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WZ-5发动机改装高温涡轮

的试验研究及分析

株洲南华动力机械研究所　　田网南
* *

【摘要】　WZ-5发动机改装WJ5A-1 发动机的高温涡轮, 在工程上单台发动机总寿命已安全运行

达 10000h, 现已证明: 结构设计及改进是成功的; W J5A-1 发动机的前二级燃气涡轮与压气机基

本上是匹配的; 燃气涡轮第一级导向器与动力涡轮导向器面积调整是合理的; 在相对换算转速为

0. 95 时, 其喘振裕度与WZ-5 发动机基本上一样; 动力涡轮导向器面积总共放大了 5. 32% , 对燃

气涡轮特性没有带来很大影响。
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1　提高功率的方案

　　WZ-5发动机航机陆用, 由烧液体燃料改为烧天然气燃料, 现已作中原油田气体处理增压

部分的动力。在应用中存在的问题是: 在高温大气条件下, 动力装置的功率明显不足, 经分

析比较, 用原WJ5A-1螺桨发动机的高温涡轮串装较合适。WJ5A-1螺桨发动机是WJ5螺桨

发动机的改型, 对其三级定轴式燃气涡轮进行重新设计, 第一级燃气涡轮工作叶片和导向叶

片采用空心气冷, 涡轮前最高燃气温度比WJ5发动机提高了 150℃, 在使用中, 实际上仅提

高 120℃, 燃烧室为适应热强度提高的需要, 增加了冷却发散孔的数量, 涡轮功的分配比例为:

前二级燃气涡轮功占总功的63. 9% , 与WJ5发动机相似, 符合一般规律。WZ-5发动机是WJ-

5发动机的演变, 在压气机燃烧室方面有其继承性, 为适应WZ-5发动机改装原WJ5A-1发动

机的高温涡轮, 其燃烧室也增加了冷却发散孔的数量, 只要WZ-5发动机作一些改进设计, 改

装原WJ5A-1发动机的高温涡轮是可能的, 能确保该发动机在外界温度为30℃海平面大气条

件下, 长时间地发出1103kW。为了保证涡轮压气机合理地匹配, 需在整机试车中对共同工作

点作调整。涡轮与压气机共同工作方程式为:
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当 A 增加时, 在同一换算转速下, 增压比下降, 空气流量增加, 即共同工作线下移。在涡轴

发动机中, 常规、简单的办法是调整涡轮导向器面积。涡轮导向器处于临界时, 涡轮导向器

面积与 ( 1) 式中 A 的关系, 通过燃气涡轮导向器和动力涡轮导向器的流量连续, 可变换为:
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从上式看出, 当动力涡轮导向器面积F caⅢ增加时, A 要增加, 如对 ( 2) 式取对数并微分, 则

可看出, 燃气涡轮第一级导向器面积F caⅠ增加时, A 也增加。在动力涡轮导向器处于临界, 燃
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气涡轮导向器为高亚临界时, 燃气涡轮膨胀比能够认为不变, 当动力涡轮导向器  caⅢ从 1. 0降到

0. 9范围内时, 影响燃气涡轮膨胀比值仅为 0. 5% , 可见用公式 ( 2) 来指导调整涡轮导向器面积

还是很适用的。调整涡轮导向器面积 FcaⅠ , FcaⅢ的原则是充分发挥原WJ5A-1发动机高温涡轮作

用, 适当降低燃气发生器转速, 保证必需输出轴功率、发动机喘振裕度以及必需的长寿命。

经分析计算, 长期稳定工作的涡轮前燃气温度应不超过1100K, 根据原WZ-5发动机在中

原油田与新疆克拉玛依现场运转的经验, 燃气发生器相对转速定为 95%左右较合适。

2　试验情况

　　为了摸索改装后的部件匹配, 防止喘振, 串装了一台WJ5A-1发动机高温涡轮后, 将压

气机放气活门一直打开进行整机试车, 通过测试参数分析比较, 证实了压气机与涡轮能协同

工作, 压气机放气活门如按原WZ-5发动机控制程序关闭, 发动机不会进入喘振, 但喘振裕度

表 1　整机试车结果

参　数
正规程序的摸底试车

( tH = 30℃, p H = 101. 3kPa)

涡轮导向器面积变化后试车

( tH = 20. 5℃, p H = 101. 52kPa)

压气机零级导叶不可调时试车

( tH = 37℃, p H = 100. 13kPa)

n
-

1　 ( % ) 92. 5 95 97 95 90 95 97 90 95 97

n
-

2　 ( % ) 87. 5 90. 5 97. 5 94 80 94 95 78. 15 86. 24 92. 84

t4　 (℃) 490 525 540 520 450 495 500 470 498 506

NB　 ( kW) 917. 5 1139. 5 1337. 4 1153. 2 867. 4 1406. 6 1636. 6 741. 2 1107. 4 1294. 1
GB　 ( kg/

s)
9. 70 11. 11 11. 62 9. 39 11. 02 11. 02

�*
k 4. 5 4. 85 4. 5 4. 56 5. 47 5. 81 4. 35 5. 11 5. 38

　　注: 　n-1 为燃气发生器相对转速, n-2为动力涡轮相对转速, t4为动力涡轮出口温度, N B 为输出轴功率

GB 为进口空气流量, �*
k 为压气机增压比

图 1　改装新、旧高温涡轮后, 离喘振边界的裕度

将大大减少。为了便于发动机参数调整, 进行

了正规程序的整机试车, 结果见表 1。

对表 1数据进行验算, 在 tH = 15℃, p H =

101. 3kPa 时, 燃气发生器相对转速为 95% , 发

动机喘振裕度仅为5. 46% , 比原WZ-5发动机

减少了 9. 45% , 见图 1中A 曲线。动力涡轮出

口燃气温度, 虽高于原WZ-5但未超过WJ5A -

1的允许值。发动机输出轴功率达到了要求。

考虑油田的恶劣环境及发动机长期工作后

喘振裕度变化, 改装原WJ5A-1发动机的高温

涡轮后, 借助小偏差法调整了涡轮导向器面积

FcaⅠ、FcaⅢ, 以便充分发挥高温涡轮的优势及保

证与原WZ-5发动机的相同喘振裕度。根据原

WZ-5部件特性及大量台架试验数据, 建立了

WZ-5定型发动机参数的互相影响, 见表 2。曾

应用在WZ-5发动机性能调试中, 效果明显。
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表 2　WZ-5 定型发动机参数的互相影响

参　　　数
燃导面积 !FcaⅠ

相对偏差

动导面积 !FcaⅢ

相对偏差

物理转速 !n

相对偏差

外界温度 !T H

相对偏差

增压比相对偏差 !�*
k - 0. 367 - 0. 335 2. 89 - 1. 445

空气流量相对偏差 !G B 0. 2145 0. 1955 1. 995 - 1. 498

燃气温度相对偏差 !T *
4 0. 84 - 1. 06 1. 79 0. 1

输出轴功率相对偏差 !NB 2. 294 - 3. 149 6. 89 - 2. 945

WJ5A-1发动机新、旧高温涡轮在涡轮导向器面积上略有变化, 为了稳步前进, 不急于一

步到位, 燃气涡轮第一级导向器面积放大 3. 94%, 动力涡轮导向器面积放大 2. 76%, 装配后

进行整机试车, 结果见表 1。通过这一调整, 输出轴功率足以满足工程配套的需要, 喘振裕度

改善了, 比改装原WJ5A-1发动机的旧高温涡轮增加了 5. 95% , 比原WZ-5发动机还少

图 2　N B、t4 随 n-1 的变化

3. 5% , 见图1中 B曲线。由于燃气涡轮第一级

导向器为焊接结构, 对现存的, 改变导向器通

道面积有困难, 为保证与WZ-5相同的喘振裕

度, 单独采用动力涡轮导向器面积放大, 经用

小偏差法进行分析计算, 需放大 2. 56%, 该通

过打磨动力涡轮导向器上、下圆板实现。WZ-5

发动机的压气机采用了零级导叶可调, 在换算

相对转速为 0. 95时, 压气机零级导叶要复原,

用于油田, 简化了许多控制, 去掉了压气机零

级导叶可调, 该改装的发动机, 为模仿工程中

实际情况, 压气机零级导叶改为不可调, 整机

试车结果见表1。将上述结果换算成标准情况,

由图 1中 C曲线看出, 在n-1= 0. 95时, 其喘振

裕度与WZ-5发动机基本上一样, 在相对转速

0. 95以下, 其喘振裕度要小, 但足以满足油田

总工程配套需要。

由图 2可知, 在 n-1= 0. 95处, 输出轴功率

大约比原WZ-5增 220kW, 解决了原WZ-5发动机作为油田气体处理增压部分动力的功率不

足, 动力涡轮出口温度比原WZ-5发动机增加 40℃, 比原WJ5A-1发动机额定状态的规定值

低, 可见能足以保证发动机可靠地工作。
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has obtained w ith the ker osene coolant through an even-heated st raight tube, and relation be-

tw een the heat t ransfer co oling o f kerosene and w ater has been determined in the case of the

vapor-liquid tw o-phase bo il ing f low . The key pr oblem o f the kero sene used as coo lant is

“coking property”and instability o f w all temper ature. However, it does happen in some par-

ticular w orking condit ions, but the w orking conditions can be r egulated w ith an empirical for-

mula for the init ial point annular f low ZN to eliminate the coking zones. T he Several useful

conclusions have been draw n for the cooling passage o f turbine vane.

STUDY ON FLOW CHARACTERISTICS OF SEPARATED
IMPINGEMENT JETS AT SHORT DISTANCE

Kang Ying, Qiu Xuguang, Cao Yuzhang, Zhou Wei

( Beij ing University of Aeronaut ics and Astronaut ics)

ABSTRACT　　　　In convent ional pract ice a r ow o f separated circular jets is used in

turbine blade or vane for impingement cooling and the relativ e distance z n/ dn is ver y small

( z n/ dn≤2) . In this case, study on long itudinal uniformity of the cooling on the sur face of the

blade or vane is necessary . In our exper iments, the uniform ity of the velocity dist ribut ion at

large relat ive distance ( z n / dn> 10) is achiev ed by free jet in atmosphere, but the distr ibution

of jet velocity is rapidly uniformized when the jets srt ike against the target sur face and f low

along the surface. T he reason of the uniform ization is the turbulence m ixing and the ef fect o f

pr essure dif ference. T his w ork contributes to good under standing fo r uniform izat ion of cool-

ing on the surface o f the blade or v ane.

COMPARATIVE EXPERIMENTAL RESEARCH
ON SPRAY FIELDS OF HEAVY

AND CONVENTIONAL AVIATION KEROSENE
Wang Jian ( The 31th Research Inst itute)

Wang Jiahua ( Nanj ing Aeronautical Institute)

ABSTRACT　　　　Laser ho logr aphy w as used to measure the fuel spray characteris-

tics of heavy jet kerosene and convent ional aviation kerosene downst ream af ter a simple ori-

fice injector . T he spat ial dist ribut ion of droplet size and Sauter M ean Diameter s ( SM D) for

tw o kinds of kerosene have been obtained and compared. In this paper , the ef fects of air v e-

locity and pressure drop on the fuel spr ay field ar e considered. T he follow ing conclusions are

dr aw n from the exper imental data: 1. T he magnitude and dist ribut ion of droplet size are de-

term ined by the air velocity. 2. The SMD for the tw o fuels are, to some extent , related to

the fuel pr essure. 3. T he variat ion of the fuel pressure has less inf luence on the SM D of the

tw o fuels. 4. The empirical formulas are pro vided for evaluating the ef fects of the air v elo city

and the fuel pressur e on the SMD.

RESEARCH ON WZ-5 TURBOSHAFT ENGINE
WITH A REBUILT HIGH- TEMPERATURE TURBINE

Tian Wangnan (Nanhua Power Research Institute)

ABSTRACT　　　　A WZ-5 turboshaf t engine has been modif ied w ith a rebuilt high-

temperature tur bine as a g round pow er plant . T he eng ine can make full use of it s turbine inlet

temperature through varying areas of both gas generator tur bine and pow er turbine nozzles

and reduce the ro to r speed, thus a suf ficient surg e mar gin is prov ided and the output shaft
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pow er is enhanced. Therefore, the engine meets the requirements for long-t ime operation

w hen it serv es as a power plant in varied ground indust rial complex . T he pract ice of it s usage

has show n that the modif ied WZ- 5 is of considerable econom ic and social benefit s .

PRELIMINARY RESEARCH OF STEAM INJEETION
FOR WZ-5 AEROENGINE COMBUSTOR

Liu Gaoen and Wang Huaf ang
( Beij ing University of Aeronaut ics and Astronaut ics)

Qian Yanshen (Wuxi Gas Turbine Research Institute)

ABSTRACT　　　　The experimental invest igat ion has been carried out at atomospher-

ic test ing rig to determine the ef fect of steam injection on combust ion per formance. T he com-

bustor used in the experiment w as a modified WZ-5 annular combusto r in w hich tw o steam

inject ion sets w er e installed in the f ront and r ear parts respect ively. T he tested fuel w as

gaseous fuel w ith medium heat ing value. The results show that steam inject ion had no impact

on combust ion ef ficiency and ex it temper ature pat tern w hen the mass injection rat io ( steam

mass flow rate/ air flow rate) is less than 5% . The exit temperature pat ter n factor increases

and exceeds the acceptable value 0. 25 to 0. 30, as the steam mass inject ion rat io incr eases to

about 10% . In addit ion, the test results also show that the pr ocess of the f ront part injection

must be conducted smoothly, o therw ise ext inct ion of burning w ould occur .

EXPERIMENTAL INVISTIGATION

OF LOW BTU COAL GAS COMBUSTION
Xiao Tongfu and Chen Dongwang

(Nanhua Powerplant Research Institute)

ABSTRACT　　　　Experimental invest igat ion of an gas turbine combustor adapted to

coal gas w ith heat value over 2500kJ/ Nm 3 has been completed at al l oper ation condit ions.

Test results show that the conf iguration of the chamber head with double swirlers prov ides

high combust ion ef ficiency and w ide stable operat ion range w hen excess air coef ficient o f

head (∀1) is in the range of 0. 731 to 0. 925. Carbon monox ide em ission is conf ined w ithin the

requir ed limits.

PREDICTION OF LNG DENSITIES WITH PRINCIPLE

OF CORRESPONDING STATE OF SHAPE FACTOR
You Lixin (Nanj ing Aeronaut ical Institute)

Gu Anzhong ( Shanghai Jiaotong University)

ABSTRACT　　　　T he principle o f corresponding state of shape factor is applied to

pr edict ing the densit ies of LNG. For instance, methane is chosen as a reference fluid, high-

pr ecison equat ion of state and suitable binary interact ion parameters are adopted. The com-

parison betw een calculations and experiments show s that the numerical results ar e in good a-

greement with the experimental data, so the method presented meets the requirements of the

high-precision calculat ion for LNG densit ies, and it is also a success in prediction o f thermal

pr opert ies of cryo genic liquid m ixtures w ith the pr inciple o f corresponding state of shape

factor.
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