意义完全丧失, 迭代发散。用优化搜索

法求解时, 由于对每一步的猜解修正量进行了限制, 迭代过程中固守了初猜解的精度意义, 所

以迭代运算过程平稳: PN F 第 1次迭代结果为 100. 7,第 2次迭代结果为 100. 5,第 3次迭代

结果为 100. 6, ⋯⋯,迭代至第 8次稳态点被求出。

表 1　在飞行包线内的几个发动机稳态工作点

序号 飞行高度( km) 飞行马赫数 尾喷面积( m2) 主燃烧室供油量( kg/ s )

1

2

3

4

5

6

7

8

9

10

0. 0

0. 0

4. 0

0. 3

20. 0

20. 0

0. 0

0. 0

0. 0

0. 0

0. 0

0. 0

0. 0

0. 65

1. 231

0. 87

0. 0

0. 0

0. 0

0. 0

0. 1928686

0. 3241149

0. 3241149

0. 1928686

0. 1928686

0. 1928686

0. 1928686

0. 3241149

0. 3241149

0. 3241149

1. 2004488

0. 0841928

0. 0841948

0. 6210877

0. 0859497

0. 0821000

0. 2727980

0. 1950390

0. 0907080

0. 097504

用传统 N- R 法求解第 1、2、9、10点迭代运算不收敛,如表 2。
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表 2　传统 N- R 法求解发动机数学模型结果

序号 1 2 3 4 5 6 7 8 9 10

迭代次数

是否收敛

15

不收敛

2

不收敛

3

收敛

2

收敛

2

收敛

4

收敛

3

收敛

4

收敛

1

不收敛

5

不收敛

　　　　注: 表中 ACF 均为 1. 0

表 3　优化搜索法求解发动机数学模型结果

序号 1 2 3 4 5 6 7 8 9 10

A CR 1

A CF

迭代次数

是否收敛

0. 05

1. 10

7

收敛

0. 05

1. 40

10

收敛

0. 05

1. 10

4

收敛

0. 05

1. 10

2

收敛

0. 05

1. 10

2

收敛

0. 05

1. 10

6

收敛

0. 05

1. 10

6

收敛

0. 05

1. 10

7

收敛

0. 04

1. 70

8

收敛

0. 05

1. 20

8

收敛

　　　　注: 表中 ACR2 均为 0. 30

图 1　慢车至最大状态的加速过程

用有限域优化搜索法求解时, 限定

迭代次数不超过 10 次, 自动整定因子

A CF、A CR 1和A CR2。求解结果列于表

3。不断减少迭代限定次数,可确定保证

10- 5收敛精度下, 求解第 1点的最少迭

代次数为 3次, 求解第 9点的最少迭代

次数为 5次, ⋯⋯,从而得到求解这些点

的最优迭代因子。计算发动机从慢车至

最大状态的动态响应过程为例。在这个

过程中, WFB 在 4 秒内从慢车供油量

0. 0841928 按 线 性 增 量 △WFB =

( 1. 2004488- 0. 0841928) / 4. 0·t 增至

最大状态供油量 1. 2004488;当 PN C< 73%时, A 8= 0. 3241149,当 PN C≥73%时,按△A 8=

- ( 0. 3241149- 0. 1928686) / 2. 0·t在两秒内收至小喷口面积 0. 1928686。PN F 和PN C响应

曲线见图 1。从计算过程可以看到,动态过程计算十分平稳。

3　结　论

　　有限域优化搜索法把遍搜思想和传统 N- R方法相结合, 既具有N - R求解的特色,又使

得迭代求解运算具有了有限定域内泛搜的能力,从而使得初猜解的给定要求降低;而且迭代中

固守了初猜解的精度意义, 使得用它来求解象发动机数学模型这样的非线性方程组时,比传统

的 N- R方法收敛性强、平稳性好。
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3D TURBULENT FLOW AT COMPRESSOR ROTOR EXIT

UNDER DIFFERENT FLOW CONDITIONS
Ma Hongwei and Jiang Haokang

( 4th Dept. Beij ing University of Aeronautics and Astronautics, Beij ing　100083)

ABSTRACT　　　　Detailed measurements of three- dimensional tur bulent flow f ield

at the ex it of an ax ial f low single- stage compressor rotor w ere made under dif ferent condi-

tions. T he flow st ructures w ere surv eyed with both hot- w ire probe and high f requency pres-

sure probe. Under the design condit ion, substant ial blockage, loss and turbulence mainly e-

merge in the t ip m id- passage, in the w ake and the co rner betw een the suction surface and

the hub, and the tip leakage vo rtex ex ists in the mid- passage at the exit . When the mass

flow reduces, the f low becomes more turbulent . As a result , flow mix ing is more, and the

leakage vortex is far away fr om the suct ion surface, that leads to mo re substant ial blo ckage,

loss and tur bulence in the tip region. U nder the near stall condit ion, the r adial migr ation o f

the blade suct ion surface boundary layer and the tangent ial m igrat ion of the endw all f low

play a more impor tant ro le in the f low field of the passage.

Key Words　Compresso rs　Ro to rs　Vortex　Turbulent f low

APPLICATION OF LIFTING SURFACE METHOD

TO RAM AIR TURBINE PERFORMANCE CALCULATION
Zhang Jianfeng and Liu Siyong

( 4th Dept. Beij ing University of Aeronautics and Astronautics, Beij ing　100083)

ABSTRACT　　　　T he modern propel ler lift ing surface method has been applied to

calculat ing the per formance of Ram A ir T urbine, and a sing le layer vortex model is adapted

to the blade, the w ake is modeled to rigid cylinder w ake coincided w ith Goldstein hypothesis.

A numerical calculat ion fo r a model o f Ram Air T urbine shows a good agr eement of the coef-

ficient of w ind pow er ut il ization w ith it s experimental data at bo th small and larg e lo ading .

The dist ribut ions of induced velo cit ies and circulat ion are reasonable.

Key Words　Ram air turbines　Lif t ing　Sur face performance analysis

A LIMITED DOMAIN SEARCHING METHOD

FOR SOLUTION OF NONLINEAR MATHEMATICAL MODEL

FOR TURBOFAN ENGINE
Li Songl ing and Sun Jianguo

( 2nd Dept. Nanj ing University of Aeronautics and Astronautics, Nanj ing　210016)

Li Jianming and Tang Shij ian
(Gas Turbine Institute, Xingdu　610050)

ABSTRACT　　　　An algo rithm is developed based on the N - R ( New ton -

Raphson) iterat ion method to so lve the nonlinear mathemat ical model o f turbofan engine. It

enhances the ability to search for the nonlinear equat ion solutions w ithin a limited domain,

w hich is dcsignated around the initial guess of solut ion and covers the genuine so lut ion.

Three iteration facto rs def ined in this alg orithm can be automat ically readjusted by prog ram-

ming . Accor ding ly, the least t imes o f iterat ion and co rresponding opt imum iteration factor s
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can be found out f rom the pro gram .

Key Words　Turbofan engines　Mathemat ical simulat ion　Searching method

NUMERICAL PREDICTION OF TWO- DIMENSIONAL

TRANSONIC TURBULENT FLOW IN A DIFFUSER
Han Zhenxue, Fang Ren, Zhong Zhibin

( 4th Dept. Beij ing University of Aeronautics and Astronautics, Beij ing　100083)

ABSTRACT　　　　Tw o- dimensional t ransonic f low in a dif fuser is numerically inves-

gated by solving 2D time- dependent Reyno lds- averaged compressible N av ier - Stockes e-

quat ions. The numerical method is based on Van- Leer's f lux split t ing cell- centered finite

volume scheme. Baldw in- Lomax algebr aic turbulence model and Johnson- King non- equi-

librium turbulence model are tested to simulate largely separated f low . Compar ison of the

computat ional results with corresponding experimental data show s that the predicted w all

stat ic pressure dist ribut ions and shock st reng th by both tw o turbulence models ag ree w ell

w ith the experimental data, but Johnson - King model does better than Baldw in - Lomax

model in the predict ion of separation reat tachment po int .

Key Words　Shock w ave　T urbulence　Numerical computat ion

3D VISCOUS FLOW COMPUTATION

WITH ARBITRARY LAGRANGIAN- EULERIAN METHOD
Zheng Qun and Liu Shunlong

( 2nd Dept. Harbin Engineering University, Harbin　100015)

ABSTRACT　　　　Arbit rary Lagrangian- Eulerian schemes are deduced for computa-

tion of three dimensional viscous flow in ro tat ing impeller channel. T he convect ion ef fect is

simulated by the pseudo- moving o f g rids. Viscous sub- cycle time step and Lag rangian sub

- cycle t ime step are adopted to accelerate converg ence. The upw ind scheme is improved into

part - donated scheme to dim inish dif fusion. Flow rate rest rict ion is used to control dissipitive

t runcat ion er ror. A short w ave damp is intr oduced to reduce the computational corrugat ion.

Sub - Grid- Scale( SGS) turbulent model is adopted to simulate tur bulent flow . Eckardt 's ex-

perimental results on centr ifugal impeller have verif ied effect iveness o f the method.

Key Words　Viscous f low　Three dimensional f low　Numer ical computat ion

OPTIMIZATIONAL DESIGN

FOR TRANSONIC TURBINE CASCADE
Li Jun, Feng Zhenping, Chang Jianzhong, Shen Zuda

( Institute of Turbomachincy , Xi'an Jiaotong University , Xi'an　710049)

ABSTRACT　　　　A design method of aerodynamic opt imizat ion is presented fo r t ran-

sonic turbine cascades. T he method couples Genetic A lgorithms ( GAs) to a inviscid flow f ield

Euler so lver and the boundary layer calculation. The object iv e funct ion of the t ransonic tur-

bine cascade is the minimum of loss factor . T he mult inomial coeff icients o f blade geometry

are taken as design variables. RA cascade and Beizhong cascade have been used as the exam-
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