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ABSTRACT 

New similarity principles are introduced to facilitate the design of a new liquid propellant 
combustion chamber providing that data of a well designed motor is available. Deduction 

of these principles is based on the defining of six new factors and the numerical analysis of 
the droplet combustion data The investigated fuels are Hydrazine, Hydrazine Hydrate, 
Monomethyl Hydrazine, Unsymmetric Dinitthyl Hydrazine and Kerosene; with Nitric Acid as 
an Oxidizer. The dimensions of combustors burning each of the Hydrazine's fuels are related 
to the dimensions of combustors burning Kerosine of the same droplet size. A design 
procedure involving these principles is introduced to develop an existing motor or to change 
its fuel. 
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1.0 INTRODUCTION 

The design calculation of liquid propellant combustion chamber volume, length and diameter, 
has always been considered as a critical top confidential issue. The available literature, [1,23] 
introduced a preliminary design procedure for the combustor dimensions. This procedure 
depends mainly on what so called the propellant characteristic length, L., which can be 
obtained from experimental data. Its value varies in a wide range, (2 (L' ( 3 m) for the 
combustor burning hydrocarbons with Nitric acid, Barrer, [1]. This procedure ignores the fuel 
droplet size effect on the combustor dimensions. Consequently, it should be verified by a long 
and rigorous experimental work. Eventhough, the rough values of , L., are available for the 
hydrocarbon fuels but not for the modern more energetic fuels such as the hydrazine's family. 
Recently, deeper attention was paid to the combustion process. Consequently, the liquid 
propellant combustion chamber is divided into four consiquitive zones. These zones are 
atomization, vaporization, combustion and mixing zones. 
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Atomization Zone: When the propellant components. fuel and oxidizer, passes through the 
injectors; the propellant is atomized into clouds of tiny droplets. The size of these droplets 
depends on the pressure drop across the injef tors, physical properties of the propellant, 
configuration of the injector and pressure and temperature ahead and behind the injectors, 
[4, 5, 6]. 

Vaporization zone: The injected droplets absorb heat from the surroundings. The liquid 
droplets are vaporized forming gaseous pockets. The author [7] analyzed the vaporization 
process of a liquid droplet and introduced a mathematical model solving for the vaporization 

time. 

Burning Zone: In the liquid propellant coinoustors, the gaseous fuel pockets are usually 
surrounded by a group of oxidizer pockets (in the case of honey comp injector distribution, six 
oxidizer injectors are surrounding one fuel injector). The gaseous fuel diffuses outward while 
the gaseous oxidizer diffuses inward and hence their molecules•collide at a certain distance 
from the core of the fuel pocket. Upon collision, reaction takes place generating heat and 
forming a spherical surface of flame surrounding the fuel pocket. This surface is what so 

called the flame sheet surface. In the early fifties, Spalding, [8], studied the droplet 

combustion at normal pressure and orcliter-v temperature . In the late fifties, Spalding, [9], 
studied the droplet combustion at high pressure and temperature. Later on, Rosner, [10], and 
Dominicis, [11], individually modified Spalding model to suit the supercritical burning of 
bipropellant droplets. The author, [12], programmed this model into a versatile code solving 
for the flame sheet radius and the time of droplet combustion. By the end of the combustor, 
the whole fuel droplets should be completely burned. 

Mixing zone: At the end of the combustor and at the nozzle, the heterogeneous gaseous 
medium of combustion are mixed and reacted together forming a homogenous gaseous 
medium. The thrust of the rocket motor results from exhausting these gases from the exit 
section of the nozzle. 

It worth be mentioned that these four zones are not distinct but rather overlapped, and the 
burning zone covers the most of the combustion chamber length. 

The available codes solving for the atomization of liquid propellant and the vaporization and 
burning of bipropellant droplet can give evaluation of the combustor length. but, the 
combustor diameter remains without practi-:a: ,in2wer. It is still a design parameter which 
requires extensive experimental work any 	i rience. In the present work a fairly good 
answer to this problem is offered, provided that well designed motor burning a hydrocarbon 
and Nitric acid propellant is available. This is the case of many countries which has the 
technology of producing motors burning hydrocarbon fuels and looking for range extension 
by burning higher rate or more energetic propellant. 

2.0 THEORETICAL ANALYSIS 

Following the modified Spalding model. 1101, the maximum flame sheet radtu::, 

)mu 	
, can be expressed in terms of the fuel droplet mass, M, and density, p,of the fuel 

gaseous pocket as follows: 
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where rfl  is expressed as: 

rn  _ 	 
	 + Y 
vow. 
V f  Wf 
	0,0 

where v. , vf  are stoichiometric coefficients of the oxidizer and the fuel reaction respectively. 
w., wf are the molecular weight of the oxidizer and the fuel ,respectively. Y., mass fraction 
of the oxidizer far away from the flame sheet. It can be taken equal to 1.0. 

The time of burning, tb  ,of a fuel droplet is expressed as : 

Y3 Mfr 
rfl  

tb  	 (3) 41r(PD) 

where D is the binary diffusion coefficient 

YO,o, 

(2) 

D = 5.9543x10-6  (4) 

where 
T 	combustion chamber temperature. 
w., w, 	molecular weight of the species I, j respectively. 
P , 	combustion chamber pressure. 
o-b 	zero-energy collision diameter of species i with j , [rim] , 

ab= (a,-1-(0/2 
(spa; 	, zero-energy collision diameter of species i , j respectively, [nm] 

From equations (3) and (4), it can be seen that 
tb  oc  p1/3 

To deduce the similarity principles, the following six newly defined factors are introduced: 

The first factor G1  , is defined as the ratio of the maximum flame sheet cross-sectional area 
to the initial mass of the fuel droplet 

Gi — (6) 4 rap 

where r and p are the initial radius and density of the burning droplet, respectively. 

The second factor G2  , is defined as the ratio of the volume contained by the maximum flame 
sheet to the initial mass of the fuel droplet 

(5) 

3 (02.  
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The third factor G3  , is defined as the ratio of the maximum flame sheet radius to the initial 
radius of the fuel droplet. 

0 - 	max  
3   (8)  

The fourth factor G4  , is defined as the ratio of 0., of the investigated propellant to the value 

of 02.k  of a Kerosene droplet of the same size. 

G, 
(9)  

C1- 2.k 

The fifth factor G5  , is the ratio of time of burning tt,„ of a droplet of the investigated fuel to 

the burning time tbk  of a Kerosene droplet of the same size. 

t, 
Cr, = — 

t 

 (10) 

The sixth factor G6  , is the ratio of G,.1  ofthe investigated propellant to G uk  of a Kerosene 

droplet having the same diameter 

G 6  - 

3.0 CASE OF STUDY 

The code programmed by the Author, [12] solving for the droplet burning at supercritical 
conditions is implemented to compute the values of G, Cr, , 03, G, , G5  , and G, for droplets 
of sizes ranging from lOtim up to 100 µm The studied propellants are Hydrazine (N,H,) , 
Hydrazine Hydrate (N,,H, , 1-1„0 ), Monomethyl Hydrazine, MMH, ( CH3  NH NH, ) , 

Unsymmetric Dimethyl Hydrazine, UDMH, t (CH3)2  N NH, ) and Kerosene ( C101-1,0  )with 

Nitric acid ( HNO3 ) as an oxidant. For all propellants, the case of stoichiometric mixing ratios 
burning at a combustion pressure of 70 bar is investigated. The first four fuels, the 
Hydrazine's family, are chosen to represent the more energetic fuels, which is the aim of this 
work. While the fifth fuel is chosen as a well known and existing case. This known case is 
taken as a base for the comparison. The computed data of GI  ,02  , G3  , G5  versus the droplet 

size are presented in figures ( 1. 2, 3. and 4 ) respectively. The computed values of G3  , G, , 

G5  and G, are presented in table 1. 

Figure (1) shows that the smaller the droplet size is the larger the combustor area. Before; the 
author[12] , showed that the smaller the droplet size is the longer the combustor length. 

Figure (2) shows that the combustor volume per unit mass Of the burned droplet is a 
propellant constant regardless of the droplet size , and thus the combustor volume is lineally 
dependent on the fuel consumption. It means, if someone has to increase the thrust of a motir 
by increasing the fuel consumption of the same propellant, the combustor volume should be 

ax 	 (7) 
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increased by the same thrust ratio. Consequently; the cross-sectional area of the combustor is 
increased by the same thrust ratio, provided that the same droplet size is kept. 

Figure (3) shows that the ratios of the maximum flame sheet radius to the initial droplet 
radius, 03, are constants with regard to the droplet size. But, they are functions of the type of 
the propellant . 
Figure (4) shows that the values of G5  for different droplet sizes of the investigated 
propellants are constants with regard to the droplet size. But, they are functions of the type of 
the propellant . 

Table 1 Computed Values of G3  , G4  and G5  of The Investigated Propellants 
,_.. 

Propellant G3  G4  G5  G6  
Kerosene + Nitric Acid 4.298 1 1 1 
Hydrazine + Nitric Acid 3.972 0.6245 0.8515 0.6757 
Hydrazine Hydrate + Nitric Acid 3.980 0.6165 0.7064 0.6659 
Monomethyl Hydrazine + Nitric Acid 4.196 0.8475 0.6728 0.8679 
Unsymmetric Dimethyl Hydrazine + Nitric Acid 3.852 0.7135 0.8772 0.7958 

4.0 DESIGN PROCEDURE OF A LIQUID PROPELLANT COMBUSTOR BY 
SIMILARITY PRINCIPLES 

The present design procedure is related to a combustor similar to some known well designed 
motor. The motor is considered to be well designed if, among the other criteria, the intensity 
and the spatial distribution of the propellant sprayed droplets insures no intersection or even 
interference between the flame sheet surfaces of the burning droplets inside the combustor 
volume, [13, 14]. Also, the droplets residence time consequently, the combustor length allows 
complete burning of the fuel droplets inside the combustor, [15-18]. This means that the 
combustor has the minimum volume that secures efficient and stable burning. The following 
two cases can be solved using the similarity principles 

4.1 Development of an Existing Liquid Propellant Combustion Chamber Using the Same 
Propellant 

In this case, it is required to increase the thrust of an existing combustor with the same 
propellant 

Sequence of the calculation: 
1- Use the same injectors used in the existing motor with the same injector distribution. 

This will give the same droplet size and distribution pattern. 
2- The length of the new combustor L,, remains equal to the existing combustor length L,. 

L. = Le. 	 ( 12) 

3- The volume of the new combustor V. is calculated from the value of the existing 
combustor volume Ve. as: 
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V, — inn  V ,„ 	
( 3) 

Where the mass feeding rate, inn  , of the new motor is calculated from that of the 
existing combustor ibex  and the thrust ratio of the new to the existing combustor 
(Tr, / Tex) 

T„ 

	

mn  = mex
T 	 (14) 

4- Critical and exit areas A„, and A, of the new combustion chamber are calculated to 
keep the same combustion chamber and exit pressures of the existing combustion 
chamber as follows: 

A,„ 
A, tii,x  

In this case, the combustion chamber cooling will be more efficient. But the new feeding 
system should be calculated. 

4.2 Development of An Existing Combustor Burning Hydrocarbon Fuel to Burn More 
Energetic Propellant 

In this case, it is required to increase the thrust of an existing motor burning Hydrocarbon fuet 
by burning a more energetic propellant from the Hydrazine's family. 

Sequence of the calculation: 
1- Design new injector which sprays the same droplet size as that of the existing motor.  

Also, the same injector distribution is used. 

2- The length of the new combustor is: 

L„=G, 
where G, is that of the new propellant used. 

3- The volume of the new combustor is: 

V, = G 4  Vex  

Where G, is that of the new propellant used. 

4- The cross-sectional area, 	of the new combustor is: 

Vn 
An  = L  

(17 

(18 

(19'; 
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5- To keep the same combustion chamber and exit pressure, the critical and exit area are: 

C;, 
A cr,n = A cr,ex cex  (20) 

Where C 	C.„ are the characteristic speeds of the existing and the new propellant, 
respectively. 

Ae,„ r(k) 

 

k-I 	1 
1  .... Pe,n 	- ( 	

\ , 
Pe,n  k  . 

Pc,n / 	Pc,n 

A er,n  
2k 

k —1 

where k, r(k) ,pep  , pc,„ are the ratio of specific heats and a function of (k) of the 
propellant used, exit and combustion chamber pressure of the new motor. 

6- The thrust of the new to the existing motor is expressed as: 

Isp,n 
Tn = Tex 

Isp,ex (22) 

whereISP~ and Iv, is the specific impulse of the new and existing propellants 
respectively. 
In this case, both combustion chamber cooling and feeding system should be 
recalculated. 

7- If further more thrust increase is required, the propellant consumption rate has to be 
increased and the aforementioned sequence of case (4.1) is followed. 

5.0 CONCLUSION 

Analysis was performed on the droplet burning data of Hydrazine, Hydrazine Hydrate, 
Monomethyl Hydrazine, Unsytnmetric Dimethyl Hydrazine and Kerosene as fuel with Nitric 
acid as oxidizer. The results showed that the combustor volume per unit mass consumption 
rate of the fuel is constant depending on the type of the fuel regardless of the droplet size. On 
the other hand, the smaller the droplet size the larger is the combustor diameter and the shorter 
is the combustor length. The analysis showed also that the ratio of the maximum flame sheet 
radius to the initial droplet radius is constant with regard to the droplet size, but it is function 
of the propellant type. 
Comparison of the Hydrazine's family fuels to the Kerosene showed that for the same fuel 
consumption and droplet size, the ratios of the area and length of a combustor burning anyone 

(21) 
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of these investigated fuels are the same as that of a combustor burning Kerosene, whereas the 
volume ratio is constant regardless of the droplet size. 
These factors are implemented to facilitate the design procedure of new combustors if a well 
designed motor exists. 
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ABSTRACT 

In this paper a method for theoretical prediction of double spool turbojet engine acceleration 
characteristics is presented. The acceleration characteristics of the engine are investigated on 
the basis of its compressors' maps with different operational limitations. Therefore, a special 
effort is paid for the construction of the studied engine compressors' maps. Different 
acceleration paths are selected on the compressor map and the required acceleration 
characteristics are calculated for each path. A non-linear model ._of the studied engine ;s 
developed and linearized about five different equilibrium points along the equilibrium run line. 
The linearized engine model is used to obtain the transient behavior of the engine. A special 
attention is paid to the effect of using the hydraulic retarder for acceleration control. The 
acceleration characteristics of the engine, equipped with hydraulic retarder, are determined by 
using a simulation program. The simulation program is used to predict the effect of the 
hydraulic retarder constructional parameters on the engine acceleration characteristics. These 
constructional parameters could be tuned to reproduce the required acceleration characteristics 
of the engine. 

KEY WORDS 

Double spool, Turbojet engines, Compressor map, Acceleration, Control, Hydraulic retarder 

NOMENCLATURE 

A. 	Piston front area, ( m:  ). 
A n 	Exit nozzle area, ( m 2  ) 
A r 	Area of Restrictor, ( 	). 
B 	 Fuel Bulk's modulus, (N / 	) 
C, 	Discharge coefficient through restrictor 
C „ 	Specific heat at constant pressure of air. (J / kgK) 

* Researcher, Egyptian Air Force Research Center 
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C 	 Specific heat at constant pressure of exhaust, (J / kgK). 

	

f 	 Viscous friction coefficient, (Ns/m). 

	

G1. 	Fuel flow rate, (kg/s). 
High pressure rotor moment of inertia, (Nms2  ) 
Low pressure rotor moment of inertia, (Nms2  ) 

	

k, 	Equivalent stiffness of the gate valve spring and piston.spring, (N/m) 

K 	Adiabatic exponent of air. 
K Adiabatic exponent of exhaust. 

Adiabatic work of shaft, ( 7 ). 

	

L 	 Rotor shaft work, ( ). 

	

m 	Fluid (Air & Exhaust gases) mass flow rate, (kg/s). 

	

mr,„ 	Reduced mass of piston rod, gate valve and-their springs, (kg). 

	

M 	Rotor moment, (Nm). 

	

a1 	High pressure rotor number of revolution, (rpm). 

	

n, 	Low pressure rotor number of revolution, (rpm). 

	

p 	 Fuel pressure after restrictor, (N / 	) . 

	

p, 	Constant working pressure of fuel enter the hydraulic retarder, (N / 	). 

P Fhlid (Air & Exhaust gases) Pressure, (N / m2 ) . 

	

Q 	Fuel flow through restrictor, (m3  / s) . 

	

r 	 Radius of orifice a, (m) 

	

s 	 Laplace operator. 

	

t 	 time, (s). 

	

T 	Fluid (Air & Exhaust gases) Temperature, (K). 

✓ Volume of the chamber after restrictor, (m3  ) . 

	

x 	 Gate valve displacement, (m). 

	

y 	 Piston rod displacement, (in). 

	

z 	 Relative displacement between the gate valve and piston rod, (in) 
Efficiency. 

	

p 	 Fuel density, ( kg / m' ). 

	

„ 	Total pressure loss factor in combustion chamber.  

	

T. 	 Acceleration time, ( s ). 

	

AT 	Temperature deference, (K) 

	

11 	pressure ratio. 

Subscripts 

	

c 	 Total 

	

cal 	Calculated 

	

d 	 Design 

	

est 	Estimated 

	

k1 	High pressure compressor 

	

k2 	Low pressure compressor 
Mechanical 
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max : 	Maximum 
t 1 	High pressure turbine 
t2 	Low pressure turbine 
x 	High pressure compressor entry 
y 	High pressure turbine exit 
0 	Far upstream of the engine 
1 	Compressor face 
2 	Compressor exit 
3 	Turbine entry 
4 	Turbine exit 
5 	Nozzle exit 
co 	Restrictor 

Restrictor i 
ii 	 Restrictor ii 
iii 	Restrictor iii 

Superscripts 

Relative 

1- INTRODUCTION 

The determination of the gas turbine engine performance is an important task during the design 
phase, where the only available method is the theoretical one. Propulsive efficiency is probably 
the most important measure of an aircraft engine's performance. However, another important 
measure is the time required to accelerate the engine from one thrust level to another. Engine 
acceleration is one of the functions of the engine control system, and may be accomplished via 
open loop scheduling or closed loop control. The most difficult problem in the acceleration 
control of a turbine engine is the proper limitation of fuel flow to avoid compressor surge. 

On early engines, the fuel control was a simple "stop-cock" where the fuel flow was a direct 
function of the position of the pilot's throttle. On these engines, controlling fuel flow, to 
increase engine speed within imposed limits, was a task requiring considerable skill. Automatic 
acceleration devices permit rapid acceleration as possible within the given limitations without 
the pilot having to pay attention to the rate at which the throttle changes. If the engine state 
reaches the maximum permitted acceleration curve during acceleration, they act to reduce the 
fuel flow rate. 

There have been considerable efforts in developing dynamic models of gas turbines. D'Az::o 
and Houpis, 1960 [1] discussed the traditional single input-single output and frequency domain 
methods. These traditional methods employed such tools as Nyquist diagrams, Bode plots, 
Root locus plots. They obtained a linearized transfer function representation of the engine in 
the vicinity of one or more operating points for the family of nonlinear equations describing the 
physical system to be controlled. Shiviakov, 1970 [2] developed a linear model of two shaft 
turbojet engine. The governing differential equations of the system are generally found to be 
nonlinear and can be linearized about an operating point. In the situations where the system is 
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subjected to small perturbations, the linearized model can be used to synthesize stable linear 
controllers. Sevich and beadle, 1974 [3] considered the minimization of acceleration time for •J 

turbojet engine, using fuel flow and exit nozzle area as control variables. They used a quadratic 
performance index to approximate minimum time solutions. However, they used a nonlinear 
engine model, rather than a series of linear models. Zhang, et. al., 1990 [4] proposed a 
dynamic model of a twin spool turbojet engine with two inputs and two outputs. With the aid 
of linear quadratic regulator theory, an optical regulator for a twin variable control system is 
designed. The results showed that, in the condition of a state perturbation on the system, the 
transient performance of the system recovered to original state is more satisfactory 

In this paper, the required engine acceleration characteristics is accomplished by controlling the 
fuel flow using a hydraulic retarder which is an open loop automatic acceleration device which 
presents some time delay to insure that the operation of the engine during the acceleration 
process is in the allowable region. 

2- REGULATION METHODS OF THE STUDIED ENGINE 

For double spool turbojet engine with regulated exit nozzle, there are two regulatine, 
parameters fuel flow rate G, and exit nozzle area A„. The possible ways of regulation in this 
case are given as follows:[5] 

1- G, controls n, ; A„ controls n, ; 	T3  or T4  is limited by G. 
2- G, controls n., ; 	A r, controls n, 	or 1, is limited by G, 

The first distribution is more acceptable because the change of critical area of exit nozzle has 
a great influence on the low pressure rotor rotational speed n, . 

Figure 1 shows a block scheme of the regulation system of the studied engine which represent 
a system of two degree of freedom. The deviation of the speed n, from the required value 
could be corrected by controlling the fuel flow G, and the speed n7  is regulated by 
controlling the exit nozzle area A„ while the value of T3  should be limited by the fuel flow 
G, 

3- GAS TURBINE MODEL 

The model developed by Shiviakov [3] is that of a double spool turbojet engine, Fig. 2, where 
two compressors are connected to the turbine by concentric shafts. Considering the two shaft 
speeds and the temperatures in front of the high pressure turbine and after the low pressure 
turbine as outputs. The linearized model of the engine is obtained as follows (The equations 
describing the dynamics of the system are given in Appendix ): 

(a,s2 	 = (hos + 	+ (cos + (1)  
(a,s2  +a,s+a..„)n2 = (b.„s+ b3 )GT +(c,s+c,)A„ (2)  
(a,s2  + ais + a2 )T3,. = (b4s2  +1a,s+bo )Gi- +(c,,s+c,)A. (3)  
(a,s2  + a,s + a,)T4 	= (142  + b,,S+ b,)dr + (c5s2  + c.,s+cg )A. (4)  
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According to the law of regulation of the studied engine, the transient response of the jet 
engine could be described by the following transfer function, assuming constant surrounding 
conditions and fixed jet nozzle area. 

bOs + b I  (S) = 
a

0 
s

2 

 + als+ a2 Gf  
This transfer function is valid only in the neighborhood of the steady state operating point ; for 
grunt' variations of U't.  The nonlinear system equations representing the studied engine were 
linearized about five different equilibrium points. The values of the coefficients of the transfer 
function have different values for different pre-selected steady state equilibrium points. These 
values are calculated from the engine thermal cycle and the high pressure compressor 
characteristics for 1i1  = 0.8, 0.86, 0.9, 0.935, 1.001. 

             

    

2 replator 

       

             

             

             

         

       

11 2 
	• Tic 

       

D.S.T717. with 
variable A n  

     

     

     

         

             

             

             

    

111 Rcoliior 

       

           

           

             

             

             

    

Limiler of Tit 

       

             

             

             

Figure 1. Block scheme of the studied double spool turbojet engine regulation system 

0 a 	 2 	3 y 4 	56 

(5) 

Figure 2. Simplified scheme of double spool turbojet engine 
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4- CONSTRUCTION OF THE HIGH PRESSURE COMPRESSOR MAP 

As the engine components are given by their maps then it is important to get the engine 
component characteristics in order to enable the analysis and modeling of this engine . When 
dealing with the acceleration problem of the engine. It is important to predict the 
characteristics of the engine compressors . 

The compressor characteristics are given by 

fi
nalfT7 n  

11-1; )  
= k c 	kc  

n  
and 	= Tlk ( • 	P,, 
Where the compressor efficiency nk, is given by ; 

(n1/4,.((K-1)/K) 	1) 

Ti kc 	L. 	L, 

4.1 Determination of the High Pressure Compressor Characteristics 

The compressor characteristics of the studied engine are obtained by using the simplified 
method [6]. This method provides a means of obtaining the performance map of a new 
compressor from the results of previously designed compressor. It is based upon the 
correlation of data from several compressors, so it is possible to obtain a complete 
performance map from known compressor design conditions. There are three phases of the 
calculation procedure such that the integration of these phases results in a complete 
compressor performance map . 
1- Calculation of the points of maximum efficiency at each speed . The line of maximum 
efficiency is called the backbone of compressor map , and the values along this line are term,  d 

backbone values.  

2- Determination of the stall- limit line . The values along this line are referred to as stall limit 
values . 

3- Calculation of the points along the constant speed lines from stall limit to maximum flow . 

The high pressure compressor characteristics of the studied engine are calculated by Shafiek 

[9] and the results are plotted in Fig. 3. 

4.2 Determination of the Curves of Common Work 

The curves of common work are the curves drawn in 
representing the common work of all engine parts. 

Approximate method, [7], which gives good results for of 

the compressor characteristics and 
They are obtained by using he 

(-1—T
) 0.6 ( 	

[r„,1 ,„  

(6)  

(7)  

(8)  
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Assumptions; 

1- At the design conditions and around it , ( 	) 0.6( 	the turbine is choked . 
n, 

m.VT, 	mi/T3  ( 	) — ( 	)d  = constant 	 (9) c 	P3c 
2- The operating  regime in the combustion chamber changes a little . ie. the coefficient of 
conservation of total pressure in combustion chamber can be considered constant . 

(t oo  = constant 	 (10) 

Calculation Procedure; 

1- From the high pressure compressor characteristics , A value of 	ni  (  r_r:c..) is selected and 

.jT„e  

	

the corresponding  values of ( 	) is determined . 
Pxc 

2- For several values of 
T3 	

, calculate 
Xc  

II = 	1 	1 
(
m-,tr.c 
	) 

Tyc 
kc 	m 	 Fo‘c  

)d P3c  

(11 

Ric such that ; 

This equation represent a straight line passing  through the origin for each value of 
T3 	

The 
Xc 

previous steps are repeated for several values of ( 	) and the results are calculated by 
TXC 

Shafiek [9] and plotted in Fig. 4 

4.3 Determination of the Equilibrium Run of High Pressure Rotor 

The conditions of work of high pressure rotor in case  of double spool turbojet engine 
correspond fully to the conditions of work of single spool turbojet engine. Therefore, it is 
found better to determine the equilibrium run of high pressure rotor on the supposition that the 
characteristics of the high pressure compressor are known. [7] 

Assumptions 
For the basic regimes of work , The high and low pressure turbines are choked then;  

( 	( 	c 
3c 	 p 3c 

	

= constant 	 (12 , 

	

)d  = constant 	 (131 



From 

where 

Then 

°r 
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which it is valid that: 
AT „ 

II 	= 	 1  constant: 	 [ 	- 	( n
1 

1997 

"K  14"K 	= constant 

constant  

T3  
(--1-) T,,,,,  

[ 

(14  

(15, 

(16  

(17 

T3 

AT„,„ 	 AT„ 

C, 

AT,,,,
,- 	I 	(K -WK ) il m  — [ 	- ( — -)In I    = 

T, 	C, 	Ilti,,,. 
AT„ 	

1  C 	c 	- 	1 	 ""K )111,,,. TLC; [ 	( 	)"K  P 	
T-,,„ 	 11,,,, 	' 

Calculation procedure; 

n, in 	
T 

1-For arbitrary value of ( 	,) n the compressor characteristics, A values of (---
T

32 ) 	ar 
.,IT  v 	x,- 	 ,,,,, 

estimated and then for these values calculate , 
11,,,Lea 	 1  	lc -t /K 1 	T. 

- rl.C? [1  ( ri  )“ 	' 31 (-22-) T,,,, 	
L  III, 	 C  T 

2- For the same value of ( 	-) and from the compressor characteristics read the values or 
T 

AT„ 
P  

( 	mill, ) , [1 
 

k  ,,  

3- The mass flow rate through the turbine can be written in the form 
1.  

3c 	) 	
r 	I 	, T3  

For choked turbine, calculate (Ilk ,, L., for the estimated values of( 
- 	 TXc  

(18 

(19) 

( Ilk), 	= 
1 1 113-v T, 	T3, ( 	'  

mliT3  a P ) 11(  T ) 

(  	” P. 

(20) 

4-The value of Flu  read from the compressor characteristics and the calculated value 

L., are compared for each estimated value of 	such that A = (11 )ca) 

, 
For A=0, the corresponding value of AT 1'1' is determined. 



0.0000 

quwalent geed n1 % 

0.0016 0.0048 
0.0024 

0.0032 
0.004 

m•sqrt(Txc)/Pxc 

0.0064 
0.0056 	0.0072 

Proceedinga of the 7th  ASAT Conf. 13-15 May 1997 PR-3 I 449 I 

5- For each determined value of 6:Tk  from the previous step, calculate Let, such that: Txc 
ATia,  

Lek, = Cp  	 (21) T„,  

For the point of equilibrium rim, the results from step 1 and 6 should agree and the results are 
calculated by Shafiek [9] and plotted in Fig. 4. 

94.414(4 Board n I% 

(110%1 
1074 
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- --- 
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0.001 	 0.003 	 0.005 

m•sqn(740/Pxe 

Fig. 3 The high pressure compressor characteristics 
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Fig. 4 The high pressure compressor map 
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5- DETERMINATION OF THE ACCELERATION TIME 

In the region of the hydraulic retarder operation from n, = 80% to n, = n n,„„ the 
acceleration time could be determined from the compressor map as follows; 

nJ 	dm 
= 	= 

0.8.11, 	30 3.s.n, 	Mt, —Mk, 

where 
30mCpT, 

Mid = 	(flu, 
n111flu, 

30mC;,T3),  (1ti  (0.—K 'AK 1 )71  r,, 	11, 

74-111 

The calculation of this integration could be carried out according to the following procedure 

(1) Choose an acceleration path on the high pressure compressor map . 

(2) For the chosen acceleration path, the parameters m,I1,,c  , 	are determined for pre-- 

selected values of n, in the region 0.8 n,_ 5_ n, 5 tr and calculate the corresponding values 

of M,„ 
(3) For the same acceleration path, the parameters 	 are determined for the 

selected values of n, in the region 0.8 	n, 	and calculate the corresponding values 

of M. 

(4) At each selected value of n„ a corresponding value of '1.1Mtkl = M11 — Mk, is determined 

then. plot the [I / ( 	- M,„, - n, relation. 

`"-i- 	n.1, 
(5) calculate r„ = t 	1 = -- [ area under the curve j 

i.,„'_ 	30 

"'— 	-7J. '"— 	I 
T = t 	[An, 	 

o s•,, 	30 ,IY.n... 	MI I — 	' I 
(25) 

6-MODELING OF THE HYDRAULIC RETARDER 

Considering the principle scheme of the hydraulic retarder, Fig. 5, the following mathematica 
model could be deduce& neglecting the internal leakage and assuming constant fue 
temperature. 

Q,„ =C 
	 (26 

and 
	

M  1 = 

WK) 

(22)  

(23)  

(24)  
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(27) 

	 Qw• A w  

V•0 

Z`'IN*3A'k•\\\  
ks  ■.1;  )13;  
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Q = 	2— pi) 

A  2 
Pa) 

2 
Qii = cdiaArfii(z)11—Pi, 

Q. – Qi Vmdpo, =0 
B dt 

dy 	+ Apy dpi  
dt 	B 	dt 

Q,, —Q... Vu dp. 0  
B dt 

dy p,Ap  = m
rddt

y 
 f—+k,,q y 

dt 

= 0 

(28) 

(29)  

(30)  

(31)  

(32)  

(33)  

Aa 

rre – 	 –(r – z)V(2rz – z2 )] 	for r < z 2r 

for z 2r 
TUTSIM simulation program [8] is used to predict the system behavior when the gate valve 
displacement changes and to find the effect of constructional and operational parameters on the 
system performance.. 

Fig. 5 Principle scheme of hydraulic retarder 

The throttling area of the orifice A. (z) could be calculated by the following expression (where 
The orifice radius r = 0.45 mm) 

0 	 for 	z < 0 
z  – (r – z)V(2rz– z2 )] 	for 0 <z<_ r 

A.(z) = (34) 
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7- ANALYSIS OF RESULTS 
PR-3 452—  

Different acceleration paths, drawn in the high pressure compressor map, were selected and the 
corresponding acceleration time was evaluated for each path. The acceleration time, when 
accelerating the engine from it = 0.8 to 1 in the region of operation of the hydraulic retarder, 
given by the manufacturer should be in the range from 2.5 to 4.5 seconds. The tests on the 
engine test bed give an acceleration time of 3.4 seconds. ( n = n./nn. ) 

Figure 6, shows the corresponding acceleration characteristics for three of the pre-selected 
acceleration paths. These acceleration paths were selected, such that, the first one is too near 
to the surge line and gives an acceleration time just less than the minimum value of the 
recommended range given by the manufacturer, the third is too near to the equilibrium run line 
and gives the maximum acceleration time of the recommended range given by the 
manufacturer, and the second is one of the intermediate paths. The figure carries also the 
engine transient response of the studied engine to step increase in fixeL The engine step 
response was predicted on the basis of the transfer function (5). The study of this figure shows 
that the acceleration characteristics of the engine, without an automatic acceleration device, 
could not be accepted. The engine transient response is too fast even with respect to the 
acceleration characteristics of the first acceleration path which is too near to the surge line. 

1 .0 

0.95 

cr: 
:72 

0.9 

0.55 

z 

0.5 

00 
	1.0 	2.0 	3.0 	4.0 

	50 
Time (s) 

Figure 6. The engine transient response to step increase in fuel AG f with 
the required Ti (t) relation for the three selected acceleration paths 

Figure 7, shows the transient response of the hydraulic retarder to a step displacement x of 
magnitude 1 mm. The study of this figure shows that before the application of the step 
application in x , all of the parameters are constant. The step displacement x is applied at 
t = 0.5s The throttle area A. closes and the fuel flow Q becomes zero and the pressures 

p, & p,, are equaL The filel flows from the high pressure line of constant pressure p wo  to the 
servopiston chamber. The flow rate, and consequently the piston speed, are dictated by the two 
inlet restrictions. [Generally, the behavior of the hydraulic retarder is very sensitive to the 
variation of the inlet restriction areas. The increase in the inlet restriction areas may lead to 
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Time (s) 

05 2.5 
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excessive pressure in the servopiston chamber. In this case, the piston displaces continuously 
to its end position, and the hydraulic retarder is blocked]. The piston displaces, and the exit 
restriction area starts to open until reaching a new steady state position. 

0.0020 

0.0015 

0.0010 — 
G 

0.0005 - — — - Input displacement x 

Output displacement y 

0.0000 

0 3 

Figure 7. Transient response of piston rod displacement y to step increase of 
gate valve displacement x from 0 to 0.001 m applied at t = 0.5 s 

As shown in Fig. 7, the used hydraulic retarder presents a transient response Of 0.9 seconds. 
From the experience, on similar variable displacement pumps, the fuel pump settling time is less 
than 0.1 seconds. Therefore, in this study, the dynamics of the pump could be neglected with 
respect to the hydraulic retarder, and the engine control system could be represented by the 
following block diagram, Fig 8. 

x HR y Pump Gf  D.S. TJE 
bos + b, 

ans2 
± a ts+ a, 

Fig. 8 Block diagram of the studied engine equipped with hydraulic retarder 

The acceleration characteristics of the engine, equipped with hydraulic retarder, are evaluated 
by using TUTSIM simulation program. The results are given in Figures 9,10,11. The study of 
these figures shows that the required ii(t) relation which corresponds to the acceleration paths 
2&3, fig. 10,11, could be reached with acceptable precision by slight tuning of the hydraulic 
retarder constructional parameters. These parameters are the diameters of the throttling 
orifices, the spring stiffness and the piston area. The required n (t) relation which corresponds 
to the acceleration path 1, Fig. 9, is not acceptable. During the experimentation on the 
simulation program, no corresponding acceleration characteristics could be obtained for the 
studied hydraulic retarder. This result is of special importance. It shows that the used hydraulic 
retarder does not produce any acceleration path touching the surge line even with considerable 
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wear in its elements for the case that the pilot changes the throttle lever displacement to 
accelerate the engine from one thrust level to another in the region of operation of the 
hydraulic retarder. Another important result is the determination of the nearest acceleration 
path to the surge line which gives the minimum acceleration time, obtained by the developed 
model, and has acceptable acceleration characteristics, Fig. 10. 
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Figure 9 Comparison between the required El (t) relation and the one 
produced by hydraulic retarder for acceleration line case (1) 
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Figure 10 Comparison between the required n(t) relation and the one 
produced by hydraulic retarder for acceleration line case (2) 



n(t) produced by the hydraulic retarder 

— — — — Required n(t) relation 

Proceedinp of the 7th  ASAT Conf. 13-15 May 1997 PR-3 I 455 

1.00 

0.95 

0.90 

0.85 

0.80 

0.75 

0.70 

0 
	1.0 	2 	3.0 	4 

	50 

Time (s) 

Figure 11 Comparison between the required n (t) relation and the one 
produced by hydraulic retarder for acceleration line case (3) 

8- CONCLUSION 

In this paper, the static and dynamic characteristics of a double spool turbojet engine as well as 
the effect of using a hydraulic retarder as an automatic acceleration device on the engine 
acceleration characteristics were investigated. The following conclusions could be reached : 

1- The studied engine presents a non acceptable acceleration characteristics without using an 
acceleration control device. 

2- The implementation of a hydraulic retarder improved the acceleration characteristics of the 
engine. 

3- By proper tuning of the hydraulic retarder constructional parameters, the recommended 
engine acceleration path could be reproduced, and the engine presented an acceleration time 
corresponding to the recommended range given by the manufacturer. 

4- The minimum acceleration time is obtained by the developed model and the corresponding 
acceleration path which has acceptable acceleration characteristics is determined. 

5- In this case of study, the actual design of the studied hydraulic retarder does not produce 
any acceleration path touching the surge line, even with considerable wear in its elements. 
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10-APPENDIX 

From the principle scheme of double spool turbojet engine , assuming constant surrounding 
conditions . The following mathematical model of could be developed . 

dni 27c.1,— = M t, - Mu 	 dn-2 
27d2 — = Ma - Mk2 

dt 	 dt 
rik2, ((K-1)/K) 	 nti  ((K-1)/K) 

T 	 - 1 	 T 	 - 1 
"' =1+ ( 	' 	) 

T1 	1k2c 	 T‘c 

	

c 	 1 	 11 lac  

= mkl mk2 	 Mkt = Int1 

,,n  
Tvc  = 1 —  R1 —  iltic ((1-K )/K ) ) 

c  1 	 1.4c  = 1 —  R1 — 
 nt2,((l-K )/K ))11t2c  ] 

	

T3e 	
Tyc 

mt1 = m12 	 m12 = Inn 
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Grikrio, = mk  RCpT3, )— (CpT2, )] 

The parameters included in the previous system of equations could be expressed as follows: 

457 

Mt1 = Mtl(T3c  , Mt1,1112ntIc ) 
Mt2 = Mt2 (Tye  y 13;2  y112  nt2c  ) 

Mkl mki(mki,ni ,nki, Txc  

Mk2 = Mk2 (mk2,n2,11k2c 	, Plc) 

mkl = mk1(111,nkic TX•C P)CC ) 
mkt = mk2(n2,r1k2c 	, Pic ) 

nati =m11(P3c ,T3c )  

tn,2  = mt, (Py,  , Tyc  ) 

mn = mn(P4c  ,T4c  , A  ) 

13„e  

nk2c = D 
Ic  

P3c 
ntic  

Yc 
Pic  = (3"P2c 

13, 
_ -c 

"kic p 
xc  

= Yc 
''t2c  p4c 
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