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双轴涡喷发动机性能实时模拟简化模型3

西北工业大学　　刘　燕3 3 　刘　伟　陈辅群

沈阳航空发动机研究所　　孙　斌

【摘要】　建立了能够实时模拟双轴涡喷发动机性能的数学模型。该实时模型包括:线性化的压气机

特性模型、简化的涡轮特性以及非线性方程组的降维处理。在相同工况及进气条件下,分别用非实时模

型和实时模型对某型双轴加力式涡喷发动机性能进行了模拟,并与试验结果进行了对比。结果表明,该

模型很好地解决了提高运算速度与保证计算精度之间的矛盾,并且具有较高的收敛性。
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1　前　言

　　由于发动机全功能数字电调的发展,要求在很短的时间内对发动机的性能进行计算,以便

满足控制系统的需要[1 ]。因此迫切需要一种既能快速地、实时地模拟发动机稳、动态性能,又能

保证一定精度的数学模型。本文在原非实时数学模型[2 ]基础上,对试验压气机特性及涡轮特性

进行了线性化处理,同时还将原非实时模型的六维非线性方程组降为四维,从而建立了简化的

实时模型。该模型避免了插值计算发动机各部件的特性,大大提高了模型计算速度,大量地减

少了模型在计算机内所占的内存,无需进行汇编处理便能在数字计算上实现不到 25m s的快

速发动机性能模拟。经过与试验结果和非实时模型计算结果相比较,证明本文提供的简化模

型,无论是稳态性能还是动态响应都能很好的反映发动机的真实物理过程,既加快了运算速

度,又保证了发动机的模拟精度,具有一定的使用价值。

2　压气机特性的线性化

　　为了尽可能减少模型计算时间,根据相似性准则,对压气机特性图进行了坐标变换,横坐

标改为压气机出口的折合流量,纵坐标仍为压气机增压比。变换后的压气机特性图与传统的压

气机特性图相比具有明显的优点,即每条等折合转速线近似为线性[3 ]。利用此特点,经过一定

的预先处理,可以完全不用查表插值计算压气机的特性,而用一些分段函数便能表示压气机的

特性。下面介绍这种预处理方法。

首先利用最小二乘法拟合出每条等相对折合转速线的斜率与相对折合转速的关系

K SLO PE = C 1nλcor + C 2 (1)　

　　再用最小二乘法拟合出所选基点的出口折合流量与相对折合转速的关系、基点的等熵温
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升与相对折合转速的关系以及基点处效率的倒数与相对折合转速的关系

(M a, co r, exit) 基点 = C 3nλ2
co r + C 4nλco r + C 5 (2)　

A = [ (Π3
k基点) 012857 - 1 ] × 105ö(nλcor) 2 = C 6nλco r + C 7 (3)　

B = [ (T 3
ex itöT 3

in let) 基点 - 1 ] [ (Π3
k ) 012857
基点 - 1 ] = C 8nλcor + C 9 (4)　

　　最后用最小二乘法拟合压气机特性上的任意点的温升比与基点的温升比之比与任意点的

压比和基点的压比之比的关系

(T 3
ex itöT 3

in let) ö(T 3
ex itöT 3

in let) 基点 = C 10 (Π3
k öΠ3

k基点) 2 + C 11 (Π3
k öΠ3

k基点 + C 12) (5)　

　　在已知压气机进口总温、总压的条件下,取压气机相对折合转速及其出口折合流量为未知

变量,将 (1)～ (3)式代入下式可求出压气机增压比

Π3
k = (Π3

k ) 基点{1 - K SLO PE〔m a, co r, ex itö(m a, co r, ex it)基点 - 1〕} (6)　

则压气机出口压力 P
3
ex it= Π3

k ·P
3
in let。将求出的增压比及式 (3)、(4)代入 (5)式,可求出压气机出

口总温。用以上 6式便可代替费时的压气机特性查表插值求压气机出口参数的工作。

3　涡轮特性的简化、发动机稳态及过渡态工作点的求法

　　在双轴涡喷发动机工作过程中,两个转子之间相互气动作用的实质在于:高压和低压涡轮

图 1　高低压涡轮落压比及功之比值的变化

的落压比以及它们的功率比都仅仅是发动机压缩

过程总压比的函数[4 ] ,并且非实时模型的稳态、过

渡态计算结果也证实了这一点,所以本模型将高、

低压涡轮落压比和它们的功率比表示为发动机压

缩过程总增压比的一维函数 (见图 1)。取高压涡

轮效率为常数,以此代替费时的涡轮特性查表插

值。

对双轴涡喷发动机,在给定的调节规律低压

转子转速等于常数 nL = con t 的条件下,用非实时

模型进行稳态计算时取 6个参数,即高、低压压气

机增压比、高压转子相对折合转速、涡轮前温度、

高低压涡轮进口流量相似参数等作为未知量,过渡态计算时用低压转子相对折合转速代替涡

轮前温度。根据流量连续方程、功率平衡方程、转速相等、压力平衡等,建立 6个共同工作方程。

解它们构成的六维非线性方程组,便得到发动机共同工作点参数。用本文的实时模型进行稳

态、过渡态计算时取高、低压压气机出口折合流量、高压压气机相对折合转速、涡轮前温度 (过

渡态取低压转子相对折合转速)等 4个参数作为未知量。建立 4个共同工作方程,解之得发动

机共同工作参数。

4　模型仿真结果与分析

　　所有的数值模拟结果均在 IBM - PCö386 微型计算机上进行,该微机的主频 33 兆,配以

80387浮点运算器。在此外设条件下,本文提供的模型每点计算时间小于 25m s。

图 2为转速特性,图中实线为非实时模型计算结果,点划线为实时模型计算结果,由图可

见,实时与非实时模型计算结果吻合较好,最大误差约为 215◊ 。

图 3给出了在H = 0,M a= 0状态下,发动机从慢车加速到最大状态,然后下降至慢车的
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图 2　双轴涡喷发动机的转速特性

动态响应曲线。实线为发动机实际试车曲线,点

划线为非实时模型计算结果,虚线为实时模型

计算结果。发动机动态模拟是在飞行状态和尾

喷口面积给定的条件下,发动机的供油量作为

时间的函数输入到实时模型中的。为了方便,实

时模型中没有计入燃烧室的延迟和执行机构的

延迟影响,也未计入部件的热惯性以及容积效

应的影响。由图可见,在低转速、减速时误差较

大,其主要原因是因为减速时供油量变化较快,

而本模型又未考虑延迟及容积效应的影响。但

误差仍然在工程精度限制以内 (即小于 5◊ )。

图 4 给出了稳态及过渡态工作线在高、低

压压气机特性图上的位置。高压压气机特性图上加速和减速状态的工作线位置,定性来看和单

转子涡轮喷气发动机一样;而低压压气机则有本质的不同。这主要是由于两个转子的转速

图 3　发动机加、减速时 (a)低压转子 (b)高压转子相对转速的动态响应

图 4　 (a)低压转子 (b)高压转子工作状态 (1—稳定工作状态, 2—加速装态, 3—减速状态)

不同所致,对于双轴涡喷发动机,随着低压转子折合转速的下降,转差率单调增加,两个转子间
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图 5　转子转差率随低压转子相对

折合转速的变化

的气动耦合引起转差率变化,这种气动耦合在过渡态

也一直起作用。在加速和减速时,转差率随低压转子相

对折合转速的变化差不多和稳定工作状态是一样的。

但是,通常高压转子在慢车状态所具有的转速接近最

大转速的程度比低压转子要大得多,并且高压转子的

转动惯量比低压转子小些,因此在过渡工作状态时转

差率按图 5虚线所示那样变化。在加速过程中转差率

比稳态工作值大,而减速时则小。结果加速时由于转差

率的增大 (即由于高压转子转速的增大) ,高压压气机

进口的空气流量以及低压压气机出口的空气流量都比

稳定状态时要大,亦即如图 4所表示的那样,低压压气

机特性曲线图上的工作点向右侧移动。相反,在减速

时,如果高压压气机的转速降低得比较快,则降低转速

对低压压气机中的气流起到了节流的作用,因此低压

压气机的工作状态向稳定边界的方向移动。

由上可见,本文的计算结果是符合原理的,因而本文对发动机数学模型的线性化处理是成

功的。此外,本文采用的计算方法及迭代方法具有较高的收敛性及运算速度,能够满足实时模

拟发动机性能的需要。
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A M UL T I- OPERAT ING PO INTS GPA M ETHOD
FOR ENGINE FAUL T D IAGNOSIS

Chen Daguang, Han Fengxue, Tang Gengl in
(4th D ep t. , B eij ing U n ivers ity of A eronautics and A s tronautics, B eij ing　100083)

ABSTRACT　　　　T he feasib ility of the m ult i- operat ing po in ts gas path analysis (GPA )

fo r engine fau lt diagno sis has been analyzed. T he averaged erro r of est im at ion J is an effect ive crite2
rion fo r determ ining the diagno sis accuracy. T he recomm ended value of J has been given acco rding
to the num erical tests. It has been analyzed how the num ber of the operat ing po in ts and the selec2
t ion of the monito ring param eters affect the effect iveness of diagno sis. It is show n that the num ber
of the necessary operat ing po in ts can be significan t ly reduced and the diagno sis accuracy can be en2
hanced as the mo in to ring param eters are increased p roperly and selected co rrect ly. Supp lem ental
m easurem ent of the p ressure beh ind h igh p ressure comp resso r and the p ressure betw een h igh and
low p ressure turb ines is a p ract icab le m easure fo r imp roving the diagno sis accuracy.

Key words　Gas turb ines　A ircraft engines　Fault diagno sis　Gas path analysis

IM PACT OF VAR IABL E GEOM ETRY AD JUSTM ENT
ON TURBOFAN ENGINE PERFORM ANCE

Zhu Zhil i and Zhang J ing
(4th D ep t. , B eij ing U n ivers ity of A eronautics and A s tronautics, B eij ing　100083)

ABSTRACT　　　　T he impact of variab le geom etry adjustm ent on perfo rm ance of m ilitary
turbofan engine w ith afterburner is analyzed and discussed. T he resu lts show as fo llow s: D uring
supersonic fligh t, increasing the nozzle th roat area is an effect ive w ay to increase th rust of engine,
and the h igher the fligh t M ach num ber, the mo re rem arkable the effect iveness; the nozzle th roat
area enlargem ent resu lts in raising the surge m argin of the fan effect ively; the bypass rat io can be
contro lled by adjust ing the rat io of inner and outer areas at m ixer in let, and enlarging inner area im 2
p roves the perfo rm ance of the engine w ith afterburner, bu t narrow s the surge m argin of the fan.
T he operat ing po in t of the fan w ill be op t im ized w hen the nozzle th roat area and the area rat io of
m ixer in let are regulated jo in t ly and coo rdinately. It w ill be of benefit to the engine perfo rm ance
imp rovem ent that the p ressure rat io of the fan and the m ass flow increase sim ultaneously, w h ile
the efficiency and the surge m argin of fan are kep t up at a h igh level.

Key words　Gas turb ines　A ircraft engines　Perfo rm ance analysis
V ariab le geom etry adjustm ent

A REAL - T IM E SIM ULAT ION MOD EL
OF A TW IN- SPOOL TURBOJET ENGINE

L iu Yan , L iu W e i, Chen Fuqun
(7th D ep t. , N or thwes tern P oly techn ica l U n ivers ity , X i′an　710072)

Sun Bin (Shenyang A eroeng ine Resea rch Ins titu te)

ABSTRACT　　　　A m athem atical model fo r real2t im e sim ulat ion of tw in2spoo l turbo jet en2
gine has been estab lished, w h ich comp rises a linearized comp resso r characterist ics model, simp lified

turb ine characterist ics and the dim ension2reducing m ethod of non2linear equat ion set. U nder the i2
dent ical regim e and in let flow condit ions, the perfo rm ance of the tw in2spoo l turbo jet engine w as

sim ulated respect ively by real2t im e model and non2real2t im e model. T he resu lts of the sim ulat ions

w ere compared w ith test data. Favo rable resu lts of the comparison give the validat ion of the funda2
m ental hypo thesis of th is study. T h is model m akes a very good comp rom ise betw een computat ion
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speed and accuracy, and has good convergence.

Key words　T urbo jet engines　Perfo rm ance analysis　R eal2t im e sim ulat ion

M athem atical models

TRANSIENT PERFORM ANCE SIM ULAT ION OF A LARGE L IQU ID
ROCKET ENGINE UND ER FAUL T COND IT IONS

W u J ian jun , Zhang Yul in , Chen Qizhi
(1s t D ep t. , N a tiona l U n ivers ity of D ef ence Technology , Changshe　410078)

ABSTRACT　　　　A non2linear dynam ic m athem atical model fo r a large liqu id rocket engine

has been estab lished, w h ich comp rises no rm al models and fault models based on large liqu id rocket

engine w ith turbo2pump system. T he transien t perfo rm ance sim ulat ion has been perfo rm ed under

fau lt condit ions acco rding to jump input of various fau lt modes such as m ain valve fau lt, p ipeline
leakage, p ipeline blockage, pump efficiency lo sses, tu rb ine efficiency lo sses, w h ich have occurred

in p revious ho t2fire tests o r w ill be po ssib le to occur in fu ture. A dap t ive R unge- Kutta m ethod is

emp loyed to sim ulate. T he calcu lated resu lts show that the estab lished model is accurate and rea2
sonable. T he num erical m ethod can sim ulate effect ively the transien t perfo rm ance of the fau lts.

Sim ulat ion resu lts are also discussed and analysed in detail. T he wo rk lays the foundat ion fo r fur2
ther study on cho ice of fau lt modes, fau lt detect ion and diagno sis based on the model.

Key words　L iquid p ropellan t rocket engines　D ynam ic models　M athem atical models

Fault detect ion　Fault diagno sis

SIM ILAR ITY ANALY SIS AND NUM ER ICAL SOL UT ION
OF N- S EQUAT IONS FOR LAM INAR FLOW

IN A ROTOR- STATOR SY STEM
Feng Qing and L iu Songl ing

(7th D ep t. , N or thwes tern P oly techn ica l U n ivers ity , X i′an　710072)

Zhou Bin (X i′an O il College)

ABSTRACT　　　　T he sim ilarity analysis fo r the N 2S equat ions and the boundary condi2
t ions of a ro to r2stato r system has been comp leted w hich show s that the flow field is depedent on

five param eters such as in let flow coefficien t, ro tat ional R eno lds num ber, gap rat io , sh roud2clear2
ance rat io and in let diam eter rat io. T he num erical resu lts fo r the lam inar flow field in the system

w ith an axial inflow and a radial outflow have been obtained by the S IM PL E m ethod. It is show n

that the gap rat io and the sh roud have a great effect on the existence of the ro tat ional co re; and the

co re tends to take fo rm and increase its ro tat ional speed w ith decreasing the flow coefficien t o r w ith

increasing the ro tat ional R eno lds num ber. Fo r the clo sed ro to r2stato r system the resu lts are in good

agreem ent w ith earlier wo rk done by the o ther au tho rs. Bo th the sim ilarity analysis and num erical
computat ion have test ified the conclusion that the radial velocity is dom inated by inert ial term s and

the tangent ial one is dom inated by bo th inert ial and viscous term s. T he m inim um of the flow coeffi2
cien t required to p revent the ingress of gas in to the ro to r2stato r cavity has been calcu lated, and its

linear relat ion w ith the ro tat ional R eno lds num ber has been found, w h ich is consisten t w ith the

published experim ental data very w ell.

Key words　W heels (M ach ine elem ents) 　A ircraft engines　A ir flow

N um erical so lu t ion of N - S equat ion
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