THE UNIVERSITY OF MICHIGAN

INDUSTRY PROGRAM OF THE COLLEGE OF ENGINEERING

SIMULATION AND CONTROL OF TRANSIENT FLOW
IN THE DIESEL INJECTION SYSTEM

Mohamed Fathy E}—Erianv

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy in the
University of Michigan
Department of Mechanical Engineering

1972

April, 1972

IP-842



C g

v
AT A

S



To my wife and parents

ii



ACKNOWLEDGMENT

I would like to express my sincere appreciation to Professors
Jay A. Bolt and Benjamin E, Wylie, Co-Chairmen of my doctoral committee,
for suggesting this area of research, In particular, thanks are ex=-
tended to Professor Bolt for his inspiration, guidance and valuable
advice throughout my graduate studies, to Professor Wylie for his
inspiration, guidance and valuable suggestions provided in numerous
discussions of the mathematical simulation and control techniques;
to Professor Victor L. Streeter fof developing my initial interest
in studying transient flow problems and for his interest and coopera-
tion throughout the course of the study; and to Professors Milton A.
Chace and Robert B, Keller for their participation and cooperation.

I am also indebted to Professor N. Abdou Henein for his sin-
cere counsel during my undergraduate and graduate studies and for
developing my interest in the area of diesel engines.

The financial support of the U, S. Public Health Service,
and later the Environmental Protection Agency, is gratefully acknow=-
ledged. Without this support, this project could not have been com=-
pleted. The financial assistance of the Chevron Research Company in
making possible purchase of needed equipment is also acknowledged.

I would like also to express my gratitude to the Mechanical Engineering
Department and the International Center of the University of Michigan
for their support in the form of tuition scholarships during my
graduate studies.

I would further like to extend my thanks to Mr, Bela Petry,
Mr. Arthur Bauer and Mr. Sam Onyegegbu, graduvate students at the
University of Michigan for their able assistance during the course

iii



of this study. The help of technicians and machinists in the Automo-
tive Iaboratory is also gratefully acknowledged.

For assistance in the preparation of the manuscript, I grate-
fully acknowledge the help of Dr., Ismail Eldumiati and Mr. Richard
Winsor for their valuable comments while editing the manuscript.
Thanks are also due to Miss Ruth Howard for typing the original manu-~
script, and to the staff of the Industry Program and the Office of
Research Administration of the University of Michigan for final prepa-
ration and publication of the manuscript.

Particular thanks are also due to my wife Magda for her

patience and understanding.

iv



TABLE OF CONTENTS

Page
ACKNOWLEDGMENT eevecoeeeses sessesscsscsessssns cececccccnce eeee iii
LIST OF FIGURES veveveceees cececeenns cecosscsassoas ceeeeeens vii
LIST OF T%IJES ® & 9 * o 8 0 0 0 0 00 ® 0 9 8 0 0 0 0 ° 000 PO P PO P OO PO e e 00 e e o Xii
NOMENCIATURE +.vsw... e et eeeteceeae e eeeenaanas Ceeeieieaean .ooxiii
1. INTRODUCTION e¢eeceeoocccccosscoscocccssee cceccccccscces 1
1.1 Purpose and BaCKEroUNd ....eeeeceeececceececocosococe 1
1.2 Titerature REVIEW eeeseeeecocccsse ceeccenccsncans 2
1.3 Scope of Investigation ¢ve.eeecececenceccnoss e 9

II. TEST EQUIPMENT, INSTRUMENTATION AND EXPERIMENTAL
R—ESULTS ® 0 0. 0 0 0 O 00 00D OO PO OO QOO OP VOO PSR E e O e ll

2 l PurpOSe O:f-. The E)Cperiment LR N N N N BRI N IR R R I IR I R ll
2.2 General Description of the System ,......eeeeeeee 12
2.3 Instrumenta8tion «.uveeececeeseoeecescecscescconcans 18
2.4
2.5

.4 Experimental ProCEAUTES s.ececececceccrceccnccsns 26
. The Experimental Results .eevececececcons ceecans 29
2.5.1 The After-Injection SUIVEY ....eeeeococcss 30
III. BASIC EQUATIONS DESCRIBING THE DIESEL INJECTION
SYSTEM weeeenennn C e eeseseciataieeaateeeanns Ceeieneaa b7
3.1 The Injection System AnalysisS secececccccsccsccss L7
3.2 Basic ASSUMPLIONS 4ivesvescoscscorsssesscscssacns 48
3.3 The Theoretical Formulation of the Model ....... 50
3.3.1 Transient Flow in the Piping System .,,.. 51
3'3'2 The IrljeCtion Pu'rnp @coeo0e0 0000 cc0 0000 5'7
3'3’3 The Fuel Il’l,jeCtOI‘ R A R A A R I I N A ) coe 61
Iv. COMPARISON AND DISCUSSION OF THE SIMULATION AND

EIXPERIMTMJ RES[-]LTS ® 0 00 00 0 0000 0 090 0 ° 0 0000 s 00 65
4.1 The Solution TeChnigue seesscececscccsccccss covas 65

4,2 Experimental Data for Comparison with the
Simulation Program ReSULLS ceccccececcncccsscone 68
4,3 Comparison of Results and Discussion e..... oo T2
4,3,1 The Base PreSSUTE eeceeecccseccnccses ceee 8y
4.3.2 The Mass Continuity e00oepecessecncsscvoe 85
4.3.3 The Effect of Variable Wave Speed ececece 87
4.3.4 The Effect of Distributed Friction eesese 87
4,3.5 The Coefficient of Discharge <eceeeeccceccss a8
4.3,6 The Vapor PreSSUTe eeeceecescescsscsccsse 88



V. THE DESIGN CONTROL PARAMETER AND FORMULATION OF THE

DESIGN PROGRAM

N U1\
= W

PR

@0 0000 cc 00 s °

Introduction
Average Elastic Energy-The Control Paramecter .,...
Description of the Design Method on the Pipe
Characteristic Plane,,,..
Formulation and Solution of the Equations

Used in the Design Program,.....cceeeeeeeeeccces

5.4,1
5.4,2

5.4.3
5.4.4

Pump-Pipe Boundary

Injector-Pipe Boundary ...

Design Changes at the Pump

Accuracy of the Design Program ..

Equations and Method of Solution at
Interior Points
Equations and Method of Solution at

@0 00000000000 ces0c000c00000o0

Equations and Method of Solution at

Equations and Method of Solution of

VI. DESIGN PROGRAM RESULTS AND SIMULATION PROGRAM

VERIFICATIONS OF THE RESULTS

6.1 Introduction
6.2 Effect of the Average Elastic Energy Function

6.3
6.0

VII. SUMMARY AND CONCLUSIONS

REFERENCES

on the
6.2.1

6.2.2

e eo0ce0c e

System Transient Pressures

®eo 00000

Redesigned Spill Port Example

@00 c0 00 ees 0000000000000

Average Elastic Energy and the Control
Valve Example e----
Average Elastic Energy and the

LRCICAE BN A B B R N

Design Results and Verifications of the Control
Valve Example
Design Results and Verifications of the
Redesigned Spill Port Example -«.-.

o000

oo o000

vi

ee o000

e e0 000000

o0 ee0escee

89

89
91

95

102

102
105
106
110

114

118
118

118

118

122

126
130
145
149



Figure

10

11

12

13
14

15

16

17

LIST OF FIGURES

Title Page

Diesel Fuel Injection System Test Equipment -
GENEYaLl VIiEW ecovecececoccascssssassssososoccccsaaoss 13

Diesel Fuel Injection System Test Equipment -

Details of Pump, Pipe and Injector sue.ieeceeeess. 1k
Diesel Fuel Injection System Test Equipment -

Pump and Construction Details of Drive System... 15
Modified Injector and Its Instrumentation ....... 16
Schematic Representation of Diesel Injection

System and Points of Pressure Measurement ....... 17
Modified Pump Delivery Chamber seeeeceeeceecess .o 21
Transducer Holder for the Injection Pipe ILine... 22
Modified Injector Body and NOZZle .v.eeeeeseeecss 23

Sectional View of Connector and Nozzle
Modification Detaills eeceeeececeeocenseesacanness 24

Oscilloscope Record of Transient Pressure in the
Injection Chamber and the Calculation of Cy
from the TraCE seeeeeeseeescccscccecocoscnsss e 28

Secondary Injection Zone in a Speed, Fuel
DeliveryPlaneloooocu.ooonoooo-o---ooo ------ X 31

Variation of Flow Resistance Coefficient with
Injected Flow RatE@ecececcececcccocscocsscsocsons 33

After-Injection Zone in a Speed, Load Plane..... 35

Effect'of Load on Total Injection per Cycle for
Various PL]_IHP Speeds.00..'....l.-.cocoo-ooc.ooo-. 36

Effect of Pump Speed on Total Injection per
Cycle for Various Load ConditionSecieeeeeceeeesse 37

Effect of Load on Main Injection per Cycle for
Various PUMD SPEEdS ceeeeeecseeesoceenscaneens cee 39

Effect of Pump Speed on Main Injection per Cycle
for Various Load ConditionS.eeeeeeeeseeeesoeeses Lo

vii



LIST OF FIGURES (CONT'D)

Figure Title Page

18 Effect of Load on After-Injection per Cycle for

Various Pump SpeedSeeeececccececss tesessssenccnnne L3
19 Effect of Pump Speed on After-~Injection per Cycle

for Various Load ConditionSeceecssseeescccssscas . 4o
20 Effect of Load on Percent After~Injection for

Various Pump SpeedSesssccesss ceseans cesssscacenes Ly
21 Effect of Pump Speed on Percent After-Injection

for Various Load ConditionSeescescesscescasases .o 45
22 The Control Volume Used to Derive the Pipe

Equationseeeeeecess cecesccses cecececetcessenccres 52
23 Characteristics in X~t Plan€eccceccecocscooccscses 55
2L Sectional View of Injection PumpPe.sessseccesccccss 59
25 Sectional View of Injection NOZZle€ eeeseoesoocosss 62
26 Oscilloscope Records of Transient Phenomena

in the Diesel Injection SysStem eccecececcsceccosss 71
27 Pump Plunger Motion and Pump Port Areas; Rack

COIltI‘Ol Setting:o.509 in. e 0000000000000 73

28 Comparison of Injection System Hydraulic Char-
acteristics-Experimental and Computer Results,
800 RPM Pump Speed and 0.675 Rack Micrometer
(0.0818 1b. fuel injected/min.)..ceceeeecssccceaa 75

29 Comparison of Injection System Hydraulic Char-
acteristics-Experimental and Computer Results,
LOO RPM Pump Speed and 0.509 Rack Micrometer
(0.0968 1b fuel injected/min.) s:eeeeeeeececeeanns 76

30 Comparison of Injection System Hydraulic Char-
acteristics-Experimental and Computer Results,
800 RPM Pump Speed and 0.509 Rack Micrometer
(0.1910 1b. fuel injected/min.) cceeeeeeeconoacens 77

31 Comparison of Injection System Hydraulic Char-
acteristics~-kxperimental and Computer Results,
365 RPM Pump Speed and 0.608 Rack Micrometer
- (0.054 1b. fuel injected/min.)eececececeeeecenonns .o ‘18

viii



Figurc

32

33

3k

35

36

37

38

39

41

L2

3

Ly

LIST OF FIGURES (CONT'D)

Title

Comparison of Injection System Hydraulic Char-
acteristics-Experimental and Computer Results,
405 RPM Pump Speed and 0.339 Rack Micrometer
(0.1480 1b. fuel injected/min.) «veeeeeeennnnnnn.

Comparison of Injection System Hydraulic Char-
acteristics~-Experimental and Computer Results,
700 RPM Pump Speed and 0.426 Rack Micrometer
(0.216 1b. fuel injected/min.)e-.eceeeeeen.... coee

Comparison of Pressure in Pump Delivery Chamber,
Ixperimental and Computer Results for a Iarge
(90°) Portion of Cam Shaft Angle eeceveevn. ceeven

Sketch Showing the Method for Calculating the
Pipe Base Pressure euiveieeeeesseeessceonceoannns oo

Schematic Representation of System Used to
Calculate the Average Elastic Energy..c.eceeceeess

Transient Pressures and Average Elastic Energy
Versus Pump Cam Angle for Test No. 3 (Table III).

Injection System Performance on the Pipe x-t

Design Method on the Pipe x~-t Plane eseecececen. .

Schematic Representation of the Control Valve
POSition ecececsscececsonocone Ceesecccressaannc s

Simulation Check of Design Program Results
of Pump Delivery Chamber and Injector Transient
Pressures for Test No. 6 (Table IV) veveerneenns ..

Simulation Check of Design Program Results at
the Pump for Test No. 6 (Table IV) ............ ..

Injection System Variables versus Pump Cam Angle.
Effect of Timing the Average Elastic Energy Drop.
The Control Valve Example, Test No. 3 (Table III)

Injection System Variables versus Pump Cam Angle,
Effect of the Shape of the Average Elastic Energy
Drop. The Control Valve Example, Test No. 6

(Table IV) vevenons Cereeeceeans ceeaaas cereeeas ces

ix

Pagce

79

80

81

86

92

ok

97
99

111

115

116

120

121



Figure

L5

L6

L

48

L9

50

51

52

23

LIST OF FIGURES (CONT'D)

Title

Injection System Variables versus Pump Cam Angle.
Effect of the Rate of the Average Elastic Energy
Drop. The redesigned Spill Port Example, Test
No. 6 (Table IV) cevrernenrorneennenennnoneasenass

Injection System Variables versus Pump Cam Angle.
Effect of the Shape of the Average Elastic Energy
Drop. The Redesigned Spill Port Example, Test

No. 6 (Table TV) eeeeenenoeneccnanennnnnnannns ceos

Design Program Results of Injection System
Variables and Simulation Verification of these
Results. The Control Valve Example, Test No. 3
(Table TIT) seveverenceoeonnnnnannns e, ces

Design Program Results of Injection System
Variables and Simulation Verification of

these Results. The Control Valve Example,
Test No. 5 (Table IV) ......0.v.u... .

Design Program Results of Injection System
Variables and Simulation Verification of these
Results. The Control Valve Example, Test No. 6
(Table IV) coeeeeeerninrnanennnss ceeeeceneienas oo

Comparisons of Original Injection System Perfor-
mance and Design Program Results of the Modified
System. The Redesigned Spill Port Example,

Test No. 4 (Table IV)

Comparisons of Original Injection System Perfor-
mance and Design Program Results of the Modified
System. The Redesigned Spill Port Example,

Test No. 5 (Table IV) cererenenennrennenennanns ..

Comparisons of Original Injection System Perfor-
mance and Design Program Results of the Modified
System. The Redesigned Spill Port Example,

Test Now 6 (TaDhLe TV) euuiereerennnseeeennnnnnnnns
Simulation Program Results of the Modified
Injection System. The Redesigned Spill Port
Example, Test No. 4 (Table IV)eeeeeeierenennonan .

Simulation Program Results of the Modified
Injection System. The Redesigned Spill Port
Example, Test No. 5 (Table IV) ..... Ceeeeaea ceee

Page

124

127

128

129

132

133

134

136

137



LIST OF FIGURES (CONT'D)

Figure Title Page
55 " Simulation Program Results of the Modified
Injection System. The Redesigned Spill Port
Example, Test No. 6 (Table IV) vevevenrenennns ... 138
56 Comparisons of Injection Chamber Pressures of

Original and Modified Systems. The Redesigned
Spill Port Example, Test No. 4 (Table IV)........ 139

57 Comparisons of Injection Chamber Pressures of

Original and Modified Systems. The Redesigned

Spill Port Example, Test No. 5 (Table IV)e.... ee. 140
58 Comparisons of Injection Chamber Pressures of

Original and Modified Systems. The Redesigned
Spill Port Example, Test No. 6 (Table IV). ee+ee. 141

59 Comparisons of Injection Chamber Pressures of

Original and Modified Systems. The Redesigned
Spill Port Example, Test No. 6 (Table IV). ...... 143

xi



Table

II

I1T

VI

LIST OF TABLES

Title
General Dimensions of American Bosch APELB

mjection PIJIHP 'II'........Q......l....l.l.l....;

General Dimensions of ADB-~150S American

BosCh INJECLOr eeeeeecsscccocsccsoscssssnscsncacce

Resume of Testing Conditions Used to Compare

with the Simulation Program ecccececcccesccccacses

Resume of Testing Conditions Used to Compare
With the Simulation Program and Used to Study

the .A_ftel’—IIljectiOn Phenomenon @00 0000000000000 00

Comparison Between Theoretical and Experimental

Results for Data Presented in Table IITeececccscces

Comparison Between Theoretical and Experimental

Results for Data Presented in Table IVeeeooeoocoes

xii

19

19

69

70

82

83



INJ

NOMENCLATURE

Meaning
Pipe cross=-sectional area, or area of opening at orifice
Wave propagation velocity
Discharge coefficient

Time averaged flow resistance coefficient, defined in
Equation 2.1

Viscous friction coefficient for fuel leakage past the
needle

_As a subscript, refers to cylinder pressure into which

injection occurs

As a subscript, refers to control valve

Pipe diameter

As a subscript, refers to pump delivery chamber
Injection system average elastic energy

Force acting on needle or delivery valve
Friction coefficient at valve or needle
Darcy-Weisbach friction factor

As a subscript, refers to pump feed chamber
Acceleration of gravity

As a subscript, refers to the nozzle injection holes

As a subscript, refers to nozzle injection chamber

As a subscript, refers to equivalent pipe length of injector

volumes

a ratio; J=fAt/2DA

Bulk modulus of elasticity
Spring static force
Delivery pipe length

As a subscript, refers to nozzle lower chamber
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NOMENCLATURE (CONT'D)

Symbol Meaning

M A ratio; M=gA/ya

m Mass of valve or needle

N Pump cam shaft speed

n As a subscript, refers to injector needle

p Pressure

Dy Time averaged pressure over the injection period

p As a subscript, refers to pumping chamber

PUMP As a subscript, refers to equivalent pipe length of the
pump delivery chamber volume

Q Volumetric flow rate

T Spring stiffness

Re Reynolds number

3 Valve, needle or pump plunger displacement

t Time

TOT As a subscript, refers to total pipe length including

equivalent lengths of volumes at pump and injector

u As a subscript, refers to upper nozzle and delivery
chambers combined

\ Velocity

¥ volume of fluid enclosures in pump and injector

v As a subscript, refers to pump delivery valve

W Mass flow rate

W Weight of delivery valve or needle
W,Ws,Wd,

Wye oWy As subscripts, refer to positions in the x-t plane
X Distance

Xiv



NOMENCLATURE (CONT'D)

Symbol Meaning
X,X) X5 As subscripts, refer to positions in the x-t plane

Y,Yd,
Yi..Y5 As subscripts, refer to positions in the x-t plane

Z,Z7..Z5  As subscripts, refer to positions in the x-t plane

za As a subscript, refers to the instantaneous flow in the
delivery pipe line at the pump delivery chamber

Zs As a subscript, refers to the instantaneous flow in the
supply pipe at the pump feed chamber

Zu As a subscript, refers to the instantaneous flow in the
delivery pipe at the injector

Y Specific weight of fluid

Ap Frictional pressure drop

AV Volume change

JANY Characteristic method time step

JAYS) Injection period in degrees

e Pump cam angle in degrees

fo Pipe wall shear stress

® A time function representing the time rate of changc of
pressure in the concentrated volumes at the pump and
injector

Xv



I. INTRODUCTION

1.1 Purpose and Background

The injection system of a diesel engine is of critical impor-
tance since it has a major influence on the combustion of the engine.
This is especially true today in view of the air pollution problem,
and the fact that combustion characteristics limit the present uses
of the diesel engine.

The dieéel fuel injection system is an assembly of many com-
plex and intricate mechanical components, each with specific func-
tions. 1In addition to the behavior of individual components, the
interaction of these components has an important influence on the
ultimate operation of the system. However, the fundamentals of the
operating characteristics of some of the components and the inter-
actions between these components are not fully understood. Conse-
quently, much experimental trial-and-error development of injection
systems occurs among the diesel engine and equipment manufacturers.

The response of the fuel injection system is primarily depen-
dent upon the action of the pump and the pressure wave propagation
phenomena in the delivery pipe line. The pump action with its de-
livery chamber and valve is not independent of the injector and de-
livery pipe line, since a complete system interaction takes place.

One of the most persistent injection system problems is re-

lated to wave phenomena in the high pressure line between the pump
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and nozzle assembly of the most popular type of injection system.
These pressure waves commonly result in a secondary opening of the
fuel injection nozzle following the normal injection, which is refer-
red to as after-injection. This contributes to smoking of the engine.
This problem has been attacked in the past using experimental cut-and-
try procedures with limited success. However, within the past decade,
procedures have been developed which permit a design or synthesis
approach to transient flow problems.

This study is divided into two major phases. The first phase
deals with the formulation and solution of the transient flow problem
in the diesel injection system. It includes a comparison of the
analytical results with experimental data taken on actual test equip-
ment. The second phase is concerned with the investigation of an
analytical method to define means for control of the after-injection

phenomenon.

1.2 Literature Review

The common textbook approach,(l7’22) employed to simulate
this problem is based on the use of a simplified form of the equation
describing the wave mechanism in the supply and delivery lines.
These simple approximations bear little resemblence to the perform-
ance of the true hardware in either theory or operation since it ne-
glects many factors, including:

1. The change in geometry of fixed and moving parts.



2. The change in fluid properties.

3. The dynamics of moving parts.

4. The coefficient of flow variations through different

passages in the system.

5. The flow friction in the supply and delivery lines.

6. The possible opening of vapor cavities.

In the existing research work, a great variety ot both thcore-
tical and experimental procedures have been used to study the diesel
injection system. Prior to 1960, injection simulation studies were
limited by lengthy mathematical computations and graphical techniques.
They were only possible under many simplifying assumptions. This made
it impractical to apply theoretical simulation in the design stage
and led to experimental trial-and-error procedures.

One of the earliest significant contributions to fuel injec-
tion systems ic duc to Davis and Giffen,(g) 1931. Their discussion
includes many of the significant variables involved in the system,
namely: fluid compressibility, elastic deformation, pressure wave
propagation, fluid friction, and pump and nozzle characteristics, in-
cluding secondary injection. De Juhaszflo) 1937, used graphical
water hammer concepts to provide an analysis of a linear model of
typical simplified inJection systems, including the elements of the
pipeline, pump, nozzle, and a fluid volume. On the other hand, Giffen
and Row,(l3) 1939, theoretically solved the equations representing

the injection system, taking into account the effect of pressure
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waves in the delivery pipe and the capacity effects of the volumes
located in the pump and nozzle system. They placed the differential
equationgs in finite difference form and found an algebraic expression
for the solution. This method of solution was limited to simple in-
jection models because of the time required for mathematical solu-
tions.

Knight,(18) 1960, introduced a model for viscous friction and
cavitation in the delivery pipe and used the same model for the pump
and nozzle system described by Giffen and Row.(l3) His calculations
were performed using a digital computer.

Becchi,(u) 1962, used a model which comprised a detailed rep-
resentation of the injector and the pump, but he neglected friction
in the delivery pipe and had no provision for possible occurrence of
vapor cavities. He solved the system of differential equations by
an iterative method after writing them in finite difference form.

Brown and McCallion,(8) 1967, combined Becchi's detailed
representation of the pump and injector with a model that included
viscous friction and possible cavitation in the delivery pipe. They
also considered a detailed modeling of the delivery valve as des-
cribed by Stone(27) and solved the system of equations by another
iterative method.

The work of Walwijk, Van der Graaf, and Jansen, (30) 1069, is
also to be noted. Their experimental apparatus enabled them to

actually measure the motion of the delivery valve and injector



needle as well as the pressure in various locations in the system.
Particular attention was devoted to the motion of the delivery valve
in their simulation on a digital computer. A good correlation was
achieved between experimental and computed results.

Recently Becchi,(5) 1971, extended his model to allow for
variations in piping cross-sectional areas and possible opening of
vapor cavities. He also included the possibility of using a single
plunger distributor pump. Yamacka, Saito and Okazaki, (33) 1971,
simulated an injection system of the by-pass type where the fuel
spill is controlled by a by-pass valve located in the pump delivery
chamber, and not by the commonly used spill port.

Many factors are likely to affect the accuracy of the injec-
tion model and have been discussed by many investigators. The value
of the residual pressure in the delivery pipeline is important for
a meaningful comparison between the model and experimental results.
In addition, a treatment of vapor pressure in the delivery pipeline
is also needed for a complete model. Kreith and Eisentadt,(go) 1956,
and Lichtarowicz, Duggins and Markland,(gl) 1965, presented experi-
mental results of the variation of the coefficient of discharge over
a wide range of Reynolds number and length to diameter ratio. Giffen
and Row,(l3) 1939, cautioned of the danger of using coefficients 6f
discharge from the literature; They preferred to use experimentally
determined values for the particular nozzle under consideration.

The data of Gelalles,(12) 1931, in which he tested different nozzle
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configurations, showed that the coefficient of discharge, besides
depending on length to diameter ratio and Reynold's Number, is also
greatly dependent on the configuration of the reservoir leading to
the nozzle holes.

The stability and convergence of the analytical sélutions
are of prime importance. HEnrici,(l5) 1964, discussed three dif-
ferent methods of numerical solution of a system of differential
equations: 1) the iterative solution of simultaneous algebraic
equations, 2) the expansion methods (Taylor's method or Runge Kutta
method), and 3) the numerical integration methods. The first and
second methods require the use of very small time steps and a prior
knowledge of the size of the time step. The third method includes
the predictor-corrector method which offers the advantage of an ad-~
justable time increment, dependent upon a given error bound. This
particular advantage is of great value for reducing computation
time.

Experimental measurements of transient pressures, valve
movements, and transient discharges are of great importance in de-
scribing the injection system performance. The measurement of
pressure is possible by using piezo-quartz pressure transducers.
For the movement of valves, Bassi,(3) 1963, used a capacitive type
distance detector in measuring needle 1lift and a light source and

a photo cell to measure the relief valve movement.



The lonstantancous flow measurement is the most challenging
one. Ibrahim,(l6) 1964, used two methods of high-speed, mechani-
cally operated collectors. In a third method he measured the pres-
sure due to the injection in a filled volume with fuel, and deduced
the instantaneous flow by relating the pressure to the discharge
using the compressibility relation. He concluded that thé third
method is the best provided that a high frequency pressure pick up
is used and enough damping of the secondary oscillations in the
measuring volume is ensured. Komarof, Iwan, and Kurt,<l9) 1966, mea-
sured the distance trawvelled by'a piston in a cylinder full of fuel
due to the introduction of injected fuel. This method has the ad-
vantage of discharging in a constant pressure while the previous
method is discharging in a highly varying pressure. Bosch,(l6) 1966,
used a specially designed long tube to isolate one pressure pulse
and then related the intensity of the pulse to the instantaneous flow.

Considerable theoretical work has been conducted to control
the performance of hydraulic systems. Streeter and Wylie(29) used
the valve stroking technique for some large scale complex systems
and obtained good confirmation with experimental results. However,
little theoretical work has been done in the area of diesel injection
control. Most bf the work has been experimentally oriented to ob-
tain a desirable performance over a required range. Most often, the

system performance has been satisfactory for only a part of the range.
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A study by Bradbury,(7) 1950, showed that after-injection in-
variably occurred at conditions of simultaneous high engine speed and
load. In addition, his studies on the relation between the specific
fuel consumption and break-mean-effective-pressure indicated the need
for large injector holes to achieve large output, and that small holes
were more adequate for part-loads. He concluded that small holes are
preferred over the whole range if it is possible to eliminate after-
injection at high outputs. Furthermore, Mansfield,(gh) 1965, stated
that it is difficult if not impossible, for a pump to perform satis-
factorily on a heavy-duty engine under all conditions of speed and load,
and that the high rates of pressure change, which must occur in all in-
jection systems, lead to secondary injection.

Recently, Dolenc and Lees,(ll) 1968, and Lustgarten and
Dolenc,(23) 1969, used a pump plunger with a stepped helix which pro-
vided a throttling effect during the early part of the fuel spill per-
iod. Their experimental results showed that the modified system had a
better performance than the original one. This was evidenced by less
after-injection and reduced cavitational damage. Anders,(l) 1971, used
a variety of shapes of the pump plunger helix and pump spill port. BHe
recommended the decrease of the dynamic flow delivery during the spill
period through a better design of the plunger helix and the pump spill

port, by using aerodynamically contoured ducts and helices.



1.3 Scope of Investigation

The objective of this thesis is to conduct the following in-
vestigations:

1. A theoretical analysis on an actual Bosch type injection
system analyzing each component in terms of the basic
equations, and combining the analysis into a comprehen-
sive digital computer simulation.

2. Measurement of the transient pressures and flow data
taken on an actual injection system, and comparing
these data with the computer simulation results.

3. Studying an analytical method to define means for con-
trol of the after-injection phenomenon.

The experimental apparatus is described in Chapter II. This
includes a description of the construction details, instrumentation and
experimental procedures. Factors affecting the accuracy of the theo-
retical model are emphasized. These factors include the pipe residual
line pressure and the coefficient of discharge through the nozzle holes.
The results of an experimental survey of the after-injection phenomenon
are presented toward the end of Chapter II.

In Chapter III a theoretical model of the fuel injection sys-
tem is developed. A list of the assumptions used in the model is pre-
sented, and the importance of an adequate model is discussed. The

solution of the model is presented in Chapter IV. Experimental data is
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compared with results from the analytical model, and the important
factors affecting the accuracy of the comparisons are discussed.

A theoretical investigation of a design parameter to control
the after-injection phenomenon is given in Chapter V. This includes
the formulation of a design program which utilizes the average elas-
tic energy in the injection system as a controlling parameter. Two
examples are introduced to illustrate the usefulness of the design
program. The first deals with the elimination of after-injection
by adding a control valve in the pump delivery chamber. In the se-
cond example, the same goal is achieved by redesigning the pump
spill port. Results of both examples are presented in Chapter VI.
In this chapter the simulation program is used to check the results

obtained from the design program.



II. TEST EQUIPMENT, INSTRUMENTATION AND EXPERIMENTAL RESULTS

2,1 Purpose of the Experiment

There were several reasons for conducting experimental tests.
First, knowledge of some experimentally measured parameters is essen-
tial for an accurate determination of the theoretical system response.
Examples of these parameters are the system residual line pressure
and the flow coefficient of discharge through the nozzle holes.
Secondly, the computer simulation model results should be compared
with experimental data to check the validity of the assumptions and
techniques used in the study. A third reason is the need to study
the system performance, especially the undesirable phenomena of after-
injection and cavitation. The above reasons require a quantitative
determination of the time variant response of the predominant vari-
ables in the apparatus during a normal operating cycle.

The analytical simulation treats each component part in
greét detail. It is not practical to measure all the variables,
therefore, a satisfactory confirmation between the theory and ex-
periment is believed to be demonstrated if the theoretical results
agree with the experimental data using pre-selected variables. It
should be noted that these variables must be chosen to represent the
performance of the system adequately. In this study the experi-

mentally determined system response was identified by the transient

-11-
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pressures, measured at specific locations, and by an overall mea-
surement of the fuel input to the pump, the injected fuel and the

fuel leakages.

2.2 General Description of the System

A general view of the diesel injection test bench is shown
in Figure 1. This shows the injection pump mounted on a stand.

The pump was an American Bosch APE1B type and had a plunger diame-
ter of 10 mm. It was connected to the injector by a high pressure
pipe line 0.067 in. inside diameter, 0.25 in. outside diameter, and
36.4 in. long. The injector was an American Bosch ADB-150S type.
The pump drive system included a substantial flywheel to provide
uniform rotation and was driven by a variable speed dec motor. The
pump cam shaft speed was variable within the range of 100 rpm to
1000 rpm. The fuel rack was positioned by a micrometer that had a
travel of O to 1 inch, corresponding to maximum and minimum fuel de-
liVery, respectively, with a minimum graduation of 0.00L inch.
References (2) and (3) were very helpful in the design and construc-
tion of the test equipment.

A detailed view of the pump, pipe and injector system is
illustrated in Figure 2, while Figure 3 shows the pump and construc-
tion details of the drive system. Figure 4 displays the injector
with modifications to allow for its instrumentation. Figure » is

a schematic representation of the diesel injection system with the
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Figure 4. Modified Injector and Its Instrumentation.
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points of pressure measurement marked. The pump and injector general
dimensions are given in Table I and II, respectively. The pump de-
livery valve had an equivalent weight of .0l13 1lb.; the spring force
on the seated valve was equal to 11 lbs.; the spring stiffness was
equal to 40 lbs/in. The nozzle needle had an equivalent weight of
.02706 1b.; the spring force on the seated needle was equal to 86
lbs.; the spring séiffness was equal to 857 lbs/in. The needle
opening pressure was set under quasi-static conditions to 3000 l.b/in.2
for all test runs. The injector nozzle discharged into a pressure
region of one atmosphere. The fuel used in all tests was Standard
0il Company No. 2 diesel fuel, with a specific weight of .02986 lb/
in.3 at atmospheric pressure and 60°F, a boiling point of 450°F and
an API gravity of 39.5.

Most of the above dimensions and properties were measured
and compared with the manufacturer's specifications. The measured
values were used in most cases while the manufacturer's data were

used only in cases where it was impractical to make an accurate mea-

surcment .

2.3  Ingtrumentation

The fuel pressure was measured using AVL piezo-quartz pres-
sure transducers (type 7QP2500 a). The transducers were designed to
measure dynamic pressures up to 1500 atmospheres and were claimed to

be lincar in this range within one percent of the full scale deflec-

tion.
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TABLE I

GENERAL DIMENSIONS OF AMERICAN BOSCH APE1B INJECTION PUMP
Iength of supply duct = 23 inch
Diameter of supply duct = .234 inch
Volume of pump feed chamber (inlet gallery) = .7 in.3
Diameter of feed port = .107 in.

. A e o
Diameter of spill port = .119 in.
Maximum volume of pumping chamber = .0808 in.3

Diameter of delivery valve seat = .236 in.

Maximum volume of pump delivery chamber = .1637 in.J

TABLE II

GENERAL DIMENSIONS OF ADB-150S AMERICAN BOSCH INJECTOR
Volume of injector delivery chamber = .00772 in.3
No. of passages from delivery to nozzle upper chamber = 2
Iength of passages = .76 in.
Diameter of passages = .069 in.
Volume of nozzle upper chamber = .OO4485 in.3
Length of passage from upper to lower chamber = .925 in.
Inside diameter of passage = .80 in.
Outside diameter of passage = .198 in.
Volume of nozzle lower chamber = .00l in.3
Volume of injection chamber = .00L1 in.3
No. of injection holes = 4
Hole lengfh = .035 in.

Hole diameter = .012 in.
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Figure 5 shows the location of five pressure transducers
which were designed to measure the pressures at the following points:
the pump feed chamber, the pump delivery chamber, a location in the
high pressure pipe line near the injector, the nozzle upper chamber
and the injection chamber. The pump delivery ghamber was modified
to accommodate the pressure transducer, and the modification details
are shown in Figure 6. Figure 7 illustrates the details of the con-
nector used with pipe line transducer. The injector body and nozzle
were modified to house transducers No. 4 and No. 5. The details of
these modifications are given in Figure 8. To accommodate transducer
No. 4, the injector body and its nozzle retaining nut were modified,
and an injector retainer was added. To house transducer No. 5, the
nozzle tip was modified and a cap was added as shown in Figures 8
and 9. The addition of transducer No. 4 added a volume of less than
three percent to the nozzle upper chamber volume, and the addition
of transducer No. 5 added a volume of less than 10 percent to the
nozzle injection chamber. These volume additions were considered
tolerable in view of the great accuracy in measuring the pressure in
these very small volumes.

It was necessary to add a static pressure transducer to
establish a reference pressure. This was needed since piezo-quartz
transducers are of dynamic nature (measure pressure change only).
This was especially important to measure the residual pipe line pres-

sure between successive injections, commonly called the base pressure.
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! .———Nozzle Body

+——Nozzle Spray Holes (4)

Transducer Connector

JTronsducer #5

Wipure 9. beetional View of Connector and Nozzle Modificabtion
Details.




The static pressure transducer was of the strain gauge-type. It
was constructed and inserted in the pipe line directly above the
pump delivery chamber. This was done by reducing the pipe thick-
ness through a one inch long section to .016 in. and measuring the
circumferential strain on the outside diameter using four strain
gauges connected in a four-arm bridge circuit. Some difficulties
were encountered as a result of vibration and outside interference
on the strain gauge circuit. This was overcome through building
an outside structure to envelope the reduced section, and act as

a vibration damper. All the pressure transducers were statically
calibrated using a dead weight tester.

The pump speed was measured using a Hewlett-Packard elec-
tronic counter, Type 512A. The cam angles were recorded every
three degrees using a disc with 120 equally spaced holes mounted
on the flywheel and an electromagnetic pick up (type 3010-AN madc
by Electro-Mation Co.). Figure 3 shows somc details of Lhe cam
angle measuring technique. A Tektronic 502A type dual beam oscillo-
scope fitted with a polaroid camers was used to record the pressure
traces and the cam angle position.

The net fuel flow to the pump was measured using a meter-
ing stand made by Waukesha Motor Co. (left side of Figure 1) which
consisted of & balance, a relay system and an electric clock. The
fuel actually injected was collected and weighed, and the differ-

ence between the two measurements gave the overall system leakage.
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2.4  Experimental Procedures

This section deals with two basic objectives. One is the
measurement of parameters needed for the solution of the theoreti-
cal model of the injection system, namely, the residual pressure in
the pipe line and the flow resistance through the nozzle holes.

The other objective is to collect experimental data to compare with
the theoretical model results.

The residual pressure in the pipe line was measured during
each experiment by recording a dual trace representing the pressure
from the strain gauge transducer together with the reference zero
pressure. At the beginning and the end of each experiment, great
care was taken to ensure that the bridge circuit was balanced and
the zero reference line did not shift.

The average flow resistance coefficient through the nozzle

holes Cy was defined as:

Cy = (Cq x At | (2.1)

where Cg  is the commonly known coefficient of discharge (ratio of
actual. measured flow to theoretical flow neglecting friction), Ay,
is the area of the nozzle holes, and the subscript t refers to
averaging over the injection period. This definition simplifies
the experimental procedure, since it requires the measurement of
one parameter Cg instead of measuring both C3 and Ay . This

is of special value if the area of the injection holes during
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running conditions is in doubt. Figure 10 shows the details of the
average flow resistance coefficient measurement. First the begin-
ning and end of the injection period were defined with the differ-
ence in degrees being the injection period Ae . Then the injection
chamber pressure trace was averaged during this injection period

using the relation:
JAY®)

[p;de
0 1

—— (2.2)

(Pi)t =

where p; 1is the instantaneous pressure in the injection chamber
in lb/in.2 and (pi)t is the average pressure in lb/in.e. Finally
the average flow resistance coefficient, in in.2, was calculated
using the equation:

Cy = L (2.3)
(2a/r) % ((2,), - 2 )° aefém)

where W is the injected mass flow rate in lbm/sec., g is the
acceleration of gravity in in./sec.e, v 1is the fuel specific
weight in lbm/in.s, Pe 1is the pressure into which injection
occurs, in psi, and N is the pump cam shaft speed in rpm.

For comparison with the theoretical model results, pres-
sure traces from transducer No. 1 through No. 5 were recorded on
the dual-beam oscilloscope. The upper beam showed the output of
a particular transducer and the lower beam showed the cam angle
position. The data collected included pictures of a complete

cycle for each pressure transducer. Portions of the cycle during
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which injection occurs were magnified to ease the data reduétion
process. During the pressure recording period the net fuel flow
to the pump was measured and the net‘mass of the fuel injected was
weighed. These two measurements were repeated several times dur-
ing the course of running. The room and the injected fuel tempera-
tures were also recorded. Usually the injected fuel had a higher
temperature (around 120°F) due to viscous friction.

Several steps were necessary in processing the data. These
included averaging the flows over the whole period of running, the
calculation of the overall fuel leakage and the tabulation of pres-
sures from each pressure trace. These tabular pressures were used

for graphic representation of the results shown in this study.

2.5 The Experimental Results

The experimental data collected in this study can be divided
into three parts. The first is data of running conditions needed
for the purpose of comparisons between the experiment and the com-
puter model. The second is data of running conditions needed for
the theoretical study of the after-injection phenomenon and means
of eliminating it. This data was used also for comparisons between
the experiment and the computer model, and is presented together
with the first data in Chapter IV. The third set of data which is
presented in this chapter is the data needed for an experimental

study of the injection system running under after-injection conditions.
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2.5.1 The After-Injection Survey

Bradbury(7) gave a region on the speed-fuel delivery plane,
Figure 11, in which after-injection occurs and outside of which it
does not occur. In his description of Figure 11 he defined point
X as the system design point. An increase in either fuel injected,
or operating pressures due to increased pump speed results in
after-injection. The after-injection is primarily cuased bj occur-
rences at the pump, specifically with the manner in which the fuel
i1s spilled ncar the end of the injection cycle. The lower limit
line PAC results from a high spill rate due to the spill point be-
ing on the fast part of the cam. For high fuel deliveries, on the
other hand, spilling occurs more toward the end of the cam 1ift
(where the cam velocity is low). This results in a low spill rate,
which in turn neutralizes the high pressures in the region above
PBD. Bradbury also mentioned that line PBD will be vertical for
pumps with constant cam speed near the end of the plunger 1ift.
In addition the after-injection zone may be bodily moved to the
right by increasing the area of the nozzle injection holes, or to
the left by a partially plugged nozzle.

he previous digscussion is of special value for the theo-
retical investigation of after—injectibn. It points to the impor-
tant factors controlling this undesirable phenomenon. The injec-
tion system performance was therefore surveyed to identify the

tollowing Lwo points:
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1. The region of operation in which after-injection is

certain to occur.

2. The magnitude of the after-injection problem.

In order to simulate after-injection conditions, the injection sys-
tem described in Section 2.2 was tested with the injection holes
partially blocked to reduce the injection area to about 2/3 of the
original one. This condition commonly occurs in diesel engines
after short periods of operation, usually due to carbon blocking
of the injection holes.

The injection system was tested under a wide range of
operating conditions. The pump cam speed was varied from 100 rpm
to 1000 rpm with an increment of 100 rpm and the rack micrometer
was varied from a condition representing 20 percent of maximum
fuel delivery to a condition representing 80 percent of maximum
fuel delivery, with an increment of 10 percent. Extremely high
speed and high load conditions were not tested due to a fuel leak-
age problem around the injection chamber pressure transducer.
Pressure measurements were taken in the pump delivery, injector
upper and injection chambers. 'In addition the fuel flow to the
pump and the total injected fuel were measured.

The average flow resistance coefficient through the nozzle
holes was calculated in a manner similar to that described in
Section 2.4. TFigure 12 shows that the measured average flow re-

sistance coefficient varied within + 5 percent of .19 x 1073 in.2.
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This variation i1s within the tolerance of the experimental measure-
ment. Therefore, it is reasonable to conclude that the average
flow resistance coefficient is constant under all test conditions.

Figure 13 shows the after-injection zone. The differences
between Figure 13 and Figure 1l are due to the difference in nozzle
injection areas, and because the pump used in the test rig had a
constant cam speed near the end of the pumping stroke.

The relation between the total injection and the load is
linear and is shown in Figure 14. FEach trace on the figure repre-
sents a constant speed line. The slight differences between these
lines are mainly due to a change in fuel leakage and throttling
effect at the pump ports. High speed tests are characterized by
short interval cycles; this results in lower fuel leakage and con-
sequently higher total injection, when compared with lower speed
tests. Figure 15 shows the effect of the pump speed on the total
amount of fuel injected for various load conditions. The speed has
little effect on the total amount of fuel injected per cycle. At
low loads, an increase of speed results in a slight increase in
the total amount of fuel injected per cycle. On the other hand,
at high loads, an increase in speed results in a slight decrease
in the total amount of fuel injected per cycle, due to the fact
that more fuel is dumped at the spill port. This effect is more

important at high loads than leakage.
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The amount of main injection is defined as the fuel in-
jected during the first part of the cycle between the first nozzle
needle opening and its first closing. The effect of load on the
main injection/cycle is shown in Figure 16. Again each trace rep-
resents a constant speed test. At a fixed load, the lower the
speed the higher the main injection. This is due to the fact that
more after-injection occurs at high speeds, while the total injec-
tion is constant. In addition, Figure 17 displays the main injec-
tion as a function of pump speed for various load conditions. At
low loads, there is very slight effect of speed on the main injec-
tion due to the fact that after-injection does not occur at these
loads. This is contrasted with high load conditions where after-
injection increases with increased speed and results in lower main
injection.

The amount of after-injection is defined as the quantity
of fuel injected after the main injection ends. Figure 18 shows
the effect of load on the amount of fuel after-injected per cycle.
It is seen from the lines of constant speed that after injection
starts earlier as the speed increases. In addition, the rate of
change of after-injection is smaller for lower speeds. In Figure
19 the data shown in Figure 18 is redrawn to show the effect of
speed on the after-injection per cycle. At constant micrometer
setting after-injection starts at a certain speed, after which it

increases rapidly with speed. Finally, the rate of after-injection
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levels off at higher pump speeds. Figures 20 and 21 show the per-
centage of the after-injected fuel with respect to the total in-
Jection as a function of load and speed. Thirty-five percent of
the total fuel was after-injected as a result of combining high
speed and load conditions. Both figures show that the rate of in-
crease of after injection decreases with increasing load at con-
stant speed or increasing speed at constant load. This is mainly
due to the fact that at constant speed, the total injection in-
creases at higher rates with respect to changes in load than the
after-injection. On the other hand at cpnstant loads, the total
injection is essentially independent of speed, while the after
injection tends to go to a constant value only at high speeds.

The above survey of a diesel injection system indicates
that many hydraulic limitations affect the performance of the sys-
tem as a result of after-injection. These limitations and their
effects are:

l. Injection systems are usually designed fo operate at
fuel deliveries and injection pressures considerably
below their full capacities in order to avoid after-
injection. These low injection pressures limit fuel
atomization and penetration in the combustion chamber.

2., The optimum design point of injection systems is lo-
cated critically close to the after-injection zone.

Any accumulation of carbon or fuel impurities on the
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nozzle holes changes the system performance drasti-
cally and will introduce large amounts of after-
injection. This results in a need for frequent ser-
vicing of the injection system.

From the above discussion it appears that the need is very
urgent for a theoretical design approach that could eliminate after-
injection by means other than increasing the nozzle injection area
or rceducing the maximum cycle pressure. The analytical method used
in a dcegsign approach to eliminate after-injection by changing some
of the system time varying properties is presented in Chapters V

and VI.



ITT. BASIC EQUATIONS DESCRIBING THE DIESEL INJECTION SYSTEM

3.1 The Injection System Analysis

Until recently injection system design and modifications
have been based on experimental trigl-and-error methods. Experi-
mental methods used to control some of the undesirable phenomena
(after-injection and cavitation) that happen during the injection
process are tedious, expensive and frustrating.

From the basic equations describing the fuel injection
system, a computer model could be developed which would lessen the
effort, time and expense of development work. The computer model
could also be used as the basis for a design approach. The relia-
bility of the design approach is dependent upon the accuracy of the
computer simulation program. The basic assumptions underlying the
simulation program should be fully understood and analyzed. The
validity of such assumptions will be indicated by the correlation
between the experimental data and the computer model results.

The diesel fuel injection system comprises four major com-
ponents, namely: the fuel supply line, the pump, the delivery pipe
line and the injector. It should be emphasized that the performance
of each of these components depends on the other, i.e., a total sys-
tem interaction takes place. Therefore, the equations describing

the whole system should be solved in a simultaneous manner.

-h?—
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3.2 Basic Assumptions

The assumptions underlying the formulation of the injection

system equations are:

a. The flow passages (supply line, chambers, etc.) were
considered to be completely rigid. ZElastic deforma-
tions of the different component parts of the system
due to action of the fluid pressure are negligible.
The error in the wave velocity as a result of neglect-
ing pipe line deformation for the line defined earlier
was found to be less than 0.5 percent for the maximum
pressure variation (12,000 psi).

b. The effect of temperature and pressure on the fluid
density and bulk modulus of elasticity, together with
the effect of temperature on the fluid kinematic
viscosity have been taken into account. References
25 and 31 were helpful toward the determination of
those properties.

c. Flulid compressibility was introduced through the use
of a pressure dependent bulk modulus of elasticity.
This ylelded a pressure dependent wave propagation
velocity that is a function of fluid compressibility
only.

d. TFrictional effects were evaluated by considering the

loss during unsteady flow to be the same as the loss



tor steady flow with the same velocity and luid
property. A friction-factor-resistancé formulation
was used wherein the friction factor f is a func-
tion of the Reynolds number Re. For the laminar
range (Re < 2000), Hagen-Poiseuille's equation
gives:<28)

£ | (3-1)

For the turbulent range and transition zone
(Re > 2000), the Blasius equation for smooth pipes

.(28)

gives:

0.316
f = 3.2
#el (3.2)

The frictional pressure drop was calculated using

(28)

the formula,
8yL 2 ;
A = f .'
Y (ﬂéDSg) Q (3.3)

where Ap is the frictional pressure drop, y is the
fluid specific weight, L is the pipe length, D is the
pipe diameter and Q 1is the rate of flow in the pipe.
A one-dimensional distributed parameter unsteady model
was used to describe the flow in the fuel pipe lines.
This implies that the parameters of system elasticity,
inertia and frictional losses are distributed along

the pipe length.
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f. Whenever the pressure at any section on the pipe line
tended to drop below vapor pressure it was maintained
at vapor pressure and the formation of a vapor cavity
was assumed. The vapor cavity was permitted to grow
and collapse in accordance with the dynamic equations
and a local mass continuity balance.

g. The flow through the orifices was assumed to be non-
cavitating. Effects of fluid compressibility were
neglected along the orifice length. Orifice discharge
coefficients were based on steady-state data. Refer-
ences 14, 20 and 21 were used to give the coefficients
of discharge as a function of length over diameter

ratio and Reynolds number.

3.3 The Theoretical Formulation of the Model

The equations which describe the dynamic response of the
diesel injection system include four effects, namely: compressi-
bility of elastic volumes, flow through orifices and passages,
dynamics of the moving parts and transient flow in the piping sys-
tem. These equations are grouped in three categories as follows:
the pipe lines (supply line and the high pressure delivery line),

the pump and the injector.
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3.3.1 Transient Flow in the Piping System

Figure 22a shows the controi volume used in the derivation
of the continuity equation. The net mass inflow through the control
volume boundaries must equal the rate of increase of mass inside the

control volume. This can be written in the following form:

3]
yAV - [yAV + S(7AV) dx] = jL(yASx) (3.4)
ox ot
where:
A = pipe cross sectional area in in.2
V = fluid velocity in in./sec.
8x = incremental length of control volume

and x, t are the independent variables of distance and time, re-
spectively.

Equation (3.4) can be expressed in the following form:(29)

gﬁ +5§—§§= 0 (3.5)
where :
p = the fluild pressure in lb/in.2
and a 1s the wave propagation velocity in the fluid which is given
by:
a = Ngk/y (3.6)
where KX is the fluid bulk modulus of elasticity - lb/in.2
Figure 22b shows the control volume used for the equation
of motion. The acting forces are the pressure and frictional forces.

The force due to the deformation of the piping material and the
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gravitational force are neglected due to their very small values
compared to the pressure force. Therefore, the equation of motion

can be written as:

O (pA A av
on - (o + B ) - rp o = 28 g I (3.7)

The following common expression for the steady state shear stress

To 1is used:<28)

£ V|V
T, = (3.8)
where
V = the fluid velocity.

Then Equation (3.7) can be expanded in the following form: (29)

99 ,gAdp , f _
5%t %t Qlal =0 (3.9)

The absolute value of @ and V are introduced to maintain the
correct direction of the shear stress with respect to the direction
of motion. In the derivation of Equations (3.5) and (3.9) the con-
vective acceleration terms are dropped because their values are very
small compared to the other terms considered.

Equations (3.5) and (3.9) are partial differential equa-
tions with x and t as the indepéndent variables, and p and Q
as the dependent ones. These two equations are converted into four
ordinary differential equations by use of the method of character-

2
istics.( 9) These ordinary differential equations can be transformed
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into four algebraic equations by the use of a first-order finite

difference approximation method which results in:

bty | Qy
2DA

Q - Q * ;g—wiw-(pz-pw) + =0 (3.10)
Xy - Xy = el (3.11)
£A6Qy | Qyl
- Q- BA (o A Y
Qz - Qy 7YaY(Pz Py) + oA =0 (3.12)
Xy = Xy = -ayQt (3.13)

where At is the time increment. The pipe is divided into fixed
equally spaced sections of length Ax each, and the subscripts W,
Y and 2 refer to positions in the x-t plane, as shown in Figure
23. Tt should be noted that Equation (3.10) is valid only along
the forward characteristic line, W-Z, as described by Equation
(3.11), while Egquation (3.12) is valid only along the receding
characteristic line, YZ, as described by Equation (3.13). For
stability rcasons it is necessary that the grid spacing Ax must
be preater than or equal to the product of the wave speed a and
the time increment At .

In general the analysis of any pipe line begins with known
conditions of pressure and discharge at time t=ty . Then the trans-
ient pressures and discharges are calculated for time t, + At at
the cqually spaced sections which are separated by the grid spacing

Ax. By consildering a pressure dependent wave speed, the slopes of
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the characteristic lines W-Z and Y-Z are dependent on the value of
the wave speeds at the points W and Y, respectively. In Figure
23, point W may be located at any place between A and C.
Therefore, an interpolation between the known points A and C is
required to find the conditions at point W. A similar interpola-
tion is required at Y. In order to reduce errors resulting from
interpolation, a variable time increment is helpful. The choice
ol the time increment, at a certain instant, is based on the maxi-
mum wave speed along the pipe line. As a result, the time incre-
ment may vary from one time to another.

In Figure 23 consider that the pressure and discharge are
known at each grid intersection along the horizontal line t = 1.
The new valucs of pressure and discharge are calculated at a point
%, by solving Equations (3.11) and (3.12). This procedure is valid
Tor all interior points. At x=0, the C line is used together
with the ¢quations describing the boundary condition at x=0 to
find the new boundary condition at t = ty + At . Similarly for
%=, the C¥ 1line is used together with the equation describing
the boundary condition at =x=L.

For the fuel supply pipe line, the conditions at the
filter define the boundary equation at x=0. The large capacity
of the [filter implies thal the pressure is constant at this point.
On the other hand, the pump conditions define the pipe boundary

equations at x=L. For the delivery pipe line, the pump equations
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serve as the boundary equations at x=0. Similarly the injector

equations

serve as the boundary equations at x=L.

3.3.2 The Injection Pump

In order to formulate the equations describing the injec-

tion pump, it is necessary to describe the following effects:

Q.

The fluid compressibility in various volumes is

calculated using the equation:

JAN
K = L1k
ANE T4 (3 )
where
AV = change in fluid volume
¥ = initial volume

Ap = change in fluid pressure
The fluid flow through the various orifices and

passages is described by:

Q = CgA ~/—5§7 (p1-P2) (3.15)

where pp and pp are the orifice upstream and down-
stream pressures respectively.

The equation of motion which describes the dynamic
action of mechanical moving parts such as the delivery
valve, is used in the following form:

F = m dv/at (3.16)
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where
F = sum of all the forces in the direction of
motion, including pressure, frictional
and spring forces
m = mass of the mechanical part
V = velocity of the mechanical part
Figure 24 shows a cross sectional view of the injection
pump, including the major elements. The continuity equations com-
bined with Equation (3.14) for the feed, the pumping, and the pump
delivery chambers are given by Equations (3.17) through (3.19),

respecetively.

T et 0t % Q) (3.17)
®p _ s
T T Hrhs, Ay e A e (3.18)
dp K
o ¥d-AiSv(AVVV+Q3'QZd) (3.19)

O represents the valve or pump plunger displacement, and the sub-
seriplted  Q's  represent the [low rates at different points of the
injection pump as illustrated in Figure 24. The subscripts [, p,

d and v reler to conditions at the pump feed, pumping and delivery
chambers and the pump delivery valve respectively. The denominator
on the right hand side of Equation (3.18) represents the instantane-
ows volime of the pumping chamber due to the effect of the plunger

and delivery valve motions. Similarly the one in Equation (3.19)
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gives the instantaneous volume of the pump delivery chamber due to
the effect of the delivery valve motion. The flow rates through

different pump orifices are defined by:

Il

Q CdlAl.Jgg(pf"Pp)/& (3.20)

O
N
1

= Cq ho Nog(py-pe)/y (3.21)

% = Cazhs VEg(pp-pd)77 (3.22)

Cy Cdu“‘*u Neg pf77 (3.23)

The numerical subscripts 1 through 4 refer to the pump intake port,
spill port, flow area around the delivery valve and pump relief
valve area, respectively.

Fquation (3.16) applied to the pump delivery valve takes

the following form:

av.
?ﬁ; = £%<AV(PP‘Pd)‘kv'rvsv'fvvv> (3.24)
where
as
—L =, (3.25)
dt

In the above equations the quantities k, r, f, and w,, represent
the spring static force, spring stiffness, valve viscous friction
coefficient and valve weight, respectively.

The flow leaving the supply line and entering the pump
feed chamber, Qzg2 is described by Equation (3.10) in the following

form:
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=0 (3.26)

it Qs l Qs
2

s T Qs t _'&'(sz_Ws) + DA

TWsBws

where the subscript Ws refers to known conditions in the supply

pipe at an earlier time increment and defined in a fashion similar
to Figure 23. Similarly the flow leaving the pump delivery chamber
and entering the fuel delivery pipe, Qyq is described by Equdtion

(3.13) in the Tollowing form:

fﬁﬁ$‘hd“hdl:

Q‘Zd - QY - _'gé—"(PZd'PYd) + 2DA 0 (3'2()

7va®ya
where the subscript Yd refers to the known conditions in the supply
pipe at an earlier time increment and defined in a fashion similar

to Figure 23.

3¢.3.3 The Fuel Injector
The major clements of the fuel injector arc shown in IMigurc
29. The continuity cquations combincd with kgquation (3.101) ror Lhe

delivery and nozzle upper chambers combined, nozzle lower chambcr

and injection chamber are:

dpy Ku

it vh+Ausn(QZu'Q5'Q8"Ath) (3.28)
dpy S 5
3t = Jo"-l'l'AlSn\QS—%—Aan) (3-°9)
dpi Ki

% = ¥1+Aisn(Q6-Q7-AiVn) (3-30)

The subscripts u, 1, i, and n refer to the nozzle delivery and

upper chambers, the nozzle lower chamber, the injection chamber,
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and the injector needle. In the above equations the term ¥ + AS
is the instantaneous volume due to the needle motion.
Flow rates with numerical subscripts refer to the orifice

flows shown in Figure 25 and are given by:

% = Cg hs Neg(p,-pq)/7 (3-31)
Q6 = Cd6A6‘J2g(Pl—pi)/7 (3.32)
Y = Caty Neg(p;-p,)/7 (3.33)

The leakage past the needle is given by

Qg = CyePy (3.34)

where Cyr is a viscous flow coefficient which can be calculated
from Equations (3.1) and (3.3). The equations that describe the

needle dynamics take the following forms:

av
To = i (AyPytA P4 Ps ~kn =TSy Vy ) (3.32)
n
as
I
——— V (3‘36)
a0

The subscript n refers to conditions at the nozzle needle.
The flow leaving the delivery pipe line and entering the
injection delivery chamber, QZu’ is described by Equation (3.10) in

the following form:
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gttty 'Q;'
gA Wd d d
Qo = Qg * (Pyy=Pyg) + =0 (3.37)
AV d YWatwa Zu ol 2DA

where the subscript Wd refers to known conditions in the delivery
pipe line at an earlier time increment and defined in a fashion

similar to Figure 23.



IV. COMPARTUON AND DIOCUSSION O iy SIMULATTON
AND EXPERIMENTAL RESULTS
The previous chapter dealt with the basic equations de-
scribing the injection system. This chapter considers the method
of solution of these equations. In addition, the computer simula-
tion results are presented and compared with the experimental data.
A discussion of the parameters affecting the accuracy of the simu-

lation model is given at the end of the chapter.

4.1 The Solution Technique

This section describes the method used to determine the
theoretical system response. This is achieved by solving three sets
of simultaneous equations representing the conditions at the supply
and delivery pipe lines, the pump and the injector. Equations (3.10)
and (3.12) describe the conditions in the pipe lines. The condi-
tions at the pump are expressed by Equations (3.17), (3.18), (3.19),
(3.24) and (3.25). The unknown time dependent variables in these
equations are: the pressures in the pump feed, pumping and delivery
chambers, the delivery valve displacement and velocity, the flow
at the inlet of the pump feed chamber, and the flow at the exit of
the pump delivery chamber. Similarly Equations (3.28) through

(3.30), (3.35) and (3.36) represent the conditions at the injector.

-65-
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The unknown time dependent variables in these equations are: the
pressures in the nozzle upper, lower and injection chambers, the
needle displacement and velocity, and the flow at the inlet of the
nozzle upper chamber.

The solution of the system equations begins with known
initial conditions in the pipe line, the pump, and the injector
al time t. The interior points for both the intake and delivery
pipes arc calculated at time t + At wusing Equations (3.10), (3.12)
and the known initial conditions in the pipe line. The pump con-
ditions are determined by solving the pump equations in conjunction
with Equations (3.26) and (3.27). The last two equations are the
¢t and C- equations at the pump-supply line boundary and the pump-
delivery 1ine boundary, respectively. Similarly, Equation (3.37)
is used Lopether with the injector equations to determine the con-
ditions at the injector. It should be noted that Equation (3.37)
is the €t equation at the delivery line-injector boundary.

The procedure for the numerical solution of Equations
(3.10), (3.12) is well documented in the literature.(?9) e pump
and injector equations are solved numerically. Particular care
should be exercised to assure a true solution of each set of dif-
ferential cquations because the boundary conditions at both the
pumnp and injector are changing extremely rapidly. A modificd

26)

prodicbor-corrector method by Hamming( is used in thic model.

This method 1s a numerical integration method which makes use of
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the knowledge of the system response at earlier times. It re-
quires information from the pipe line during the step change.

This information is available by interpolation between known con-
ditions in the pipe and by the use of Equations (3.10) and (3.12).
In this method the time step for solving the system differential
equations can be reduced below the fixed characteristic method
time step. The size of this reduction depends on a prescribed
accuracy level. Therefore, a relatively small time step is used
in that part of the cycle in which the transient contains high
frequency components, and the characteristic time step is used
over the major part of the cycle. This improves the computer pro-
gram efficiency, an advantage which is not readily available in
either an iterative method or a Runge-Kutta method. The character-
istic time step used in the simulation program was of the order of
0.0001 second, corresponding to a cam angle of about 0.48 degree
at 800 rpm.

The input data required for the solution of the injection
system must include a total description of the system geometric
configuration, properties of the system components and fluid prop-
erties described in Section 2.2, The forcing function of the en-
tire system is the specified cam motion which drives the pump

plunger.
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L ,2 Experimental Data for Comparison with the Simulation
Program Results

This section deals with the test conditions used to com-
pare the experimental data with the theoretical simulation results.
The obJject of the theoretical model is to be able to predict the
performance of the diesel injection system and the phenomena asso-
ciated with its operation. Therefore, the test conditions should
cover dif'fcerent speeds and loads. Numerous experimental tests
have been conducted to cover experimentally the range of conditions.
Some of these cases are presented in Tables III and IV. Table III
shows the testing conditions used to compare the experimental data
with the simulation results.(32) Test No. 1 had a high speed, low
load conditions and cavitation showed up in the pipe and injector
pressure traces. On the other hand, Test No. 2 had a lower speed
and a highcer load. In this test neither cavitation nor after-
injection occurred. Test No. 3 had combined high speed and load
conditions and after-injection was detected. It is seen from Table
IIT that the average flow resistance coefficient Ct is reasonably
constant under all test conditions. TFigure 26 shows a sample of
recorded traces for Test No. 3. The upper trace in each frame is
the pressure trace taken at each transducer location. The lower
trace correlates the pressure trace with the instantaneous position

of* the cam during the pumping cycle.
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A smaller injection area was used for the tests presented
in Table IV. This was necessary to produce after-injection so that
this phenomenon could be simulated and then theoretically investi-
gated. Test Nos. 4, 5, and 6 were chosen to represent low, medium
and high speed and load conditions, respectively. It is seen from
the table that a simultaneous increase of speed and load results in
an increase in after-injection.

The experimental data obtained with this equipment were
highly reproducible. This includes not only the system residual
pressurce and injected volume in each cycle but also individual pres-
sure spikes in the recorded traces. These spikes may at first
appear to be random. After injection and temporary conditions of
vapor pressure were also very reproducible traits of certain oper-
ating condition.

As indicated in Section 4.1, the forcing function of the
entire system is gspecified by the cam motion driving the pump plunger.
Figure 27 shows the pump plunger 1ift during the pumping part of the
cycle, together with the uncovered areca of the spill port for Test

No. 3.

h.3 Comparison of Results and Discussion
A comparison between experimental data and the theoretical
model results for the six testing conditions listed in Tables III

and IV is presented in this section. The results for the pressure



_73_

S3HONI ‘NOILOW ¥39NNTd

- s

*UT - 1I0l = FuTales

—soiuo) Woey fseeay agcd dumg pur usiii)l s=iungg dung  c Lz 2angSTg
S334930 ‘IT19NV WVI dWNd
0]°] Gl 0Ll GOl 09l GGl 0]]] 54 0} 4| Gel
O 1 1 ] T 1 1 \ 1 O
T “Jz00
~
~
7~
2F w\ 100’
A
et P R”woo
~
~

- 13A00uf O] Pa1aAo)
vEE———— suibag i0d 111dS  sis0d 3%D| 1800

- ” 7

paiaAodun “ “

K19331dwo) 04 |11dS 7 x “
oL | "~ 4 Joio°

% ZBRZ

1 \

o} 1210’

2S3HONI ‘S1H40d dWNd 40 Vv3¥V 03d3A0ONN



—7&-

variation at four locations, namely: the delivery chamber, the
pipe end, the nozzle upper chamber and the injection chamber are
given in Figures 28 through 33. Also, theoretical results for the
pressure variation at the pumping chamber and the pump delivery
valve and nozzle needle motion are included in the same set of
figures. In addition, a comparison of experimental and simulated
results in the pump delivery chamber for a larger pump cam angle
is shown in Figure 34. These results are from the same test con-
ditions as those shown in Figure 30. All the injection system
variables are presented as functions of the pump cam angle for the
portion of the cycle in which fuel injection occurs. The computer
model results, together with the experimental data for the system
residual pressure and the injected fuel for each of the six cases
congidered, are listed in Tables V and VI.

Jt is scen from the previous comparisons that the analyti-
cal model agrees reasonably well with the experimental data. This
generates confidence in the underlying assumptions and techniques
used in developing the model.

A cause and effect study of the injection system response
is possible by examining any of the presented cases (Figures 29
through 34). For example, the pressure in the pumping chamber be-
ging to rise slowly because the ports are still partly uncovered.
When the ports are covered, the pressure rises rapidly. The pres-

surc in the pump delivery chamber rises when the delivery valve



_75_

—— EXPERIMENTAL DATA{0.016

NOZZLE UPPER |
NO.4 4000

....................... 2000
6000} do
4000}
INJECTION CHAMBER

2000 N cH

0 -

1 | 1 1 |
130 140 150 160 70 180

PUMP CAM ANGLE, DEGREES

Figure 28. Comparison of Injection System llydraulic
Characteristics—Experimental and Computer
Results, 800 RPM Pump Speed and 0.675
Rack Micrometer (0.0818 1b. fuel injected/
min. ). (323

Z 008 e e
k7 006~ PUMP T X s compyTER MODEL 0012 W
L DELIVERY:| 008
200 vave | .o RESULTS W
4 002 "= - | [ . |NJUECTOR NEEDLE, — 004 7
8 O-— ceeernvennne X X X XX X XK teeseensd XX X X X X R XX KX XX X XXX XXXXXXX O H
6000~ \aLVE OPENY . =
4000+ ;
2000}
PUMPING CHAMBER
DELIVERY CHAMBER | 000
........ L
6000} )
4000+ PIPEOEF;D
2000‘— ------------------- ..-. ..
o- 6000



_76_

_ 008 —— EXPERIMENTAL DATA |56 c
= 006} PUMP —5iimmm—  xanx COMPUTER MODEL —<0O12 24
L 5 oal- DELIVERY 71 Lt RESULTS —0008
= ooa- AVE Sk L INJECTOR docos
g 002 <~ & * x NEEDLE,—— T2
') O._. B 12 1 £ I WX XXXNX XK XK XX XXX XXX K XXX XX —o
6000} i
VALVE OPEN 1 "™
40001 '
2000
PUMPING CHAMBER
—6000
44000
—2000
4o

PIPE END
NO.3

NOZZLE UPPER

NQ 4 000
"N —2000
6000 -0
4000
2000 INJECTION CHAMBER
NO. 5
O._
| 1 ] 1 1
130 140 150 160 170 180
PUMP CAM ANGLE, DEGREES
Moure 29.  Comparison of Injection System Hydraulic

Characteristics—Experimental and Computer
Results, 400 RPM Pump Speed and 0.509
Rack Micrometer (0.0968 1b. fuel injected/
min.). 32)



_77_

—— EXPERIMENTAL DATA
v COMPUTER MODEL
RESULTS
Z 0.08-PUMP —0.016
[y 006 __mLNERY . XX X x‘x.x XX XXX xx |NJECTOR x,(xxx&x - OO'Z
“ 0.04|-VALVE * © (NEEDLEx *— —0008
4002 -— " " x ’ —-0004
w . x x x
0O 0_ .............. o x x x|x x xX TSN XXX XXXXX XXX XX ._o
10000}
VALVE OPEN |
5000} - .
“. PUMPING CHAMBER |
DELIVERY CHAMBER
NO. 2 —15000

10000+

S000-

NOZZLE UPPER
NO. 4

INJECTION CHAMBER
NO. 5

30

Figure 30.

| 1 | ] ]
140 150 160 70 180
PUMP CAM ANGLE, DEGREES

Comparison of Injection System Hydraulic
Characteristics—Experimental and Computer
Results, 800 RPM Pump Speed and 0.509

Rack Mjcrometer (0.1910 1b. fuel injected/
min.). 2)

NEEDLE LIFT, IN.



DEL. LIFT, IN.

PRESSURE, PSI

_78_

EXPERIMENTAL DATA
0.08l . xeox COMPUTER MODEL o
006k PUMP 7 asdinsxxx RESULTS -
0al DELIVERY. . . ]
O0al  YALVE " ©* INJECTOR NEEDLE
' O”' !x X X ”x '---“x:nxxxxxxnxi‘l &xuxxxxuuxu —
4000}
2000k PUMPING CHAMBER
O - ‘...-«-.,.-" '-lcholt.lh-.l'll"'.‘c..."..".'.‘.".'.'.""""“"" -
DELIVERY CHAMBER |
NO. 2 |
6000 -
B PIPE END
4000 NO. 3
2000
or .
NOZZLE UPPER
NO. 4 T
6000 —
40001 INJECTION CHAMBER
i NO. 5
2000} /\L
)
1 1 1 1 1 | L

0.0l6
0.012
0.008
0.004

6000

4000

2000

6000

4000

2000

135 140 145 150 155 160 165
PUMP CAM ANGLE, DEGREES

Figure 31. Comparison of Injection System Hydraulic

Characteristics—Experimental and Computer
Results, 365 RPM Pump Speed and 0.608
Rack Micrometer (0.054 lb. fuel injected/
min. ).

NEEDLE LIFT, IN.



..79_.

EXPERIMENTAL DATA
xxxx COMPUTER MODEL
Z008FPUMP . vvxcecxnmccmcne, RESULTS 4ool6
’_’~OO6~DEL|VERY . ',’f'.!f.‘.’.'.!........f‘l‘i; ...... . XXX XX XX Xy 40012
b YYPr VALVE - x % . x x |
— 004F - Yot INJECTOR/——> 0008
o 0.02f e Y . xnEEoLE? 0004
o Offeeveeevesenes .;XXIXX‘ TR xxxxxxx =0
8000}
4000+ L “ PUMPING CHAMBER
.
O.....- -
48000
DELIVERY CHAMBER _
NO. 2
44000
n 1
% 8000}F do
& i PIPE END
2 NO. 3
& 4000
wl
0.8
a
of 48000
NOZZLE UPPER _
NO. 4
. 44000
]
8000} \ 40
INJECTION CHAMBER
~ NO. 5
4000} ,
O‘

PUMP CAM ANGLE, DEGREES

| | 1 1 | 1 L
135 140 145 150 155 160 165 170

Figure 32, Comparison of Injection System Hydraulic
Characteristics—Experimental and Computer

Results, 405 RPM Pump Speed and 0.339

Rack Micrometer (0.1480 1b. fuel injected/

min.).

NEEDLE LIFT, IN.



-80-

pd
A — EXPERIMENTAL DATA -
Z e COMPUTER MODEL =
.0.08F PUMP RESULTs 10016 &
- 0.06FDELIVERY.  xxxxxxexxxxx x WX XXX A H{oo12 -
] VALVE - x x w
.| 004_ . -0008 -
: ) : x INJECTOR * "~
- 0.02| x SR ,(,JEED?_FE ‘ H0.004 3
[ OF «eeorkxxx x*  Teaia.. XXXXXX xxxxxxxxxx— O %
8000 e
4000} PUMPING CHAMBER
ok e e e e e, 412000
DELIVERY CHAMBER T
NO. 2 -1 8000
...... ....... . 4 4000
o 12000 4 0
& —
Ia:Jﬁ 8000 PIPE END
S = NO. 3
A
Yy 4000F
E -
or -112000
NOZZLE UPPER 4 8000
NO. 4 i
1 4000
12000 - 0
= INJECTION CHAMBER
8000} NO. 5
40001
ok .
1 - | | ! 1 1 1 |
135 140 145 150 155 160 165 I70 175 180
PUMP CAM ANGLE, DEGREES
IMipgure 33. Comparison of Injection System Hydraulic

Characteristice—Experimental and Computer
Results, (OO0 KPM Pump Speed and 0.420
kack Micrometer (0.216 1b. fuel injected/
min.).



*oT3UY JBUS we) JO UOTIQJIOg (,06) °3axeT ® J0J saTussy gaqnduwo)
pue Teruswigsdxy ‘aequeu) LgeaTTsq dumd uT aanssadg o uosTaeduo) *7€ 2anStd

S334934 ‘JIONV WV dWNd

Ocg O 002 O6l O8I O 09 0sl  Obl ofl
_ _ T I I I I |

—0

. '—0002
| SIINS3X
T3QOW ¥3LNANOD —~- —000b
VIVQ TULN3WIHIX3 —
—0009

¢ ON
Y3IGANVHO AYIAIT3IA dNNd

1ISd ‘3HNSS3Nd



-82-

009T 68100°0 00T 96.00°0 60S5°0 008 €
000g 0%g00°0 - 60Q00°0 606°0 00+ 2
0641 LGE00° 0 00TT 01E00°0 6l9°0 008§ T
Tsd mﬂoho\m.cﬁ tsd wﬂo%o\m.gﬂ ‘UT wdx *ON
aanssaag ong sanssaag Tong Jutaqeg paadg RESEEN)
oseqg pajoalur oseqg pajoalur *IOT oBY
®3B( UOTHBTNUIS B3R TeIUSWTIdXy

ITT HT9VI NI QEINISTYI VIVA
404 SITNSHY TYINININEIXT ANV TYOIIFUOTHI NTAMIZE NOSTHVANOD

A TIEVE



-83-

0tHe TIOTO0 0062 620T0°0 92t*0 00. 9
0g6T €6TTO°0 000z 8T2T0"0 0G€°0 GOt g
00T TTS00°0 00€T £6H00°0 809°0 Gog¢ :
1sd mﬂoho\m.gﬂ 1ed mﬁoho\m.nﬂ ‘ut wdx *oN
sanssaag Tong aanssaag Tong Jutqa9g poadg 1S9],
oseqg pogjoalur oseqg pojoaluT *IOTH Yo®Y
S3TNSSY UOTIBTNWTS Bl TBIUSWTISAXY

AT HT9VLI NI QELNESTYS VIVA
404 SIINSHY TVINANIHAIXE ANV TYVOILHIOTHI NZIMIAE NOSIHVAAOD

TA TI9VE



8-

opens, and drops with the delivery valve closing. The nozzle needle
opens after the pressure in the nozzle upper chamber exceeds the in-
jector opening pressure of 3000 psi. This causes the nozzle upper
chamber pressure to drop temporarily and the injection chamber pres-
sure to begin tb rise at the instant of needle opening. The needle
motion and nozzle pressure are easily correlated for cases with after-
injection. The wave reflection phenomena and the time delay in
pressure wave travel are made clear by comparing pressures at dif-

ferent locations.

Ih.3.]. The Base Pressure

The base pressure 1s the steady state pressure in the de-
livery pipeline between two consecutive cycles. It is important to
establish this pressure as a known reference value. A suitable re-
ference is established if vapor pressure is reached during any part
of the cycle since this value is readily determined. In cases
where vapor pressure does not occur, the base pressure was measured
by the use of the strain gauge transducer mounted on the delivery
pipe linc. The experimentally determined base pressure was used to
start cach computer run. The simulation ends after the pump de-
livery valve and the nozzle needle close with no possible reopening
in the considered cycle. At this point it is possible to evaluate
the average pressure in the system by the use of pressures along

the pipe line, in the pump delivery chamber and in the injector.
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Figure 35 illustrates the method used for the base pressure evalua-
tion. In this figure LPUMP and LINJ are additional lengths
equivalent to the corresponding volume in the pump and injector, re-
spectively. If the average system pressure after the cessation of
fuel supply and injection is different from the initially used base
pressure, a new value of base pressure is estimated and the run is
repeated. Usually one extra trial was needed to satisfy the condi-
tion that the assumed base pressure is equal to the resulting one.
For a meaningful agreement between the model and the experi-
ment the measured base pressure should be within a limited error
bound from the theoretically determined one. In Tables V and VI
the error bound is of the order of 300 psi. This value is within
the tolerance of the experimental measurement, taken with this par-

ticular strain gauge transducer.

4.3.2 The Mass Continuity
A gross mass continuity balance provides a good check on

any fluid transient problem solved with numerical techniques. The
experimental data included a measurement of the fuel supply to the
pump and the injected fuel. Actual leakage that occurs in the sys-
tem is available by subtraction. The leakage usually did not exceed
three percent of the injected fuel. Similarly, the computer model
accumulates the volume pumped, injected, and the leakage volume. A

comparison between the experimental and computer model results of
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the injected fuel is shown in Tables V and VI, where it is seen
that the mass continuity checked well within less than 4.5 percent
of the injected fuel. Any discrepancy between the assumed and re-
sulting base pressure in a simulation run usually gives rise to

continuity errors in the simulation.

4.3.3 The Effect of Variable Wave Speed

The variation in wave speed is due to the variation in the
bulk modulus of elasticity. A reference modulus is found from the
experimental recordings of the initial operating conditions in the
test runs. The variation in the modulus is used as cited in the
literature.(3l) A change in pressure between 0 and 12,000 psi re-
sults in a change of wave speed between 4017 and 4391 ft/sec. Very
little improvement in the timing of pressure peaks was achieved
using variable wave speed. Therefore, it is justifiable to use
constant wave speed values in the simulation program for the above

pressure range.

4.3.4 The Effect of Distributed Friction

Friction is present as viscous losses, and it controls the
rate of attenuation of the residual Ppressure waves in the system
after the end of injection. Friction has a slight effect on the
shape of the initial pressure build-up in the system during the in-
Jection period. Also the variations in the friction factor with

Reynolds number slightly affect the simulation results.
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4.3.5 The Coefficient of Discharge

Simulation results are greatly affected by values of the
coefficient of discharge at some key locations. The most important
of these is the coefficient of discharge of the nozzle holes. The
coefficients of discharge of flow past the pump delivery valve and
the nozzle passage leading to the injection chamber are also im-
portant. The value of these coefficients are difficult to estimate
from the literature due to their unusual geometric configurations.
Best results in simulation are obtained by the use of factors de-
termined where possible from the measured pressure transient re-
sponse as described in Section 2.4. The variation of the coeffi-
cients of discharge with Reynolds number has a slight effect on the
simulation results. It was shown experimentally (Section 2.5.1)
that the coefficient of discharge of the injection nozzle holes 1is

reasonably constant during all test conditions.

4.3.6 The Vapor Pressure

Vapor pressure is detected on the recorded pressure traces
by a flat-bottom-trace for a short period of time. The computer
model was able to reproduce the same condition by not permitting
the pressure to drop below vapor pressure, and by assuming a local
vapor cavity formation. The size of this cavity is computed from
a mass continuity balance. The vapor pocket collapses when the
pressure exceeds vapor pressure. At this point homogeneous fuel

is agsumed at the former pocket.



V. THE DESIGN CONTROL PARAMETER AND FORMULATION
OF THE DESIGN PROGRAM
5.1 Introduction

After-injection is usually caused by uncontrolled transients
after the end of the main injection. A survey of this phenomenon,
together with the factors affecting it, were presented in Chapter II.
Many experimental trial and error methods have been used to control
this phenomenon with limited success. These methods included chang-
ing the nozzle injection area or the delivery pipe diameter with the
goal of reducing the injection pressures, and consequently, after-
injection. The lack of success in using these methods can be attri-
buted to the fact that these design changes are time invariant and
hence do not suit the transient nature of the problem. More success
could be achieved by studying the time varying parameters of the sys-
tem. Examples of these parameters are: the instantaneous area of
the spill port during the spill period and the cam motion.

Prior to the 1960's, control of objectionable transients in
hydraulic systems was achieved by using simulation methcds in which
the performance of time varying control devices (i.e., valves) are
assumed and the system resulting performance is obtained. The con-
trol device characteristics are changed until acceptable performance
is achieved. These methods proved to be inconvenient, tedious and
many times inadequate even for simple systems.

Recently new design procedures referred to as "Valve Strok-

ing"(29) have been developed. In these procedures, hydraulic systems

-89-



-90-

are synthesized by specifying a transient enabling the calculation
of a desired time varying boundary condition which is then used to
determine the required design changes. This is a more direct
approach which leads to sophisticated control techniques not attain-
able by the previous methods.

This work included a study to apply valve stroking tech-
niques to the diesel injection system in order to control residual
transients after the uncovering of the pump spill port. This study
centered around the investigation of the desired pressure and flow
boundary conditions required to eliminate after-injection. The con-
cept provided a better understanding of the controlling parameters
in the system. However, it did not lead to feasible design changes.
This is mainly due to the rapidly varying nature of the system pres-
sure and flow boundary conditions, and to the passive type elements
in the system which respond to internal driving forces rather than
to externally forced conditions.

The difficulties encountered in trying to achieve feasible
design changes by using valve stroking techniques led to the seeking
of a design parameter which does not exhibit erratic behaviour. It
was noted that the variation of the system stored elastic energy
during the injection cycle is a smooth function of time. This char-
acteristic makes it a good candidate for a system control parameter.
An investigation using the system stored elastic energy as a con-

trol parameter is presented in the remaining sections of this
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chapter. The results of this investigation are presented in

Chapter VI.

5.2 Average Elastic Energy--The Control Parameter

In this study the term average elastic energy will be
used to define the average pressure stored in the injection sys-
tem at an instant of time. It should be noted that this pressure
has the units of energy per unit displaced volume at the bound-
aries. Two examples are given to illustrate this definition.
First, a moving frictionless piston in a liquid filled cylinder
exerts work on the liquid. This energy is stored in the elastic
deformation of the liquid. The same energy could be used to
drive the piston back to its initial position. The second ex-
ample is drawn from unsteady liquid flow in a frictionless pipe.
In this example, elastic energy is stored in a liquid column due
to the compression of the column. This energy is released as
kinetic energy by the expansion of the column.

The dotted system in Figure 36 is the system used to
calculate the injection system average elastic energy. This sys-
tem includes the fluid in the pump delivery chamber, in the in-
jector delivery, upper and lower chambers and in the delivery
pipe line. 1In thisvfigure, p and LTOT are the same as defined
in Figure 35. The average elastic energy at an instant is calcu-
lated in the same manner in which the base pressure was calculated

in Secion 4.3.1.
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It can be visualized that the pump adds energy in the form
of flow work at the delivery valve end. This energy is stored in
the pipe line and volumes of the system as elastic energy. Part
of this energy is relessed at the injection nozzle during the in-
jection period. If excessive uncontrolled elastic energy remains
in the system following the closure of the pump delivery valve, it
will be released at the nozzle resulting in after-injection.

The average elastic energy, together with pressures in
the pump delivery chamber and nozzle upper chamber for Test No. 3,
(Table III) are displayed in Figure 37. All the traces begin at
the point when the spill port begins to open. In Region I, the
average elastic energy drops because of spilling at the pump spill
port plus the energy release due to injection at the nozzle. Re-
gion IT begins when the delivery valve closes. The energy-drop in
this region is due to injection at the nozzle only. Region IT
ends when the nozzle needle begins to close, while Region III co-
incides with the period of needle closure. For this region slight
increase in elastic energy might occur due to the effect of work
done by the needle compressing the fuel during its downward motion.
When the needle finally closes, the nozzle upper chamber pressure
is lower than the needle opening pressure. However, the intermed-
iate elastic energy in Region IV is high, thus causing the pressure
at the nozzle upper chamber to increase as the pressure wave re-

flects in the closed system. When this pressure reaches the
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needle opening pressure, the needle opens and the system elastic
energy drops during Region V. Later on, the upper chamber pres-
sure drops below the needle closing pressure and the needle closes.
At this point, the system elastic energy finally reaches the resid-
ual energy. The elastic energy stays constant during Region VI
until the next cycle begins.

The average elastic energy trace in Figure 37 gives a
better understanding of the after-injectién phenomenon. The manner
in which this energy drops during the spill period seems to con-
trol the behavior of residual transients in the injection system.
For example, & rapid energy drop in Region I will cauée a rapid
closing of the delivery valve, which means a higher intermediate
energy and therefore an increased after-injection. On the other
hand, a very slow drop during the spill period will lead to pro-
longed injection periods. Control of undesirable transieﬁts seems
possible by releasing the average elastic energy in a controlled
manner .

5.3 Description of the Design Method on the
Pipe Characteristic Plane

The investigation of a specific case of after-injection
begins with recording experimentel data of the actual test condi-
tion. Then the simulation program is used to simulate this condi-
tion. Comparisons are made between theoretical results and ex-

perimental data to check the validity of the assumptions and
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techniques used in this study. The results and comparisons of four
cases of after-injection (Tests No. 3 through 6) were presented in
Chapter IV. The design program presented in this section serves
the purpose of finding means to elimingte after-injection. This

is achieved by utilizing a controlled release of the stored elastic
energy in the system. The resulting alterations in pressure and
flow patterns are calculated and translated into feasible design
changes, using the design program.

Figure 38 represents the pipe characteristic plane (x-t
plane). An instant of time is represented by a horizontal line,
while a vertical line represents a specific location along the
pipe. The line AJ represents the location of the pump delivery
chamber, and the line BI represents the location of the injector
delivery chamber. On the other hand, line ED represents the
instant of time at which the negative wave, resulting from the
spill at the pump, reaches the injector. Also line HG repre-
sents the instant of nozzle needle closing. Three important e-
vents characterize the performance of the diesel injection system
and are given on Figure 38. First, the plunger helix begins to
uncover the spill port at point C. Then the pump delivery valve
is totally closed at F. Finally, the nozzle needle is totally
closcd at G. On this figure, the distance AC 1is the wave travel

time and BD is twice the wave travel time.
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The design method is illustrated on Figure 39, which is
similar to Figure 38, but includes more details of the solution
procedure. In this figure, the distance between the vertical
lines represents a pipe section of length Ax, while the distance
between the horizontal lines is the characteristic method time
step At. The data needed by the design program includes a com-
plete description of the injection system geometric configuration
and properties. Simulation program results of pressure and flow
along the line BD are specified for the design program. Also a
control period beginning at point C together with a controlled
average elastic energy function are specified. The choice of the
length of the control period and the energy function during this
period depend on the injection system properties and the choice
of the controlling device. Further discussion of this subject
will be presented in Chapter VI.

Several regions are given on Figure 39 to simplify the
presentation of the solution method. The solution procedure in
Region I begins with known pressure and flow conditions at all
points along the vertical line BD. Conditions at points lying
on another vertical line adjacent to BD are calculated by the
use of the pipe characteristic.equations in a manner illustrated
| by the triangle ZiYiWj . In this triangle, pressure and flow
conditions are known at Y; and W; and are not known at Z; .

It should be noted that 2Z;W; is the ¢t characteristic line
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and Y127 is the C° characteristic line. When the conditions at
all points lying on a vertical line are calculated, the calcula-
tion proceeds to péints on the next adjacent vertical line. Cal-
culations in Region I end when the pressure and flow at point C
are known.

In Region IT, calculations begin at t = L/a + At . At
this instant, pressure and flow conditions are known for all pipe
locations except the boundary point Wo . Conditions at this
boundary point are calculated by making use of the assumed instan-
taneous average elastic energy together with an equation from the
pipe C~ characteristic line. At t = L/a + 2At , pressures and
flows are known at all points except at Zp and Z3 . At this
point of time, conditions at the interior point Zo are calcu-
lated by utilizing the known pressures and flows at Wp and Yo
together with the pipe characteristic equations along the ¢t
line WpZp and the C° 1line YpZp . Conditions at Z3 are cal-
culated in the same manner described for Wo . This procedure
continues by advancing to the next step, calculating the interior
points, and then calculating the boundary point along the line CE.
Calculations in this region end by calculating pressures and flows
at all points along the horizontal line ED .

Calculations in Region IITI proceed by calculating all
pressures and flows at time t prior to calculating these condi-

tions at time t + At . This is done by first calculating the
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interior points in the same manner previously described for point
70 in Region IT. Then, conditions at the injector boundary point
along the line DG are calculated by solving the injector equations
(previously described in Section 3.3.3) together with the pipe
characteristic equation along the ¢t line illuétrated by the line
W,Z), . Finally the pump boundary point along EH is calculated.
During the control period, this calculation is performed in the

same manner described for Wz . After the end of the conﬁrol period,
the éompressibility equation [Equation (3.14)) describes the condi-
tions in the pump delivery chamber and is used together with the
pipe C~ characteristic equation to determine the pressure and

flow at the pump boundary. This C~ 1line is illustrated by the
line Y325 . Similarly, the compressibility equation [Equation
(3.14)] relates the pressure and flow in the combined injector cham-
bers after the needle is completely closed. This equation is used
together with the pipe ¢t characteristic equation to determine

the pressure and flow at the injector boundary in Region IV. In
this region, the interior points and pump boundary point are calcu-
lated in the same manner described for Region III. Since the de-
sign progrem objectives are to eliminate undesirable system char-
acteristics (after-injection and cavitation), no provision has been

made to simulate these characteristics.
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5.4 Formulation and Solution of the Equations
Used in the Design Program

Having described the solution procedure on the x-t plane,
attention is now given to the formulation and solution of equations
used in the design program. These equations are divided into four
major groups; namely, interior point equations, pump-pipe boundary
equations, injector-pipe boundary equations, and equations of de-

sign changes at the pump.

5.4.1 Equations and Method of Solution at Interior Points

On Figure 39, Zq represents an interior point in Region
I at time t and pipe location x with known pressure and flow
conditions at W; and Y; . W; 1is located at time t + At and
distance x + Ax, while Y7 1is located at time t - At and dis-
tance x + Ax . The pressure and flow conditions at Zy are
found by using Equations (3.10) and (3.12). Equation (3.10) rep-
resent the Ct characteristic line ZqWq and is written in the

following form:

£, AtQy. | Qg |
. —&A (o Co N A L
Uy Gyt 7Zlazl(PW1 Pzy) ¥ 2DA =0 (1)

Also, Equation (3.12) represent the C~ characteristic line Y129

and is written in the following form:

f A‘bQY I Qy l
- - - + Yl l l = O .2
G, - O —EA——le l(pzl Py, ) ZDA (5.2)
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For convenience, the variables M and J are defined in the follow-

ing forms:
=&é L]
M= = (5.3)
and
At
J='2—]5-A- (5.1‘#)

M and J are functions of the pressure and flow conditions.
Therefore the subscripts are aésociated with them to identify these
conditions. It should be noted that these variables are positive
and have an order of magnitude of 0.001 for the particular system
under consideration. Eliminating le from Equations (5.1) and

(5.2) yields:

By - BoYy, * By log | =0, (5.5)

where

By =My qu t MGy 4 MZlMYl(Pwl'PYl) - MZlJYlQYlIQYlI , (5.6)

By= (M +My ) (5.7)

and

By = My Jz, (5.8)

For positive Qzl the general solution of Equation (5.5) is:

g, | = == 53 (5.9)

and for negative QZl » the solution becomes:

By + VB3 + 4B By

2B3

lag, | = (5.10)
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It should be noted that B3 is much less than Bp, Bp and Bs

are always positive and the product B is much less than the

183
square of Bo . In order to avoid very high orders of magnitude

of Qg; , Equations (5.9) and (5.10) become:

_|By] B2 - J£§ - 4[By[Bg
1 B 2B3

In Equation (5.11), the sign of By describes the sign of the
flow Qzl . Then the pressure le is calculated by substituting
Qzl in Equation (5.1) or Equation (5.2).

The calculation procedure at the interior points in
Regions II, IIT and IV is essentially the same. This procedure is
illustrated by the calculation of pressure and flow conditions at
point Z, , (Figure 39). Z, represents an interior point at a
time t and a pipe location x. The pressure and flow conditions
at the adjacent points Wo and Y, are known. Wp 1is located at
time t - At and distance x - Ax , while Yo 1is located at
time t - AT and, distance x + Ax . Equations (3.10) and (3.12)
are used to calculate the pressure and flow at Zo, and can be

written in the following form:

|
(@)

Oz = @y + Min(PrpBiiy) * JupQuip| Gyl =

QZQ - Q‘Yg - MYg(pZQ-ng) + JYZQYQ'QYQI = 0 (5-13)

Subtracting Equation (5.12) from Equation (5.13) results in:

(5.11)

(5.12)
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0 - JYQQYgl QYgl - JWQQWQ'QWQI + MWQPWQ + MYQPYQ + QWQ - QYg
Zo + M
2 Mrp * Mg

(5.14)
The flow QZg is calculated by substituting for p22 from Equa-
tion (5.14) into Equation (5.12) or Equation (5.13).
5.4.2 Equations and Method of Solution
at the Pump-Pipe Boundary
Calculation procedure of the pressure and flow conditions
at this boundary takes advantage of computed pressure and flow
conditions in the remainder of the pipe length. Calculation of
these conditions, at a point Z3, (Figure 39), <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>