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RATIONALE

This SAE Recommended Practice will permit the automotive industry to evaluate, characterize, and-compare the fuel injector
hardware for port fuel injection systems. The use of standardized testing and evaluation procedure$ for fuel injectors is
important to the wor|dwide automotive community. Standardized test procedures provide both, injectgr manufacturers and
end-users with a uniform testing procedure for each of the key injector performance parameters, insfead of a specialized

test protocol for eagh of many customers and applications. The use of these procedures for test ¢
methods, data redugdtion, and reporting that are contained in this SAE RecommendedPractice will sign
ability of one test laboratory to accurately repeat and verify the results of another.
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1. SCOPE

This SAE Recommended Practice promotes uniformity in the evaluation tests and performance measurements that are
conducted on fuel injectors used in low-pressure gasoline engine applications. The scope of this document is limited to
electronically actuated fuel injection devices that are utilized in automotive gasoline port fuel injection systems where the
fuel supply pressure is normally less than 1000 kPa. Detailed test procedures are provided for determining numerous PFI
injector parameters, including, but not limited to, flow curves, leakage, electromechanical performance, fluid compatibility
and corrosion susceptibility, durability, the effects of vibration and torsional deflection, thermal cycling effects, and noise.
The standardized measurement procedures in this document are all bench tests. Characterization of the fuel spray from a
low-pressure gasoline port fuel injector is quite important; however, these spray characterization tests are not addressed in
this document, but are covered in a companion publication: SAE J2715.

Tests and references to types of low-pressure gasoline injectors that are no longer commonly used in modern production
are not included in t ] ] ] y mjectipn (TBI), central port

injection (CPI), pres
technology. Those fi
application in the ing
of injectors have be
descriptions of these
archival purposes.
1.1 Purpose

The purpose of this
within the automotive
reduce the overall i
injector manufacture
set of test procedure
e To standardize t

To define the pa
of low-pressure

To establish tes

i y [ . y
sure-drop ratio (PDR), bottom-feed injectors, and eight-ring patternation are~e
el system components and diagnostic tests were extensively utilized in prior d
ustry today. The historical detailed measurement procedures that appli€d, t6 the
en removed from the main sections of the updated SAE J1832; however, th
hardware items that were in previous versions of SAE J1832 haye been retaine

SAE Recommended Practice is to provide the original equipment manufacturer
industry with a neutral, unbiased test for each defined PFI injector performance pg
me and overhead required to develop a proven. fuel system for a gasoline PFI

mples of this older
cades, but find little
tests on these types
b associated overall
d in the appendix for

5 and the end users
rameter. This should
bngine, as it permits

Is and engine developers to conduct one set of injector tests per SAE J1832 as opposed to a separate

s for each customer and application. The spécific, stated purposes of the SAE J1

he use of nomenclature specifically related to the testing of low-pressure gasoling

B32 document are:

port fuel injectors.

rameters and key metrics that are<associated with the measurement of the performance characteristics

jasoline port fuel injectors.

procedures and recommend test equipment to measure the key metrics in ordg

performance and assure field reliability ‘over the life of the component.

To establish the
performance.

To establish the

recommended data'reduction procedures for the measurement and characterizatiq

criteria forreporting the specific data that must be documented in order to provide

and reproduce the testresults.

r to characterize the

n of port fuel injector

he ability to interpret
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2. REFERENCES

21

Applicable Documents

The following publications form a part of this specification to the extent specified herein. Unless otherwise indicated, the
latest issue of each applicable document shall apply.

211

SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside USA
and Canada) or +1 724-776-4970 (outside USA), www.sae.org.

SAE J313

Diesel Fuels

SAE J814

SAE J2713

SAE J2715

2.1.2 ASTM Publi
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Coolants for Internal Combustion Engines
Direct Injection Gasoline Fuel Injector Characterization

Gasoline Fuel Injector Spray Measurement and Characterization

Standard Practice for Operating Salt Spray (Fog) Apparatus
Standard Test Method for Flash Point'by Tag Closed Cup Ester
Standard Test Method for Distillation of Petroleum Products at Atmosphe

Test Method for Vapor Pressure of Petroleum Products (Reid Metho
ASTM D5191

Standard Test Method for Kinematic Viscosity of Transparent and O
Calculation of-Dynamic Viscosity)

Standard-Test Method for Rubber Property - Effect of Liquids
Standard Test Method for Insolubles in Used Lubricating Oils

Standard Test Method for Sulfur in Petroleum Products (Lamp Metho
ASTM D5453

n, PA 19428-2959,

ric Pressure

1) - Superseded by

paque Liquids (and

d) - Superseded by

ASTM D1298, ver.

ASTM D1319, ver. 1

ASTM D1744, ver. 1

ASTM D2699, ver. 1

ASTM D3231, ver. 1

ASTM D3237, ver. 1

12b

3

3

3b

3

2

Standard Practice for Density, Relative Density or APl Gravity of Crude Petroleum and Liquid

Petroleum Products by Hydrometer Method

Standard Test Method for Hydrocarbon Types in Liquid Petroleum Products by Fluorescent

Indicator Adsorption

Standard Test Method for Determination of Water in Liquid Petroleum products by Karl Fischer

Reagent - Superseded by ASTM D6304

Standard Test Method for Research Octane Number of Spark-Ignition Engine Fuel

Standard Test Method for Phosphorus in Gasoline

Standard Test Method for Lead in Gasoline by Atomic Absorption Spectrometry
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ethod (ASTM D5191

ASTM D4806, ver. 13a Standard Specification for Denatured Fuel Ethanol for Blending with Gasolines for Use as an
Automotive Fuel

ATSM D4814, ver. 13b Standard Specification for Automotive Spark-Ignition Engine Fuel

ASTM D5191, ver. 07 Standard Test Method for Vapor Pressure of Petroleum Products - Mini M
is the suggested replacement for ASTM D323)

ASTM D5453, ver. 12 Standard Test Method for Determination of Total Sulfur in Light Hydrocarbons, Spark Ignition
Engine Fuel, Diesel Engine Fuel, and Engine Oil by Ultraviolet Fluorescence (ASTM D5453 is
the suggested replacement for ASTM D1266)

ASTM D5598, ver. 01 Standard Test Method for Evaluating Unleaded Automotive Spark-Ignition Engine Fuel for
Electronic Port Fuel Tnjector Fouling Deposit Formation

ASTM D6304, ver. 0 Standard Test Method for Determination of Water in Petroleum Preducts,

21.3
Copies of these doc

ISO 3744:2010-10-0

ISO 3745:2012/Amd

ISO 16750:2012-3
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Tel: 202-512-1800, v
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40 CFR 600.109
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ISO Publications

1

1:2017

iments are available online at http://webstore.ansi.org/.

eral Regulations (CFR) Publications

United States Government Printing Office, 732 North Capitol Street, NW, Wasg
VWW.JpPO0.goVv.

Additives by Coulometric Karl Fischer Titration (ASTM D6304 is.the'Sugge
ASTM D1744)

Acoustics - Determination of Sound Power Levels and Sound Energy Lev,
Using Sound Pressure - Engineering Methods for an Essentially Free Fig
Plane

Acoustics - Determination of Sound:Power Levels and Sound Energy Lev,
Using Sound Pressure - Precision,Methods for Anechoic Rooms and Her

Road Vehicles - Environmental Conditions and Testing for Electrical and E
- Part 3: Mechanical Loads

Controlsof Emissions from New and in-use Highway Vehicles and Engine
Fuel Economy of Motor Vehicles EPA Driving Cycles

Federal Motor Vehicle Safety Standards Motor Vehicle Brake Fluids

_ubricating Qils, and
sted replacement for

els of Noise Sources
Id Over a Reflecting

bls of Noise Sources
hi-Anechoic Rooms

Electronic Equipment

hington, DC 20401,

s Fuel Specifications

2.1.5 U.S. Government Publications

Copies of these documents are available online at https://quicksearch.dla.mil.

MIL-STD-810

Environmental Engineering Considerations and Laboratory Tests
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3. BASIC CHARACTERISTICS, DEFINITIONS, AND ABBREVIATIONS

3.1 Definitions Related to Fuel Injection

3.1.1  FUEL INJECTION (FI)

A general term referring to any type of fuel injection system. Fuel delivery may occur mechanically, or may be electronically
actuated and controlled. The quantity of fuel delivered in modern gasoline injection systems is scheduled by an electronic
engine control unit (ECU). The electronic signal to the injector is based upon information received from several sensors that

monitor the operating conditions of the engine.

3.1.2

PORT FUEL INJECTION (PFI)

A fuel delivery systefn in which the injector is Tocated in the infake manifold, or in the infake portinaJo

close to the intake v4
at the back of the in
methanol, or natural

3.1.3 SEQUENTIA
A fuel delivery strate
Fuel is injected into

per crankshaft revol

3.1.4 GASOLINE

A fuel delivery syste
injected directly into
3.1.5 FUEL INJEC

A general term for a
of combustion engin

3.1.6 SINGLE SP
A PFI fuel injector th
3.1.7 DUAL SPRA

A PFI fuel injector th
for an engine having

Ive. The fuel spray is injected into the intake port upstream of the intake valve;an
ake valve. The fuel being injected is commonly gasoline, but in some applicatior
AL FUEL INJECTION
Py in which each injector is individually energized and timed relative to its correspo
e intake runner of each cylinder once per two crankshaft revolutions in a four-strg

tion in a two-cycle engine.

DIRECT INJECTION (GDlI)

the engine combustion chamber.

TOR

a)

.

RAY PFI INJECTOR
at develops one distinct spray plume.
Y PFI INJECTOR

at is designed to provide two distinct spray plumes during the injection event; thi
two intake valves per cylinder, with one plume intended for each intake valve.

3.1.8 VACUUM A

tion that is normally
is normally directed
s it may be ethanol,

gas. A multi-point fuel injection system will have at least one injector for€ach intgke runner.

hding cylinder event.
ke engine, and once

M in which the gasoline injector is located in the engine cylinder head, and in which the fuel spray is

h electromagnetic or mechanical’device that is used to meter and deliver pressutlized fuel to any type

5 is usually intended

R-ASSISTED FUEL INJECTION

A fuel injection system in which auxiliary air is drawn into the delivered fuel by means of the pressure differential caused by
the intake manifold vacuum. This air is mixed with the metered fuel to aid in the atomization and vaporization of the fuel.
See also pressurized air-assisted fuel injection.

3.1.9 PRESSURIZED AIR-ASSISTED FUEL INJECTION

A fuel injection system in which pressurized auxiliary air is mixed with the metered fuel to aid in the vaporization and transport
of the fuel. See also vacuum air-assisted fuel injection.
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3.2 Additional Definitions (in Alphabetical Order)
3.2.1 CLOSING TIME (CT)

The time required for the injector needle (the moving element in the fuel injector which cycles to both allow and prevent flow
from the valve seat) to first attain its fully closed position after the termination of the driver circuit pulse input. The units are
in milliseconds (ms).

3.2.2 CLOSING TIME INSTABILITY (CTI)

A measure of the variation in injector closing time (CT) and, along with the OTI, is an indirect indicator of the pulse-to-pulse
repeatability of mass fuel delivery. It is defined as the maximum measued CT minus the minimum measured CT for a

specified number of

injection events. The units are in milliseconds (ms).

3.2.3 COIL RESIS

TANCE (R)

The measured resistance of the coil winding of the injector. Knowing the value of this resistarice ‘permi

determine the currer
low-resistance coils.

3.24 DYNAMIC M

The general fuel ma
specified operating t

3.2.5 DYNAMIC N
The fuel mass delivg
and the X or Y offset
of the linear-curve in
for the normal case

from a regression ar
origin, the minus sig

where:
Y = the absolutg
X = the absolutg

m = the slope of

t requirement for a given system voltage. Presently, injector solenoid designs con
The units are in ohms (Q).

IASS FLOW (Qq)

s delivered per injection pulse when the injector is operated at any specified IPW

IASS FLOW CALCULATED (Quc)

ry per injection pulse that is calculated fora.specified injection pulse width (IPW
s that determine the linear flow curve for that injector. X and Y are the absolute va
tercepts from the origin. The linear relationship for the calculated dynamic flow is
pf the linear curve passing below the origin. The slope (m) and the X and Y interg
alysis of the flow measurements:*Eor the relatively rare case where the linear cur]
ns in Equation 1 should be changed to plus signs. The units are in milligrams per

Qic= (m *IPW) - Y = m * (IPW - X)

value of the.intercept of the regressed linear flow curve on the flow axis
value of\the intercept of the regressed linear flow curve on the IPW axis

the ‘regressed linear flow curve

s the injector user to
sist of either high- or

and P and under any

emperature and downstream manifold pressure. Theunits of Qq are in milligrams per pulse (mg/pulse).

using the slope (m)
ues of the distances
shown in Equation 1
epts are determined
Ve passes above the
bulse (mg/pulse).

(Ea. 1)

3.2.6

DYNAMIC MASS FLOW AT STANDARD CONDITIONS (Qstd)

The fuel mass delivered per injection pulse, Qstd, that is delivered by the injector when operated at the specified limits for
the standard environmental operating conditions as stated in Section 5. The units of Qsta are in milligrams per pulse
(mg/pulse).
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3.2.7 DYNAMIC MASS FLOW SHIFT PERCENTAGE (Qfs)

This parameter is useful for quantifying the effects of environmental conditions such as temperature and pressure on the
metering characteristics of the injector. Qq is the fuel mass delivery under general, non-standard environmental operating
conditions, and will generally differ from that delivered under standard environmental operating conditions, Qst. The
dynamic mass flow shift percentage, Qs, is the term that quantifies this measured shift in fuel delivery per pulse as a
percentage change from that delivered when functioning at standard operating conditions, Qsta. Equation 2 should be used

to compute the Qs value. The units are in percentage (%).

3.2.8

Dynamic flow shift percentage = Qs = 100 * (Qd - Qstd) /Qstd

DYNAMIC MINIMUM OPERATING VOLTAGE (DMOV)

(Eq. 2)

A measure of the cgpability of the fuel injection system to operate under low voltage conditions. Fh
significant effect on the injector response characteristics; therefore, the driver circuit for that particular

b driver circuit has a
njection system must

be used in that test.|DMOQV is the voltage at which the flow rate decreases to 50% of the fuel flow rafe that is delivered at

14.0 V. The units ar
3.2.9 DYNAMIC S

The particular inject
This dynamic set po
pulse width establish
milliseconds (ms).

3.2.10 DYNAMIC S

The measured fuel ¢
point pulse width. T|
manufacture of the i
industry as milligram

3.2.11 DYNAMIC S

For a particular injec|
of the tests within th
any one of those tes
in set-point flow (in
computing the perce
really be the dynam
units are in percenta

in volts (V).
ET-POINT PULSE WIDTH

on pulse width (IPW) for which a specified fuel delivery is set\during the manufg
int pulse width is specified as 2.50 ms for the PFI performarnce tests in this doc
es Qsp, as well as the dynamic performance and offset €haracteristics of the inje

ET-POINT MASS FLOW (Qsp)

elivered per injection event pulse that is delivered by the injector when energize
his set-point flow is utilized for numerqus inspection and quality control tests

hjector. This flow is measured in units.@f milligrams per injection, which is commg
s per pulse (mg/pulse).

ET-POINT FLOW SHIFT

for, the set-point fuel mass delivery per injection event pulse may be adversely aff
s document, such as.cerrosion, physical, or durability tests. One important mea
s is to measure the change (shift) in the set-point flow delivery that occurs due to
percent) is obtained by measuring the set-point flow both before and after the

¢ set-point‘mass flow shift percentage, but it is called the dynamic set-point flo
ge (%).

Dynarric set-point flow shift (%) = 100 * {Qsp (end of test) - Qsp (start of test)}/Qsp (start o

cture of the injector.
iment. This injection
ctor. The units are in

d at the dynamic set
juring and following
nly stated within the

bcted by any number
sure of the effects of
he test. This change
particular test, then

htage shift. This'may be computed from Equation 3. The full descriptive term for this parameter should

v shift for short. The

f test) (Eq. 3)

3.2.12 EXTERNAL

LEAKAGE

Fuel Leakage from any source other than that the from the contact surface between the seat and the needle at the injector
tip is considered external leakage.

3.2.13 FLOW-OFFSET (Y)

The displacement of the calculated linear regression flow curve from the origin along the ordinate y-axis, which is the Qq
axis. This value has a purely graphical purpose, as in some instances the related flow rate at Y could have a negative sign.
The units are in milligrams per pulse (mg/pulse).
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3.2.14 INDUCTANCE (L)

The inductance of an electromagnetic solenoid is a function of the number of turns in the solenoid coil and the permeance
of the magnetic circuit. Inductance is an indirect measure of the material properties and geometry of the flux path. Its value
is, therefore, meaningful as a production control parameter. The units are in millihenries (mH).

3.2.15 INSULATION RESISTANCE (IR)

The resistance of the insulation around the injector solenoid coil. The test for this resistance is designed to check for a
potential failure of the insulation between the coil assembly and the case of the injector. It is usually performed on completed

injectors to ensure that the coil insulation has not been damaged during the assembly process, or during any of the physical
tests, and that the terminal to case clearance has been adequately maintained. The units are in ohms (Q).

3.2.16 LINEAR FLQW RANGE (LFR)

A dimensionless injg
the minimum lineariz
respective pulse wid

3.2.17 LINEARITY

Ideally, the mass fue
proportional to the i
deviations. A deviati
measured fuel mass
may be computed fo

3.2.18 MAXIMUM (

The voltage utilized
maximum overload
terminals (if a peak-3

ctor performance parameter that is computed by dividing the maximum linearized
ed flow point, LFmin, as is shown in Equation 4. The values of LFmax and LiFmin ar
ths where the measured fuel mass flow deliveries deviate £5.0% from the lineariz

LFR = LFmax/LFmin
DEVIATION (LD)
hjection pulse width over the full flow range of injector operation. In reality, the
bn from linearity at a particular value of IPW is defined as the percentage differenc

flow delivery, Qq, and the corresponding calculated fuel mass flow delivery, Quc.
I any value of IPW using Equation 5. The uqifs are in percentage (%).

LD (%) = 1.00* {Qd - Quc}/Qdc
DVERLOAD VOLTAGE
n the maximum voltage overload test. The injector should be capable of maintain

oltage of 24.0 VDC is applied to the injector terminals (if a saturated driver is empl
nd-hold driver is employed). The overload voltage is to be applied for a period of §

is intended to simulgte an extreme jump-start condition. The units are in volts (V).

3.219 NORMAL F

JEL PRESSURE (Pnorm)

The fuel pressure s
characteristics of th
of that injector (exa
In the event that the

pplied.to the injector in a returnless injection system that is used to calibrate a

flow point, LFmax, by
b determined at their
ed flow curve.

(Eq. 4)

| flow delivery from an injector would be linear, which/is'te say that the fuel mass flow delivery is directly

re are always some
e between the actual
This linear deviation

(Eq. 5)

ng calibration after a
pyed) or to the driver
0 seconds. This test

nd establish the flow

injector.'This fuel pressure is defined by the application, and is the intended, norm
ple:\345 kPa). It is to be specified in Sl units (kilopascals [kPa]) and measured at t

| operating pressure
e inlet to the injector.
400 kPa should be

used for Pnorm for the tests within this document. It should be noted that for an injector that is intended to be used in a
return-type injection system, which has a pressure regulator that is normally biased to manifold pressure (either vacuum or
a positive pressure from forced induction), this normal pressure will be the total differential pressure across the injector from
the fuel inlet to the volume into which the fuel spray enters.

3.2.20 OPENING TIME (OT)

A measure of the time required for the injector needle to first attain the fully-open position after initiation of the driver circuit
pulse input. The units are in milliseconds (ms).

3.2.21 OPENING TIME INSTABILITY (OTI)
A measure of the variation in injector opening time (OT) which, along with the CTI value, is an indirect measure of the

pulse-to-pulse variability in fuel mass flow delivery. It is defined as the maximum observed OT minus the minimum observed
OT over a specified series of injection events. The units are in milliseconds (ms).
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3.2.22 OPERATING VOLTAGE RANGE

The range of voltage for which the injector will continue to operate. Under certain circumstances, such as cold engine
cranking, normal operating voltage may not be available. The minimum opening voltage of the injector is especially critical
for high-resistance injectors, as the coil current is directly proportional to the available voltage. Low-resistance injectors are

not as sensitive to lower battery voltage due to the current limiting driver circuit characteristics. The units are in volts (V).

3.2.23 PERIOD (P)

The time elapsed between the beginning of one injection to the beginning of the next injection. This is the reciprocal of the
frequency of injection. The units are in milliseconds per pulse (ms/pulse).

3.2.24 PRESSURE DROP RATIO (PDR)

The dimensionless 1
drop across the valv,

3.2.25 INJECTION

atio of the fuel pressure drop across the metering orifice of an injector compared
b seat.

PULSE WIDTH (IPW)

The increment of time that the injectors are commanded to deliver fuel for a single” injection eve

milliseconds (ms).
3.2.26 SHOT-TO-S

A measure of the v{
influence on the em
the STS variability m
the number of meas

3.2.27 SLOPE (m)

This slope value rep
data over the operat
in milligrams per mill

3.2.28 STATIC FL(
The mass flow rate d

mass flow rate of the
rate will increase; th

HOT (STS) VARIABILITY

riation in the mass of fuel delivered from one injection event to another. It is a
ssions from an engine. If sufficient measured values of STS mass delivery have
ay be computed using Equation 6. It should be noted that the computed variabilit
irements that are made. The units are in percentage (%).

STS variability in % = 100.%{Qd4(max) - Qa(min)}/Qa(ave)

resents the change in Qq perunit of IPW that is computed using a linear regressi
ng range of the injector.-See 5.6 for details on the computation of the slope and
second (mg/ms).

W RATE (Qs)
f fuel delivered by an injector when energized to remain in the fully opened positig

injectorfor the level of fuel pressure that is being employed. For higher fuel pres
brefore a value for the static flow rate should always be associated with a particul

to the fuel pressure

nt. The units are in

variable that has an
been obtained, then
may be affected by

(Eq. 6)

on of measured flow
ffsets. The units are

n. It is the maximum
sures, the static flow
br fuel pressure. The

units are in grams pTr second (g/s).

3.2.29 STATIC DROP-OUT CURRENT (I/S-OFF)

The minimum current required to hold the injector open after it has been energized. It is used to determine the holding
current calibration of the peak-hold driver. The units are in amperes (A).

3.2.30 STATIC MINIMUM OPERATING VOLTAGE (SMOV)

The voltage measured at the injector electrical connector at which the injector opens as determined by an accelerometer or
other sensing device capable of detecting the commencement of fluid flow. The units are in volts (V).

3.2.31 STATIC PULL-IN CURRENT (I/S-ON)

The minimum current required to actuate the injector from the closed to the open position. It can be used to calculate the
SMOV if multiplied by the value of R. The value of the static pull-in current can provide information for diagnosing functional
problems and designing injector driver circuits. The units are in amperes (A).
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3.2.32 TIME-OFFSET (X)

The displacement of the calculated linear regression flow curve from the origin along the ordinate x-axis, which is the
pulse-width axis. The units are in milliseconds (ms).

3.2.33 WORKING FLOW (WFmin and WFmax)
The minimum and maximum flows of a population of similar injectors of the same make and model that can be utilized in
calibration while still not exceeding a prescribed limit of flow standard deviation. The units of each are in milligrams per

pulse (mg/pulse).

3.2.34 WORKING FLOW RANGE (WFR)

A dimensionless perfformance parameter that numerically quantifies the usable flow range of any subset of a population of
similar injectors of the same make and model. In this usable flow range, any injector from the total'gopulation of all such
injectors will deliver @ fuel mass flow that is statistically within a specified percentage of 3.0 standard dgviations of the mean
flow value of all of the injectors. That specified percentage is 5.0% for a PFI injector. The(spécification of 3.0 standard
deviations sets a 997% statistical confidence level that the delivered flow of any subset of the injectofs will be within 5.0%
of the mean flow of the entire population. The WFR is determined from flow testing at least.24 sample injectors and dividing
the resultant maximym working flow point, WFmax, by the minimum working flow point}A\WFmin. This is shown in Equation 7.

WER = {WFmax/Wme} (Eq 7)
3.2.35 FID LEAKAGE RATE (qLeak)

The measured fuel Igakage from the tip of a PFI injector as determinedfrom a test utilizing a flame ionjization detector. The
units are in cubic millimeters per minute (mm3/min).

3.2.36 PERCENTAGE DEVIATION FROM FLOW LINEARITY (LD)

At any injection puls¢ width, the percentage deviation of-the actual measured fuel flow rate from that ca|culated from a linear
flow curve. It is computed by dividing the difference in“the two flow rates by the calculated flow rate, tifnes 100.

3.3 Abbreviations

These are additional abbreviations that are within the text of this document that are not listed in the ddfinitions subsection.

A ampetes (for current)

A/F air-fugl ratio

CCw countgr-clockwise

cP centipbise

cSt centistokes

Ccw clockwise

E85 gasoline blend containing 85% ethanol
ECU engine control unit

EPA Environmental Protection Agency

GDI gasoline direct injection

H hours
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kPa
kPaa
kPag
M15
mg
mH
mm
MPFI
ms

NL

OEM
T1
T2
T3

T4

PFI

ppm

rms

UBHC

\

a general pressure level in kilopascals
an absolute pressure value in kilopascals
a gauge pressure value in kilopascals
gasoline blend containing 15% methanol
milligram

millihenry (for inductance)

millimeter

multi-;l:ort fuel injection

millisegcond

normd| liters

ohms [for resistance)

origingl equipment manufacturer

the tinpe at which the injector needle lifts from the seat
the inifial time at which the injector needle is fully open
the tinpe at which the injector needle begins to-close

the inifial time at which the injector needle,is fully closed
period
port fuel injection
parts per million
root mean square
seconfls

unburped_hydrocarbons

volts

3.4  PFl Injector Operating Principles

3.4.1

Introduction to PFI Injector Operating Principles

A port fuel injector delivers a specific amount of fuel to the engine by means of an electromechanical solenoid. Fuel systems
which introduce fuel directly into the individual cylinder air intake runner are commonly referred to as multi-port fuel injection
(MPFI) or, alternatively, as port fuel injection (PFI). The amount of fuel that is delivered during each actuation is controlled
by the length of time the injector is open, and upon the differential fuel pressure across the injector. A more detailed
description of the injector flow path and basic operation may be found in the Appendix of this document. The amount of time
the injector is open is typically determined by an engine control module that senses the engine speed, engine load, air mass
flow quantity, and the ambient (barometric) and intake manifold pressures, and then computes the injection pulse width
(IPW) that is required.
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3.4.2 Injector Fuel Flow Path

Fuel enters a typical top-feed PFI injector at the top, as is illustrated in Figure 1. Metered fuel exits through the bottom. The
amount of fuel that exits on each actuation of the solenoid is controlled by the duration of the electrical logic pulse that is
transferred to the injector solenoid by the driver. A fuel filter is typically designed as an integral part of the injector at the fuel
inlet. Its main purpose is to serve as a final filter to prevent fuel line and fuel rail contaminants from entering the injector,
however, it also provides contamination protection during testing and servicing of the fuel system. This filter is not normally
designed to be serviceable, because a separate in-line filter in the fuel line from the tank normally functions as the primary
fuel system filtration device.

From the inlet filter section, the fuel moves to the fuel-metering portion of the injector. The metering of fuel is accomplished
by a needle and seat in conjunction with a metering orifice. With the coil energized, magnetic force pulls the needle away
from the seat allowing fuel to pass through the needle/seat and out through the metering orifice. The static flow rate of the
injector is the fuel fl ] it flow will depend on
the exit orifice size, fthe injector lift or stroke, the fuel pressure, and the hydraullc losses in the injector fuel flow path. By
design, the metering|orifice usually presents the largest pressure drop; however, most designs also rely on a pressure drop
across the valve and seat. The configuration of a typical valve and seat are also depicted in Figudre 1.|As the stroke, or lift,
of the needle is varigd, the static flow is changed and can be used as a means for the manufacturer tq obtain the specified
static flow rate. For hot fuel handling concerns, the metering orifice is also usually the largest’pressure|drop in the hydraulic
circuit. A spring is inporporated to return the needle to the closed position when the coilis de-energizgd. This ensures that
the injector is normdlly closed and fuel can only flow when the coil has been energized. The spring plso effects the time
required for the neeflle to open and close, which changes the injector dynamic-characteristics. Many designs, therefore,
provide the manufagturer with the ability to adjust the spring load to obtain thé dynamic set point flow.

Most designs use h|ghly finished metal-to-metal surfaces to provide a leak tight seal and minimize [flow shift due to life
cycling. Metal also helps minimize the changes in stroke that could-occur due to thermal expansign when operated at
extreme environmental temperatures. Ball-and-seat and mating cones have been successfully employéd as injector sealing
surfaces.

In the energized confition, fuel passes from the valve section,to a downstream spray-generating geomietry. This area of the
injector uses the engrgy of the fuel pressure to generate-a specific spray pattern and provide a leve] of fuel atomization.
Older injectors used |n throttle body injection systems typically used wide, hollow-cone spray patterns tgrgeted to the throttle
bore perimeter. Port|fuel injectors typically target the-fuel toward the rear face of the intake valve, as this has been shown
experimentally to be|very advantageous for power,-emissions, and cold drivability. This results from thp minimization of the
amount of port wall wetting that occurs. Due te-the fact that there are many port and valve geometries, a wide variety of
spray patterns and generating techniques exist.
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Fuel Inlet
Fuel Inlet
Filter
Electrical
Connection
/% Pole Piece
%
S or
7 e Return
/ i Spring
Bobbin
Armatira
Coil
Valve/Seat

Metering Orifice
Spray Generator

Metered Fuel Out

Figure 1 - Schematic cross section of a typical top-feed PFl injector

A number of typical PFI fuel spray patterns are illustrated in Figure 25 The patterns are many, and include a single, coaxial
stream a single, off-axis stream; dual angled streams; and multiple‘streams. An example of a dualangled stream pattern is
one that targets the fear surfaces of the two inlet valves of a four-valve engine. These various patterrjs may be generated
by means of single-hole orifices, multiple-hole orifices and jet-deflection design techniques.

Conical Seal Conical Seal

_ : Flat Face Seal
Pintle Type Dual Pencil Single Orifice
Hollow Cone Stream Spray Cone Spray

i

Figure 2 - Examples of PFl injector tip designs with various spray patterns

i
Ball'Seal Seal BnIUE}IchSIaaI Ball/Seal Seal
Single Orifice Multi-Orifice Single Orifice
Pencil Stream Cane Spray Multi-Stream
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3.4.3 Magnetic Circuit of a PFI Injector

The solenoid assembly of an electromagnetic fuel injector supplies the force to actuate the fuel-metering valve. One typical
example of this is illustrated in Figure 3. Two commonly used solenoid designs are the plunger-style armature, which is
commonly designated as the needle in some designs, and the flat-face, disk armature. The major components of the
solenoid assembly include the coil assembly, solenoid body, pole piece, armature (needle), and the return spring.

The function of the coil assembly is to generate a magnetic field when energized. The coil consists of a specified number
of turns of insulated wire wound around a bobbin. The material and size of the wire is chosen to provide a given number of
turns to develop the magnetic force while achieving the required electrical resistance for the injector driver circuit. The total
electrical resistance of an injector is essentially equal to that of the coil assembly, which is a function of the resistivity of the
wire, diameter of the wire, length of the wire, and the termination of the wire to an electrical connector. Inductance, on the
other hand is a functlon of the number of turns in the coil, matenals used for the body, armature (needle), and pole piece,

mbly while the injector

loop around the caoill
solenoid body is the

ece is the stationary

h the pole piece and

the working air gap. It is through this air gap that the force of attraction is generated. The working air
fixed and a variable air gap, the latter of which is dependent on\the position or stfoke of the armature.
al magnetism. Since
onmagnetic material
is fully opened. The
rties of the materials
f the magnetic circuit

used and the geom
have a lesser effect

ry of the parts are critical to the performance of the\design. The remaining parts o
bn the total reluctance and response of the solenoid.

The major difference¢ between the plunger solenoid design and the flat-face disk design is the path of the flux into the
armature from the s¢lenoid body. In the plunger design, radial' and working air gaps are used. The radial gap is necessary
to permit the armatufe to move axially relative to the nonmaving components of the solenoid assembly]| The working air gap
accommodates the otion of the armature assemblyxlnithe flat face disk design, an additional workinjg air gap is required
with no radial air gap between the armature and solénoid body.

Electrical ‘Terminals

FluxX Path /
Coil ™
FPolePiece 1'
|i |

Return Spring

T ————— ——"

Radial Air Gap ~—|

Stop

Armature

Figure 3 - Schematic diagram of the coil magnetic circuit
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3.4.4  PFI Injector Drivers

An injector driver is an electronic circuit that receives and converts an electrical logic pulse into a specific driving voltage
waveform that controls the opening, hold and closing phases of the injection event. These voltage waveforms are delivered
for a precise time duration at a given repetition rate. The saturated driver and the peak-and-hold driver are currently the
most commonly used by the automotive industry, with the saturated driver now becoming predominant for PFI injectors.

3.4.41 Injector Driver - Saturated

This type of driver is also commonly referred to as a saturated-switch driver. This is an injector driver in which a power
transistor turns fully on for the entire duration of the injection pulse width. A typical current trace for this common driver type
is illustrated in Figure 4. This type of driver is commonly used with injectors having high-resistance coils (typically 8 to 16 Q)
or with injectors having low-resistance coils in combination with a ballast resistor.

e Advantages: Heat is primarily dissipated through the injector or ballast resistor and not at the drivef circuit. The circuitry
is simplified compared to the peak-hold driver.

o Disadvantages: [The inherently slower dynamic response of this system decreases the injector uspble flow range. The
dynamic flow of an injector used with this type of circuit is more duty-cyclensensitive due|to heat dissipation
considerations. This driver’s inductive suppression element, which may be a resistance-capacitarjce circuit or a zener
diode, significantly affects the injector Qq rates due to variations in the circuit’s eurrent decay rate. [This decay results in
a change of the [njector closing time. The dynamic flow rate delivered by thistype of driver is typically more sensitive to
fluctuations in battery voltage and operating temperature than with a peak+and-hold driver.

| S T

Time

Figure 4 - Typical injector current trace for a saturated driver
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3.4.4.2 Injector Driver - Peak-and-Hold

The peak-and-hold driver is a type of driver that uses two, or sometimes more, levels of current to operate the injector.
Variations in this type of driver include intermediate hold, final hold, peak, and dwell designs. This type of driver circuit
applies battery voltage to the injector until a predetermined current level is reached. The current is then reduced and held
at a lower level for the duration of the IPW. This type of driver is normally used with injectors having low-resistance coils
(typically around 2 Q). A typical current trace for this common driver type is illustrated in Figure 5. The accuracy of both the
driver peak current level and the hold current level is normally held to a tolerance of +5.0%. In order to minimize OT
instability, it is advisable to match the injector and driver characteristics such that the switch from peak-current to
hold-current does not occur until after the injector is fully open.

e Advantages: The high peak current minimizes OT response and the low hold current minimizes the closing-time
response. This method of control results in an increased linear range of injector operation.

¢ Disadvantages: Heat is primarily dissipated at the driver. The circuitry is more complex than that,of|the saturated driver.

Current

w—u—-ﬁ”‘—"“""‘_"" il .o

Time

Figure 5 - Typical injector current trace for a peak-and-hold driver

4. STANDARD TEST CONDITIONS
Unless otherwise specified, the following test conditions are to be utilized:
4.1  Ambient Pressure and Temperature

The testing is to be performed at an ambient pressure of 100 kPa + 5 kPa abs and a temperature of 21 °C + 2.0 °C.
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4.2 Test Fluid

Normal heptane (n-heptane) at a fuel pressure of Pnorm is specified as the standard test fluid and pressure for the
measurement of injector performance characteristics. This is specified in order to promote test standardization, and to allow
a more accurate comparison of the performance characteristics of samples of injectors. An inspection of the data reporting
sheets within this document will show that many PFI performance tests result in an SAE J1832 performance parameter if
n-heptane at Pnorm has been used along with the other specified standard conditions. Any other test fluid may optionally be
used, such as mineral spirits or solvent, and any other fluid pressure other than Pnorv may optionally be used. This is
permissible as long as it is clearly indicated on the data reporting sheet. However, it should be noted that such deviations
preclude referring to the final performance parameter that is obtained as the SAE J1832 parameter. There are some
exceptions to this, such as for those tests listed under corrosion and fluid compatibility measurements or thermal shock
tests at very elevated temperature. In these cases, and in any special tests that are designated, the measurement tests are
to be performed with the designated test fluids, which may not be n-heptane. The use of any test fluid that differs from that

designated in the tes
test procedure must

Automotive port fue
systems involves ve
and exhibits a chang
volatility having well-
of advantages as a
performance of injec
as the best compron
In addition, the fluid f
whereas a comparis
Tests that are more
performed with fluidg
pure hydrocarbons {
laboratories worldwi
known to be very sin
and flow rates. How
designs at abouta 3
injector designs, oth

be read carefully to determine if the use of a test fluid is or is not to be considereq

injectors are designed to spray gasoline, and most engine development'and v
ification testing with that fuel. Gasoline, however, is a mixture of many component
e in physical properties with partial evaporation. Therefore, a pure hydrocarbon liq
documented physical properties and a viscosity and density neanthat of pump g4
test fluid. It is certainly recognized that no single test fluid is ideal, and can pe
ors operating on multi-component hydrocarbon fuels that are-found in the field. N-h
nise on the basis having worldwide availability, as well as the stability of physical
roperties are not only well specified, but are very similar to'that of gasoline. This is
bn of the properties of n-heptane with those of mineral spirits and indolene clear is
application-related or conducted for quality control, durability, and corrosion ¢
specified by the test procedure or optionally specified by the user. N-heptane is on|
sed to define the octane number scale, and-is“stocked in all petroleum refinery g
le to known levels of purity and consistency> The fuel spray parameters that resu
ilar to that obtained from pump gasolines;*and yields excellent reproducibility of sp
bver, as indicated in Table 1, n-heptane is not gasoline and is known to flow in m
to 4% lower rate than does the U:S_EPA emission test gasoline, 40 CFR 86.113. |
br values of this flow difference.may be exhibited.

Table 1 - Comparison.of N-heptane to the EPA emission test gasoline

text of the particular
as a test deviation.

Ehicle testing of fuel
5 of varying volatility,
iid of somewhat less
soline has a number
rfectly duplicate the
eptane was selected
properties if reused.
llustrated in Table 1,
provided in Table 5.
ompatibility may be
e of the two common
ontrol and analytical
t from n-heptane are
ray form, penetration
ost common injector
For some less-typical

Viscosity
(20 °C) Specific Gravity| Static Flow Dynamic Flow
centipoise (20 °C) (g/s) (mg/puls¢)
40 JFR 86.113 0.468 0.75 1.993 3.63
n-heptane 0.438 0.68 1.918 3.52
% difference -6.41 -9.33 -3.75 -3.03

The most significant

advantage of n-heptane over gasoline is reusability. It is a pure hydrocarbon g

ompound and not a

complex mixture of many hydrocarbon compounds, as is the case with gasoline. Therefore, repeated flow testing that results
in partial evaporation of the test fluid does not change the physical properties of the remaining fluid. With gasoline, the
lighter and more volatile components are preferentially lost, thus changing many of the physical properties. One of the few
exceptions to this is the reuse of the test fluid for fuel spray testing in a humid environment, in which case the entrainment
of moisture from the air could contaminate the n-heptane. Otherwise, the fluid properties of n-heptane will remain quite
stable during repeated testing.

Pump gasolines, the EPA emission test fluid, and n-heptane are all light, volatile liquids and have flash points well below
normal room temperature. The vapor from any of these liquids, therefore, poses a fire hazard that must be continuously
monitored and controlled in the laboratory areas.
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As opposed to laboratory test benches, factory-floor environments seldom permit the routine use of flammable liquids in
temperatures above their flash points. The manufacture of fuel injectors generally involves a flow measurement of the
completed (or partially completed) injector; therefore, a test liquid of less volatility than gasoline is usually chosen for this
purpose, so that the flash point of the liquid is higher than the factory working area temperature. One such liquid is a typical
medium petroleum distillate usually called “mineral spirits” in the USA, which has a flash point over 43 °C. The use of such
a liquid requires a laboratory-to-factory floor calibration step in which a flow rate on the test fluid corresponding to the desired
gasoline flow rate must be established for each individual injector design and test condition. The use of n-heptane for the
testing in this document avoids this difficult step.

4.3  Fluid Temperature

The temperature of the test fluid should be measured at the injector inlet, and, unless stated otherwise, should normally be
stabilized before any testing to 21 °C + 2.0 °C.

4.4  Injector Tempgrature

The body temperatu
pre-conditioning pro
temperature should
4.5 Fuel Pressure

The fuel pressure at

re of the test injector should be stabilized at an ambient temperature of'21 °C
cedure that may be required prior to some tests. If pre-conditioning is net specifi
be stabilized at 21 °C + 2.0 °C prior to the test.

the injector inlet should be Pnorw. It is to be maintained 4yithin £0.5% of this value

If there is no specifigd application pressure associated with the injector that is being tested, then 400

for Pnorm. The actua
of kilopascals (kPa).

4.6 Period (P)

The injection period
used and recorded @

4.7 Injection Pulsg

The IPW shall be de
within this document
the specified IPW fo
1+0.005 ms.

4.8 Injector Driver

The type of injector ¢

should be 10.0 ms if a value is not spegifically designated in a test procedure, the
n the data reporting sheet.

Width (IPW)
termined by the type of test'being conducted. Many values of IPW are specified

; therefore, careful attention must be given to setting the IPW to the required test
[ determining the sétpoint dynamic flow rate is 2.5 ms. In general; the IPW is to

river4s to be determined by the specified application, and is to be of instrument gr

be noted that the sajurated“switch type is commonly specified for most PFI applications today. The vg
driver shall be 14.0 YDCO + 0.05 VDC unless otherwise specified by the application. The specified drive

- 2.0 °C prior to any
bd, the injector body

throughout the test.
kPa should be used

fuel pressure that is used for a test should always.bé&.recorded on the data reporfjng sheet in the units

n 10.0 ms should be

for the various tests
value. For example,
be maintained within

Ade quality. It should
Itage supplied to the

r type and operating

voltage are to be recorded on the appropriate data reporting sheet. A detailed description of the two most common driver
types is provided in 3.4 .4.

4.9 Polarity

The polarity of the injector coil connectors is to be the same as specified in the application, and is to be maintained constant
throughout all testing.

4,10 Test Apparatus

The type of test fixture utilized will vary with the particular injector parameter being measured, and will be specified in each
test description.
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4.11 Instruments
All instruments utilized shall be operated and stabilized.
4.12 Injector Position

The axis of the injector shall be mounted vertically with the spray tip down unless otherwise designated in the particular test
procedure. The only test in this document for which this is not the case is the injector drip test.

4.13 Injector Pre-Conditioning

Total pre-conditioning consists of two separate procedures: flushing and purging. The injector and the test apparatus should
be flushed and purged with test fluid (n-heptane in most tests) prior to any testing to remove all air, vapors, residue, and
shipping fluids. The procedure and test conditions for flushing and purging are provided in Table 2. Eorjboth procedures the
injector should be qperated at an injector pulse width of 5.0 ms and a period of 10.0 ms. Flushing requires at least
6000 pulses, wheregs purging requires at least 2000. The test fluid used for the flush is to be-discargled, and is not to be
used in any subseqyent test. Flushing is to be performed only once for any given injector, unléss therg is a fluid change or
a long period of storage (for example, exceeding a week). Purging may be required at the start of many tests following the
installation of an injector in its test fixture.

Table 2 - Pre-conditioning procedure (flushing and purging)

Procedune Purpose Test Conditions Discgrd Fluid?
Flushing Clear the injector of any IPW =5.0 ms Yes
shipping fluids and Period = 10.0 ms
contaminants No. of pulses <6000 (minimum)
(Minimum test time = 60 seconds)
Purging Clear the injector of air IPW = 5.0.ms Optional
bubbles and vapor Period= 10.0 ms
No.‘of pulses = 2000
(Total test time = 20 seconds)

4.14 Flow Measurement Parameters and Options

The fluid flow rate mpy be measured by either volume or mass flow with the latter being the preferred method. If measured
in volume per time, fhe data should be cenverted using the fluid density, and should then be reporte@ in mass flow units.
Either grams per seg¢ond of fluid or milligrams per pulse may be reported, or both. All additional pertingnt information to the
flow test shall also Ipe recorded (number of pulses, fuel mass, etc.). Prior to the initiation of the flolw measurement test
procedure, the injector should be pre-conditioned once as noted in Table 2.

4.15 Summary of Standard Test Conditions

The summary of stgndard-test conditions is provided in Table 3 for each of the port fuel injection test procedures. Any
deviations from the fecommended standard test conditions described in Table 3 must be recorded and clearly noted as a
deviation on the applicable data reporting sheet.
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Table 3 - Summary of standard test conditions for PFl injector testing

Testing Categories in SAE J1832

vertical

Type of Flow |Leakage |Electromech |Physical Noise Durability Thermal |Corrosion Drip
Testing Testing | Testing Testing Testing | Testing Testing Testing Testing Testing
. P, Multiple As As
Test Fluid n-heptane (if fluid is used) fluids specified specified n-heptane
Ambient As As
Temperature 212 212 e o 21+2
(°C) specified specified
Ambient
Pressure 100+ 5 100+ 5
(kPa abs)
Fluid
Temperature 21 % 2 (if fluid is used) A.S. ATQ'. \.S. 21+2
(°C) specified specified spegified
Initial Injector
Temperature 212 A.5. A'.S. 3‘.8. 212
(°C) specified specified spegified
PNorM, as
Fluid specified by
Pressure (kPa Pnorwm, as specified by the application, to within +0.5% N/A application,
gauge) to within
+0.5%
Injection 10 100 5 As N/A 50 + 0.01
Period (ms) specified -
Injection As
Pulse Width Vgrious N/A N/A N/A 4 25 o N/A 5+0.01
specified
(ms)
Flow Rate To be reported-in' mass flow units
- N/A
Units (g9/s:armg/pulse)
Injector Axis Vertical unless specified by application; Vertical a I\i/cear:ilgil' L:glisrts:ﬁg:tlgﬁgnb? not 45 degrees
Orientation report orientation if not vertical PP  rep + 1 degree

Table 4 contains a

Table 4 - Key physical property specifications for 40 CFR 86.113

tabulation of the key physical property specifications for 40 CFR 86.113, and
comparison of the physical properties of three very common test fluids; 40 CFR 86.113, n-heptane, arj

40 CFR 86.113 (Clear)

60.0 to 63.4 kPa

Property Indolene!"), EEE?®
Research octane number (ASTM D2699) 93
Sensitivity 7.5
|l aad (oraanic  (ASTAM NR227) 050 alaal
A AR ALt A U LA A ToOImgrg et
0.013 g/L
Sulfur, weight (ASTM D5453) 0.10% max
Phosphorus (ASTM D3231) 0.005 g/gal
0.0013 g/L
Reid vapor pressure (ASTM D5191) 8.7 10 9.2 psi

Hydrocarbon composition (ASTM D1319)
Olefins

10% by volume max

Aromatics 35% by volume max
Saturates Remainder
M) Trademark of BP.

@ Trademark of specified fuels.

Table 5 provides a
d mineral spirits.
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Table 5 - Physical property specifications for common test fluids

Property Test Fluids
. Normal heptane (CP grade) 40 CFR 86.113 (clear) Mineral spirits
Name of Fluid Indolene(, EEE®
Primary reference fuel grade | Engineering and emission Middle distillate for
pure; hydrocarbon liquid in test; gasoline for injector production floor quality
P . gasoline; boiling range, for tests that require a full-boiling | control tests
urpose of Fluid e ; . .
injector; flow tests in gasoline
engineering and
development
Specific Gravity at 0.681 to 0.685 0.734t0 0.744 0.775 10 0.790
15.6 °C (60 °F) (ASTM D1298)
Kinematic Viscosity at 0.60 to 0.64 cSt 0.59 to 0.65 cSt 1.195 to 1.205 cSt
20 °C (68 °F) (ASTM[D445)
Absolute Viscosity at 0.418 to 438 cP 0.418 to 0.468 cP 0.94.10,0.96 cP
20 °C (68 °F) (ASTM|D445)
Flash Point (typical] (ASTM D56) | -1 °C (30 °F) -40 °C (-40 °F) 48:3 °C (110 °F)
Distillation (ASTM 086) Initial 97.7 °C (208 °F) 24 to 35 °C (75 to 95 °F) 150 °C rpin (300 °F)
Distillation (ASTM 086) - 49 to 57 °C (120 to 135 °F) -
10% evaporated
Distillation (ASTM 086) 98.4 °C (209 °F) 93 to 110 °C (200 t0.280 °F) | -
50% evaporated
Distillation (ASTM 086) - 149 to 163 °C (300'to 325 °F) | -
90% evaporated
Distillation (ASTM 086) 99.4 °C (211 °F) 213 °C max (415 °F) 210 °C thax (410 °F)
End Point
Pentane Insolubles (ASTM D893) | 0.001 max 0.001max 0.01 mak
% by weight
Water Content (ASTIM D6304) 0.001 max 0:001 max 0.10 mak
% by weight
() Trademark of BP.

@ Trademark of spefified fuels.
5. ELECTROMECHANICAL AND FLOW PARAMETERS
5.1 Overview of E|lectromechanical and Flow Parameters

This section contains numerous test procedures that will serve to characterize the non-spray performance of a port fuel
injector. The subsegtions of this section/contain test procedures for determining the electrical properties, opening and
closing times, tip leakage, and fuel flow-characteristics of any particular PFI injector. Taken as a whole:Lthe values obtained
for these parameter$ contribute significantly to defining the operating envelope and performance of the injector. It should
be noted that the defermination.6f the spray quality delivered by the injector requires a separate set pf tests that are fully
defined in a separate document, SAE J2715. The majority of the tests in this chapter are indepgndent, and may be
conducted with or without{conducting the other tests.

5.2 Injector Electrical-Parameter Measurements
5.2.1 Coil Resistance (R)
5.2.1.1  Overview of Coil Resistance

The measurement of the coil resistance permits the injector user to determine the electrical current requirement for a given
system voltage. Presently, injector solenoid designs consist of either high-resistance or low-resistance coils. The
high-resistance design is typically 8 to 16 Q and used with a saturated circuit driver. The driver turns the battery voltage on
and off, allowing the current through the coil to be controlled by the coil resistance. The low-resistance design is typically
1 to 4 Q and uses a current limiting driver. This system allows a peak current for rapid opening response followed by a lower
current level, called the hold current, for the remainder of the command pulse.
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52.1.2

a.

Procedure for Coil Resistance Measurement Test

should be stated in the comments section of the data reporting sheet.

Establish the standard test conditions listed on the data reporting sheet in this section.

A minimum set of five new injectors from serial production are to be tested. If the injectors are from pre-production, this

The recommended measurement procedure is to utilize an ohmmeter in a four-wire bridge arrangement. A two-wire

bridge measurement is acceptable if the measuring leads are zeroed. The ohmmeter measurement should be made
with the injector at a uniform temperature of 21 °C + 2.0 °C. Caution should be taken to not physically touch the injector
just before taking measurement, as it may alter the injector coil temperature and affect the resistance readings.

Conduct the measurement of the coil resistance. The unit of measurement is to be ohms (Q), with a measured accuracy

b.
c.
d.
of £0.01 Q.
e. Repeat the test 1
5.2.1.3 Data Redl

None required.

5.2.1.4 Data Repqg

Report the measure
use of a two-wire bri

5.2.2 Solenoid Ing

5.2.21 Overview

or the remaining injectors in the set.

ction and Analysis for Coil Resistance Measurement Test

rting for Coil Resistance Measurement Test

 coil resistance in ohms (Q) on the data reporting sheet. If there are any test de
Hge, this should be noted on the sheet.

uctance (L)

bf Solenoid Inductance

The inductance of an electromagnetic solenoid is a function of the number of turns in the solenoid coi

of the magnetic circt
is therefore meaning
when the voltage is

it. Inductance is an indirect measure of the material properties and geometry of tk
ful as a production control paratveter. Inductance, together with resistance, provig
nown and therefore can be used in predicting the initial current rise profile.

for Solenoid Inductance Measurement Test

in the comments section of the data reporting sheet.
ndard test-eonditions listed on the data reporting sheet in this section.

ed method of measurement of solenoid inductance is with the injector in the nc

viations, such as the

and the permeance
e flux path. Its value
es the time constant

f five new injectors/from serial production are to be tested. If the injectors are frony pre-production, this

n-energized, closed

\\Wheatstone Bridge or equivalent. connected in a four-wire series mode. The sta

hdard test frequency

5.2.2.2 Procedure
a. A minimum set g
should be stated
b. Establish the sta
c. The recommend
position using a
shall be 1.0 kHz
d.
with a resolution
e.
5223

None required.

5224

+ 0.5%, with a potential of 1.0 Vrms.

of £0.01 mH.

Repeat the test for the remaining injectors in the set.

Data Reduction and Analysis for Solenoid Inductance Measurement Test

Data Reporting for Solenoid Inductance Measurement Test

Report the measured solenoid inductance in mH on the data reporting sheet.

Conduct the inductance measurement using the Wheatstone Bridge. The unit of measurement is the millihenry (mH),
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5.2.3 Insulation Resistance (IR)

5.2.3.1  Overview of Insulation Resistance

This test is designed to check for a potential failure of the insulation between the coil assembly and the case of the injector.
It is usually performed on completed injectors to ensure that the coil insulation has not been damaged during the assembly
process and that the terminal to case clearance has been adequately maintained. IR is also measured after any mechanical
integrity testing to ensure that the insulating abilities of the injector coil assembly have not been degraded.

In most existing applications, a voltage is applied to one of the injector terminals and the unit is energized by completing
the ground circuit. In a situation where the IR breaks down, the injector could become continuously energized and flood the
engine. On systems that energize the unit by providing the positive voltage through the driver, breakdown can cause the
injector to misfire or not fire at all depending on where the coil assembly is shorted.

5.2.3.2 Procedurd for Insulation Resistance Measurement Test

a. A minimum set ¢f five new injectors from serial production is to be tested. If the injectors. aré fron

should be stated in the comments section of the data reporting sheet.

pre-production, this

b. Establish the stgndard test conditions listed on the data reporting sheet in this section.

c. Connect a standard megohmmeter tester, set to 1000 VDC, between the injector case and a coil terminal post.

d. After 2 seconds, measure the resistance. The typical minimum resistahce normally exceeds 300000 Q, with some
applications reqdiiring a minimum of 500000 Q.

e. Repeat the test for the remaining injectors in the set.

5.2.3.3 Data Reduction and Analysis for Insulation Resistance Measurement Test

None required.

5.2.3.4 Data Repgrting for Insulation Resistance-Measurement Test

Report the measured insulation resistance in-ohms (Q) on the data reporting sheet.

5.2.4  Static Minimum Operating Voltage (SMOV)

5.2.4.1 Overview pf the Static Minimum Operating Voltage

Under certain circum
voltage of the inject
available voltage. L¢

stances,such as cold engine cranking, normal operating voltage is not available. T
Or is €specially critical for high-resistance injectors as the coil current is directl
w-resistance injectors are not as sensitive to lower battery voltage due to the ¢

circuit characteristicg

he minimum opening
proportional to the
urrent limiting driver

. he SMOV is the minimum voltage, measured at the injector electrical connector

at which the injector

opens as determined by an accelerometer or other sensing device capable of detecting the opening event.

52.4.2

a.

Procedure for Static Minimum Operating Voltage (SMOV) Test

A minimum set of five new injectors from serial production is to be tested. If the injectors are from pre-production, this

should be stated in the comments section of the data reporting sheet. All of the injectors are to be pre-conditioned
according to Table 2.

Establish the standard test conditions listed on the data reporting sheet in this section.

Mount the injector in the test fixture and connect a variable DC power supply to the injector connector terminals. Before

applying any voltage, allow sufficient time for the injector body to cool down to the standard test temperature after the

pre-conditioning

operation.
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d. The recommended method of measurement is to increase the level of the voltage to the injector solenoid in a staircase
waveform with an increment of 100 mV and a duration of 10 ms until the injector opens. The injector opening event may
be detected by means of an accelerometer signal or an alternative sensing device.

e. Note the voltage level at which the injector first opens. This is the SMOV value.

f. Repeat the test for the remaining injectors in the set.

5.2.4.3 Data Reduction and Analysis for Static Minimum Operating Voltage Test

None required.

5.2.4.4 Data Reporting for Static Minimum Operating Voltage Test

Record the measured static minimum operating voltage on the data reporting sheet.

5.2.5 Dynamic Minimum Operating Voltage (DMOV)

5.2.5.1  Overview pf the Dynamic Minimum Operating Voltage
This parameter is a

significant effect on {

measure of the fuel injection system response to low voltage conditions. The
he injector response characteristics; therefore, the driver circuit as used in the ve
5252

Procedurg for Dynamic Minimum Operating Voltage Test

a. A minimum set gf five new injectors from serial production are to.be tested. If the injectors are fro
should be statedl in the comments section of the data reporting sheet. All of the injectors are t
according to Table 2.

driver circuit has a
hicle must be used.

pre-production, this
be pre-conditioned

b. Establish the stgndard test conditions listed on the datadeporting sheet in this section.

c. Mount the injectpr in the test fixture and attach the-output of a driver circuit from the vehicle appli¢ation of the injector.
Connect a logic pulse generator with variable DE voltage to the input of the driver.

d. Using a logic pu|se width to the driver of 10'ms, and a pulse period of 20 ms, increase the supply|voltage to the driver
in steps of 0.10 V starting at the SMOV: 1200 injection pulses (24 seconds) are to be supplied at ¢ach voltage step.

e. Measure the applied supply voltage’and the injector dynamic flow rate, Qq, at each voltage step ppint.

f. The DMOV is dgfined as that voltage at which the delivered dynamic flow rate equals 50% of|the flow rate that is
delivered at 14.Q V. See Figure 6.

g. Repeat the test for-theremaining injectors in the set.

5.2.5.3 Data Reduction and Analysis for Dynamic Minimum Operating Voltage Test

Determine the DMOV value from the data on dynamic flow rate versus voltage.
5.2.5.4 Data Reporting for Dynamic Minimum Operating Voltage Test

Record the measured dynamic minimum operating voltage (DMOV) on the data reporting sheet.
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DMOV
14.00
12.00
10.00 ?
3 12 mg/pulse @ 14 Volts
3 8.00
S~
[T}
£
3z 6.00 s . DVIOV = 6 mg/pulse @ 6.5 Volts
-
4.0p
2.0p
0.0p
0 2 4 6 8 10 12 14 16
Voltage

18

5.2.6 Maximum O

5.2.6.1 Overview
The injector must m
applied to the driver,
switch driver. The vg
simulate an extreme

5.2.6.2 Procedurg

should be statedl in the commentssection of the data reporting sheet. All of the injectors are t

Figure 6 - Dynamic minimum operating voltage (DMOYV)
verload Voltage (MOV) Tolerance
bf the Maximum Overload Voltage Tolerance

hintain calibration after a maximum overload voltage (MOV) test. In this test, a m
in the case of a peak-and-hold driver and directly to the injector terminals in thg

jump-start condition using a 24 V. battery.

for Maximum Overload Voltage Tolerance Test

f five new injectors from serial production are to be tested. If the injectors are fro
le 2.

ndard test €onditions listed on the data reporting sheet in this section.

bmeters.of Qs, Qsp, R, IR, and tip leakage for the injector prior to the application of

aximum of 24.0V is
case of a saturated

ltage is applied for a period of 60 seconds while the injector is operating at Qsp. This test is intended to

pre-production, this
be pre-conditioned

ny overload voltage.

DI-in a suitable test fixture that contains the proper driver. The injector and driver g

re to be tested as an

assembly with the injector operating at Qsp and a system fuel pressure of Pnorwm.

A 24V test voltage is to be applied for 60 s to the driver input if the injector uses a peak-and-hold driver, and directly to

the injector terminals in the case of a saturated switch driver. Following the application of the voltage, the injector is to

a. A minimum set g
according to Tah
b. Establish the stg
c. Measure the par
d. Mount the inject
e.
be retested for a
f.
5.2.6.3

ny resulting change in the parameters of Qs, Qsp, R, IR, and tip leakage.

Repeat the test for the remaining injectors in the set.

Data Reduction and Analysis for the Maximum Overload Voltage Tolerance

Compute the percentage change in the values of Qs and Qsp from the pre-test value to the post-test value.
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5.2.6.4 Data Reporting for the Maximum Overload Voltage Tolerance Test

Record the measured pre-test and post-test values of Qs, Qsp, R, IR, and tip leakage along with the computed percentage
changes in Qs and Qsp on the data reporting sheet.

5.2.7 Voltage Sensitivity
5.2.7.1  Overview of Voltage Sensitivity
As the fuel flow is a function of battery voltage with most injectors, particularly high-resistance injectors, this operating map

is normally a very useful piece of data. For example, having this data map may permit voltage compensation curves or
maps to be generated for use in fuel system control or calibration programs.

5.2.7.2 Procedurg for the Voltage Sensitivity Test

a. A minimum set qf five new injectors from serial production are to be tested. If the injectors are_fronj pre-production, this
should be stated in the comments section of the data reporting sheet. All of the injectors”are t¢ be pre-conditioned
according to Taljle 2.

b. Establish the stgndard test conditions listed on the data reporting sheet in this s€etion.

c. Mount the injector in the test fixture and attach the output of a driver circuit from the vehicle appli¢ation of the injector.
Connect a logic pulse generator with variable DC voltage to the input of the driver.

d. Using the driver|circuit from the vehicle application, set the supply.voltage to the driver to 5.0 V. For a period (IPW) of
10.0 ms and the|following series of injection pulse widths: 1.4, 16,128, 2.0, 2.2, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, 7.5, 8.0, 8.5,
9.0, 9.5, and 10.0 ms, measure the delivered dynamic flow, Qq¢at'each IPW.

e. Repeat step (d)|incrementally for the additional DC voltage levels of 6.0, 7.0, 8.0, 10.0, 12.0, 14.0, and 16.0 V. Any
additional specigl voltages that correspond to the vehicle application requirements may also be added.

f. Repeat the test for the remaining injectors in the set:

5.2.7.3 Data Reduction and Analysis for the/Voltage Sensitivity Test

Plot the measured c
Typical injector voltg
in Figure 7.

Lrves of dynamic fuelflow rate, Qq, versus the injection pulse width for each of th
ge sensitivity performance maps for both a saturated driver and a peak-and-hold

b eight test voltages.
driver are illustrated

5.2.7.4 Data Reparting for thé/oltage Sensitivity Test

Attach the family of gurves of voltage sensitivity to the data reporting sheet.
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Figure7,~"Typical measured curves of voltage sensitivity
5.2.8 Static Pull-Ir} Current (I/S2ON)

5.2.8.1  Overview pf the Static Pull-in Current

I/S-ON is the minimuprcurrent required to actuate the injector from the closed to the open positioph. It can be used to
calculate the SMOV iTmuftiplied by the R and can be userul information in diagnosing functional problems and designing of
injector driver circuits.

5.2.8.2 Procedure for the Static Pull-in Current Test

a. A minimum set of five new injectors from serial production are to be tested. If the injectors are from pre-production, this
should be stated in the comments section of the data reporting sheet. All of the injectors are to be pre-conditioned
according to Table 2.

b. Establish the standard test conditions listed on the data reporting sheet in this section.

c. Mount the injector in the test fixture. The injector is to be mounted vertically with the nozzle pointing downward and with
the system application pressure, Pnorwm, applied to the fuel inlet. Connect a variable DC power supply to the injector
connector terminals. A precision ammeter should be installed to control and measure the level of current supplied to
the injector solenoid.
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The recommended method of measurement is to increase the level of current to the injector solenoid in a staircase

waveform with a step height of 1.0 mA and a duration of 10 ms until the injector opens. The injector-opening event may
be detected by means of an accelerometer signal or an alternative sensing device. The test should be started at a
current level that is approximately 90% of the anticipated I/S-ON current in order to avoid overheating the injector

d.

solenoid.
e.

I/S-ON.
f.
5.2.8.3

Repeat the test for the remaining injectors in the set.

Data Reduction and Analysis for the Static Pull-in Current Test

Note the value of the solenoid current (in amperes) at which the injector first opens. This is the static pull-in current,

None required.
5.2.8.4 Data Repqg

Record the measur
amperes (A).

5.2.9 Static Drop-

5.2.9.1 Overview

rting for the Static Pull-in Current Test

bd value of the static pull-in current, I/S-ON, on the data reporting sheet. Th

put Current (I/S-OFF)

bf the Static Drop-out Current

I/S-OFF is the mininjum current required to hold the injector open after, it-has been energized. It is u

holding current calib
5.2.9.2 Procedurs

a. A minimum set d

should be stated in the comments section of the data reporting sheet. All of the injectors are

according to Tah

ration of a peak-and-hold driver.

for the Static Drop-out Current Test

f five new injectors from serial productien are to be tested. If the injectors are fro
le 2.

ndard test conditions listed-on the data reporting sheet in this section.

ed that the static drop=out current be measured immediately following the meas

cation pressure, Pnorm, applied to the fuel inlet. Connect a variable DC power s
als. A precision ammeter should be installed to control and measure the level g
oid.

4

b units are to be in

ed to determine the

pre-production, this
be pre-conditioned

irement of the static

br in the test fixture. The injector is to be mounted vertically with the nozzle pointing downward and with

upply to the injector
f current supplied to

ed-method of measurement is to apply sufficient current to the injector soleno

d to assure that the

injector is in the open position, and then to decrease the current in a staircase waveform with a step height of 1.0 mA
and a duration of 10 ms until the injector closes. The injector closing event may be detected by means of an
accelerometer signal or an alternative sensing device. The test should be started at a current level that is no more than
approximately 10% higher than the anticipated I/S-OFF current in order to avoid overheating the injector solenoid.

Note the value of the solenoid current in milliamperes at which the injector closes. This is the static drop-out current,

I/S-OFF. It should be noted that I/S-OFF value is always lower than the 1/S-ON value. This is mainly due to the solenoid
air gap being smaller by the distance of the stroke, which will yield higher magnetic forces for any given current level.

b. Establish the stg

c. Itis recommend
pull-in current.

d. Mount the inject
the system appl
connector termi
the injector sole

e. The recommend

f.

g.

5.29.3

None required.

Repeat the test for the remaining injectors in the set.

Data Reduction and Analysis for the Static Drop-out Current Test
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5.2.9.4 Data Reporting for the Static Drop-out Current Test
Record the measured value of the static drop-out current, 1/S-OFF, on the data reporting sheet. The units are to be in
amperes (A).

5.2.10 Control Module Power Dissipation

There are three key areas of concern when driving a solenoid with a control module output. The first is the power dissipation
in the driver and snubbing devices (one device may perform both functions) and the effect on the internal temperature of
the system. Snubbing is the dissipation of energy stored in an inductive device when the output driver is switched off. This
energy is also referred to as the inductive kickback or alternatively as the inductive flyback. The second area of concern is
the cumulative energy the snubbing device absorbs each time the driver is turned off. The third area of concern is the total

power dissipation of

the control module.

There are two comptlments to the power dissipated by the output driver during operation. First, there.is

during the “on” time
saturation voltage of
is turned off and the

The typical control module contains a clamping feature that “avalanches,” or breaks,down, at outp

between 32 to 120
until the current thro
that causes it to bec
zener voltage.

These power dissi

measurements be cgordinated and conducted in conjunction with the ‘supplier of the control module to

of the system operat

5.3 Injector Openi

5.3.1 Overview of
The opening time (C
position after initiatid
attain its fully closeq
movement and injeg
that is characterized
when the needle rea
T4, which is the tim
provide a relative ing
injector orifice also i

as the solenoid current flows through the output transistor. This poweris)the
the driver. The second contributor is the power dissipated during the inductive fly
energy stored in the magnetic field is removed.

during the snubbing interval, depending on the type of driver used. This clamp
Igh the solenoid reaches zero. Avalanche or breakover is the'characteristic of a s
bme conductive at and above a specified voltage. This specified voltage level is kn

ation measurements will not be detailed in.this document, and it is recon
on.
ng Time (OT) and Closing Time (CT)
Injector Opening Time and Closing-Time
T) of an injector is a measure-of the time required for the injector needle to first &
n of the injector logic pulse: The closing time (CT) is the time required for the in
position after the termination of the injector logic pulse. A schematic represer
by the specific points T1, which is the start of needle movement from the seat, ]
ches its maximum lift, T3, which is the time when the needle begins to move from
e when the<needle first reaches its contact position on the seat. The two paran

ication of\the combined mechanical and magnetic response time. The total time t
alsoa'major contributing factor in the usable flow range of the injector.

the power dissipated
I°R loss due to the
back as the solenoid

ut voltages normally
ing action continues
emiconductor device
own as the clamp or

nmended that such
ensure the reliability

ttain its fully opened
jector needle to first
tation of the needle

tor logic pulse is provided in Figure 8. The needle movement normally exhibits & trajectory with time

[2, which is the time
he maximum lift and
eters of OT and CT
b open and close the
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Stroke

MNeedle

TTL

5.3.2 Test Equipm

The test equipment
within 2.5 cm of the
intervals and overlay

"

R

Figure 8 - Representation of needle movement relative to the logic pulse

ent for Opening-Time and Closing-Time Tests

recommended for the measurement of the:OT and CT intervals is a precision acqg

njector body, as well as a precision storage oscilloscope that is capable of accur.

ing multiple traces. The accelerometer‘may be mounted on either the injector bod
illustrated in Figure 9.
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7 AT T

SN

& (ms)

elerometer mounted
btely measuring time
y or on the fixture as

Typical Accelerometer
Mounting Locations

Figure 9 - Accelerometer mounting locations for OT and CT tests
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5.3.3  Procedure for Opening-Time and Closing-Time Tests

a.

A minimum set of five new injectors from serial production are to be tested. All of the injectors are to be pre-conditioned
according to Table 2.

Mount the test injector on the test fixture that contains a fast-response accelerometer (10 kHz or higher). See Figure 9.

Utilizing n-heptane at a fuel pressure of Pnorwm, set the injection pulse width (IPW) to 5.0 ms and the period (P) to 50 ms.
If other than n-heptane test fuel is used, the actual fuel type should be noted on the data reporting sheet as a test
deviation.

The resolution of the storage oscilloscope should be adjusted such that variations as small as of 10 ms can be discerned.
Energize the injector and verify on the oscilloscope that each injection has two distinct acceleration events as depicted
in either Figure§ TOA or TOB. A iypical trace that occurs when using a peak-hold driver with-ah injector coil of low
resistance is shqwn in Figure 10A, whereas Figure 10B illustrates a representative trace that is\oljtained when using a
saturated driver and an injector coil having high resistance.

The traces for Ol and CT should be recorded for six consecutive injection events. Record the accglerometer trace, the
trace of the currgnt through the injector coil, the voltage applied to the connector tepminals, and the logic pulse. A digital
timer can also used to directly measure the elapsed time of the opening evénts during the tgst by triggering it to
begin counting gt the initiation of the logic pulse.

Repeat the test for the remaining injectors in the set.

<—Pulse Termination
h Driver Circuit Pulse] Input

b Opening Time >
Accelerometer Wmnﬁww MAW
%

—— Pulse Initiation

Closing Time |€&—— >
Fully Open —>»
—\ Displacemegnt
AR

<€<— Fully Cloged

Current

Time (sec)

Figure 10A - Typical opening and closing events with peak and hold driver
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«—FPulse Termination
«—— Pulse Initiation Driver Circuit Pulse Input
Opening Time >
. Accelerometer WMMNWW{J\WW
Closing Time | €———— |
Fully Open >~
~ ﬁ " Displasement
«€<— Fully Cloded
Current

5.3.4 Data Reduc

a. Determine the o

the start of the i
b. Determine the ¢

the end of the in
c. Calculate the av
d. Calculate the av
5.3.5 Data Report

Record the calculatg

Time (sec)
Figure 10B - Typical opening and closing‘events with saturated driver
ion and Analysis for Opening-Time and Closing-Time Tests

bening time (OT) of each of the six individual injection events by measuring the t
jector logic pulse (LPW) and the first rise on the first set of the accelerometer sig

osing time (CT) of each of the’six individual injection events by measuring the t
ector logic pulse (LPW) andithe first movement on the second set of the accelerg

brage and standard-deviation of the OT for the set of all six injection events.
erage and standard deviation of the CT for the set of all six injection events.
ng for Opening-Time and Closing-Time Tests

d avefages and standard deviations for OT and CT on the data reporting sheet f

me interval between
nal traces.

me interval between
meter signal traces.

br electromechanical

properties. The unitg

are'to be in milliseconds (ms).

5.3.6  Alternative Test Methods for Opening Time and Closing Time

Recent alternative measurement technologies might be used to determine the flow rate shape relative to the electrical input
signals to the injector. These alternatives include the use of an injection rate meter or a suitable commercial single-shot flow
measurement device. If an alternate method is utilized this should be noted on the data reporting sheet. It is important that
response time and accuracy of the flow measurements allow a precise determination of the variation in the needle
movement as a function of the time from the start of the injection logic pulse.
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5.4 Opening-Time Instability (OTI) and Closing-Time Instability (CTI)

5.4.1 Overview of Opening-Time Instability and Closing-Time Instability

The opening time instability (OTI) and the closing time instability (CTI) are measures of variations that occur in the injector
OT and CT, and they are direct indicators of possible injection-to-injection variability in the amount of fuel mass delivered
during consecutive injection events. This is also commonly referred to in the literature as pulse-to-pulse variability or
shot-to-shot (STS) variability. The magnitude of the STS is currently commonly measured on specialized equipment that is
specifically designed to measure this parameter. If no specialized equipment for injection-to-injection variability of mass fuel
delivery is available, the following test for instabilities may provide some limited information on the tendency of the injector

to exhibit such variability.

54.2

Procedures for the Opening-Time Instability and Closing-Time Instability Tests

A minimum set @
according to Tal

a.

Mount the test in
for the positionin

Utilizing n-hepta
If other than n-H
deviation.

The resolution of
Energize the injg
in either Figureg
resistance is shd
saturated driver

The accelerome
pulses. Also rec
the logic pulse.
200 pulses by tr

f. Repeat the test

5.4.3 Data Reduc

The 200 traces of th
noted. This is the o
overlay of numerous
injector opening time

f five new injectors from serial production are to be tested. All of the injectors areA
le 2.

jector on the test fixture that contains a fast-response accelerometer (10’kHz or |
g of the accelerometers.

he at a fuel pressure of Pnorw, set the injection pulse width (IPW)to 5.0 ms and thg
eptane test fuel is used, the actual fuel type should be neted’on the data repo

ctor and verify on the oscilloscope that each injection has two distinct acceleratio

10A or 10B. A typical trace that occurs when ‘using a peak-hold driver with a
wn in Figure 10A, whereas Figure 10B illustrates a representative trace that is of
Aand an injector coil having high resistance.

brd traces for the current through:the injector coil, the voltage applied to the con
A digital timer can also be used-to directly measure the elapsed time of the op
ggering it to begin counting-at-the initiation of the injector logic pulse.

or the remaining injectors’in the set.

ion and Analysis'for the Opening and Closing-Time Instability Tests

e injector clesing event should be superimposed, and the earliest and latest clos
pserved tange of closing times, with the units being microseconds (us). A repre

consecutive closing events for a typical PFI injector is illustrated in Figure 11. Th
s (latest minus earliest) should also then be determined in a similar manner.

p be pre-conditioned

igher). See Figure 9

period (P) to 50 ms.
[ting sheet as a test

the storage oscilloscope should be adjusted such that.variations as small as of 10 s can be discerned.

N events as depicted
n injector coil of low
tained when using a

ter traces for OT and CT should be-recorded and superimposed for a minimunm of 200 consecutive

hector terminals and
ening events for the

ing times of the 200
sentative plot of the
e observed range of
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ELLLENS
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Y LI TFFF e « e

Time ——
Figure 11 - lllustration of the closing-time instabilities of a PFl injector
5.4.4 Data Reportjng for the Opening-Time Instability"and Closing-Time Instability Tests

Record the observed limiting ranges of injector opening time and closing time on the data reporting sheet. These values
should be reported in microseconds.
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Table 6 - SAE data reporting sheet for PFI electromechanical characteristics

SAE Data Reporting Sheet for PFI Electromechanical Characteristics

Part 1: General Test Information

Test name or log

Date of test

Name of operator

Time of test

File name of data archive

Location of test

Additional information

Part 2: Information on Injector

Injector manufacturer

Injector description
Static flow rate (at pressure)
Inward/outward single/dual
Type

Bent/coaxial
Multi-hole
Normal pressure (Pngrv)

Injector part number

Injector serial numbe

Additional informatiorj

Part 3: Test Conditipns

Specific Test Conditions

Standard PFI Te$t Conditions

Test fluid n-heptgine
Ambient temperature|(°C) 21+p
Ambient pressure (kHaa) 100 {5
Fluid temperature (°d) 21 P
Test fuel pressure (kiPa) Pnorm + P.5%
Test pressure tolerance +0.5%
Injector temperature (°C) 21+p

Injection pulse width {ms)

Dependent upon
5.0 £ 0.005 for
10.0 + 0.005

specific test;
OT and CT
‘or DMOV

Injection period (ms)

Dependent upon
50.0 + 0.2% for O
10.0 £ 0.2% for Vo

specific test;
[ and CT tests
tage Sensitivity

Part 4: Description and Comments on Test Instruments-or Test Deviations

Clarifying information|and
comments: also any dleviations or
instabilities present

Part 5: Test Results|for Electromechanical Characteristics

Opening time as obtgined from the recordedtime trace (ms); this is
the SAE J1832 openipg time if there are(na test deviations

Closing time as obtaiped from the recorded time trace (ms); this is
the SAE J1832 closirlg time if therg are no test deviations

Coil resistance as obfained froni the bridge (Q)

Insulation resistance from thesehmmeter (Q)

Solenoid inductance s obtained from the Wheatstone Bridge
(millihenries)

Static minimum operating voltage (SMQV): this is the SAF 11832

SMOV if there are no test deviations

Dynamic minimum operating voltage (DMOV); this is the
SAE J1832 DMOV if there are no test deviations

Maximum overload voltage (MOV) - Application of 24 V: Change in
Qs (percent)

Change in Qsp (percent)

Insulation resistance (IR) (Q) Pre-Test Post-Test
Coil resistance (R) (Q) Pre-Test Post-Test
Tip leakage (mm3/minute) Pre-Test Post-Test
Voltage sensitivity curve plotted and attached? Circle YES or NO YES NO

Static pull-in current I/S-ON (amperes)

Static drop-out current I/S-OFF (amperes)

Opening time instability (microseconds)

Closing time instability (microseconds)
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5.5 Injector Tip Leakage Measurement

5.5.1  Overview of Injector Tip Leakage and Measurement Methods

The injector seat generally has metal-to-metal sealing surfaces for durability reasons. A sealed interface is required between
the mating surfaces of the injector valve seat components to maintain fuel pressure, to prevent the accumulation of
unmetered fuel in the intake manifold and to reduce deposit formation at the injector tip. The seat leakage rate will vary with
fuel pressure, injector temperature and heat-soak duration, and may result in an imprecise A/F ratio, injector deposits, and
elevated levels of UBHC.

A reduction in fuel pressure during extended periods of engine shutdown under hot ambient conditions may cause excessive
fuel vaporization and an incorrect amount of fuel being delivered during the subsequent engine start. The increased time
required to achieve the normal rail pressure, combined with vapor entrained in the fuel, can result in increased cranking
time, rough idles, sta
normal A/F ratio dur]

ng an engine start. Eng|ne emissions may be adversely affected under these\cdnditions. Even small
amounts of fuel leakage through the injector tip may significantly increase deposit formation at'the mjetering orifice of the

injector. These depo
vehicle emissions ar

sits can partially plug the orifice thereby reducing the amount of fuel delivered, pot
d drivability.

ntially affecting both

Two types of leakage are generally considered for automotive fuel injectors: external@nd seat or tip le
is defined as the uninetered fuel that escapes the injector through the valve-to-seat interface, which i

bkage. Seat leakage
5 normally located at

the injector tip. All lepks not originating from the seat are defined as external leakage. With the advent
practices and optimgl injector design, specific testing for external leakage is fiet provided in this docun

There have been a pumber of testing methods employed over the yearso make PFI injector tip leal
These include the gaseous test methods such as the bubble-rise, pressure-decay, and helium techn
hydraulic testing methods. The bubble-rise and pressure-decay methods both use dry nitrogen as the tq
the hydraulic testing| methods utilize liquid fuel under pressure;Because injectors commonly contain
mask gaseous leakdge, drying processes tend to be highly influential on the leakage results with theg

of improved welding
nent.

age measurements.
ques, as well as the
st medium, whereas
some fluid that can
e gaseous methods.

4

The difficulty of ensuring dry sealing surfaces increases’the uncertainty of the measurements and is therefore not

recommended in thi$ document.

Hydraulic test measyrements eliminate the need for:a-drying procedure and provide a more direct corre
Two such methods|are described below: the-‘bellows method and the flame ionization detector
recommended that the hydraulic-bellows methed be utilized for tip leakage rates above 1.0 mm3/mi
method is a superior{technique that utilizes‘a FID to measure the small amount of fuel that is leaked th
This method is capable of reliably measuring very small leakage rates and is the test procedure r
document for leak rdtes that are less than 1.0 mm3/min.

ation to fuel leakage.
(FID) method. It is
n. The FID hydraulic
ough the injector tip.
bcommended in this

5.5.2 Hydraulic Tip Leakage Méasurement Method Using a Calibrated Bellows

5.5.2.1  Overview pf theCalibrated Bellows Tip Leakage Measurement

The calibrated belloyws measurement method is recommended for determining the tip leakage of a HFI injector when the
expected maximum leakage rate is above 1.0 mm°/min. The general measurement concept is as follows: the injector is
fitted with a precision calibrated bellows at the tip where the fuel exits. The injector is filled with a hydrocarbon test fluid and
is pressurized using air or nitrogen. This pressure is applied for 30 seconds, allowing the leaked fuel to enter the bellows
and expand it. The pressure is removed and the net change in the bellows position is noted.

5.5.2.2 Procedure for the Hydraulic Tip Leakage Measurement Test

a. A minimum set of five new injectors of the same make and model from serial production are to be tested. Pre-condition
each of these injectors according to Table 2.

b. Set the test conditions to comply with those recommended on the data reporting sheet.

c. Clamp the injector into the fixture with the injector body vertical and the tip down. The fixture should contain a

pre-calibrated bellows with an indicator of volume change in cubic millimeters.
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d. See Figure 12 for the hydraulic bellows test fixture details. Also see Table 7 for the standard test conditions to be utilized
for the hydraulic calibrated bellows test.

e. Open the test fluid inlet valve and introduce the test fluid. Ensure that no air or other gases are present within the
injector. The fluid temperature should be 21 °C £ 2 °C.

f. Close the test fluid valve.
g. Measure the starting or reference position of the calibrated bellows.
h. Open the air (or nitrogen) flow valve to pressurize the fluid to Pnorm £ 0.5%.

i. Leave the air (or nitrogen) flow valve open for 30 seconds.

j-  Close the air (or|nitrogen) flow valve.
k. Measure the fingl (new) bellows position.
I.  Repeat the test for the remaining injectors in the set.
—— ‘Air Input
Pressure
Air Flow
Valve
Test Fluid
Flow Valve
—— TestFlu
Input P ure
—injector iniet

KT

Figure 12 - Hydraulic leak test configuration using calibrated bellows

Table 7 - Standard test conditions for FID and bellows leakage tests

Test Parameter Standard Value

Test fluid n-heptane
Ambient pressure (kPaa) 95 to 102
Ambient temperature (°C) 212
Fluid temperature (°C) 212
Injector temperature (°C) 21+2
Fluid pressure (kPa) Pnorm £ 0.5%
Injector axis orientation Vertical
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5.5.2.3 Data Reduction and Analysis for the Hydraulic Bellows Test

From the final position of the bellows, calculate the volume of fuel in cubic millimeters that has exited the injector. Then
calculate the observed tip leakage rate in cubic millimeters per minute by dividing by 0.5 minute.

5.5.2.4 Data Reporting for the Hydraulic Bellows Test

If there are no known test deviations, record the calculated leak rate in mm®min on the bottom-right of the data reporting
sheet. This will be the SAE J1832 hydraulic tip leakage rate. If known test deviations exist, record the observed leak rate
on the bottom-left of the sheet. The observed leak rate with deviations will be the measured leak rate, but it will not be the
SAE J1832 calibrated bellows tip leakage rate.

5.5.3 Tip Leakage Measurement using the Flame lonization Detector (FID) Method

5.5.3.1  Overview pf the FID Tip Leakage Measurement Method

The recommended [test technique for determining the tip leakage of a PFI injector when\the leakage rate is below
1.0 mm3®min is the FID method. A general measurement concept is as follows: the injector’is mourjted in a special test
fixture and filled with{a hydrocarbon test fluid. It is then pressurized using air or nitrogen’gas. A known| flow rate of nitrogen
gas is then passed |over the injector tip. The flow path around the injector tip is designed such that all leaking fuel is
evaporated into the pitrogen stream. The hydrocarbon (HC) concentration of the flow stream is then measured with a FID
analyzer that is downstream of the tip. The analyzer is calibrated prior to the test-with a calibration gag (propane) spanning
the appropriate measurement range. The sampling stream flow rate is maintained constant during th¢ measurement. The
FID measures the parts per million of hydrocarbons in the nitrogen streand;, and this value is convertdd into the equivalent
cubic millimeters peff minute of fuel leakage. The requirements of the FID“analyser used for the FID tig leakage test are:

e Analyzer type: Qommercial FID analyzer.

Repeatability: Wlithin £1% of the instrument full scale.

e Response time: Within 1.5 seconds.

e  Zero drift: Withinl £1% of the instrument full scale per 8 hours.

e Calibration drift: \Within £1% of the insttument full scale per 8 hours.

e Linearity: Within|+1% of the instrument full scale.
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Figure 13 - Schematic diagram of FID fixture for tip leakage test
5.5.3.2 Procedurg for the FID Tip Leakage Test
a. FID calibration: Kirst, conduct a three<pqint calibration of the FID instrument. See Figure 13 for the schematic of the FID

test stand. Note
must be heated
injector is requir
with propane usi
concentrations \
noted in the steq

s that follow.

Calibration Step

1:-Calibrate using 0 ppm (use pure nitrogen)

that the sample line. from the injector to the FID must be heated to 150 °C. The flo
as well. A minimum of 2 normal liters per minute (NL/min) of carrier gas (nitrogg
ed. It is recommended that for PFI tip leakage measurements, the FID analyzer
hg the following three calibration gas ranges: 0 ppm, 1 to 300 ppm, and 300 to 24(
ithin the\test bottles should be 1/3 of the maximum value being calibrated. Thosge concentrations are

v lines within the FID
n) flow rate past the
should be calibrated
0 ppm. The propane

Calibration Step 2: Calibrate for the 1 to 300 ppm range using the calibration gas bottle containing 100 ppm propane in

nitrogen.

Calibration Step 3: Calibrate for the 300 to 2400 ppm range using the calibration gas bottle containing 800 ppm propane

in nitrogen.

A calibrated capillary tube may also be used to generate a specified, known leakage rate. This capillary, if used, is
designated as the leak master.

Injector preparation: A minimum set of five new injectors of the same make and model from serial production are to be
tested. Pre-condition each of these injectors according to Table 2. Discard the purged fluid that exits the injector, but
leave the injector filled with test fluid.
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Set the test conditions to comply with those recommended on the data reporting sheet. Note any deviations in the
comments section of the data reporting sheet.

When removing the injector from the pre-conditioning and filling station, it is important that any fuel that is present on
the external surfaces of the injector body or tip be completely removed using a stream of compressed air. This must be
done prior to the installation into the FID measurement fixture. Any fuel left on the body or tip will lead to higher readings
from the FID and may also saturate the FID and extinguish the flame. Conduct the test according to the list of standard
test conditions that are listed in Table 3.

The injector is then mounted in an FID nest fixture, as depicted in Figure 14. In this fixture, pressurized nitrogen is
applied to the injector fuel inlet as the designated test pressure to initiate the process of tip leakage. Install the injector
in the FID nest fixture as illustrated and obtain a verification of zero leakage. The nest is designed to have the nitrogen
gas flow around the tip of the injector such that all leaking fuel evaporates and is carried to the analyser in a vapor form.

The tip of the inj

With the injector
flow. The injecto
to stabilize. The
do not proceed \

The three possi
O-ring or bake t
gross leak. To V|
injector indeed ¢
the FID stand. In
injector and dry

Once a reading
nitrogen gas or &
start to Pnorwm.

Let the FID mea
should take less
that the carrier ¢

If the carrier gas
Record at a datd

Repeat the test

!

installed on the stand and filled with n-heptane as the test fluid, allow the-nitroge
I solenoid should be non-energized (closed) without application of fuel pressure. A
FID reading should ideally be zero (less than 1 ppm). If the indicated leakage is
vith the test and do not apply fuel pressure because of the possible ‘risk-of saturat

le causes for a non-zero reading are: (1) The sealing O-ring-is ‘permeating fuel.
e fuel off the surfaces by placing the O-ring into an oven fora short period. (2) T
prify the magnitude of the leak, test with the alternate miethod (calibrated bellow
xhibits a gross leak. (3) The injector was not completely dry of exterior fuel whe
this case, allow the HC concentration to drop over. time as the external fuel evapd
he external surfaces with compressed air or nitrogen.

ir. Pressurize from the fuel inlet side. The\pressure rise must occur quickly, ideall

surement stabilize such that the reading from the FID does not vary by more thar
than a few minutes. If the reading from the FID does not stabilize within 5 minu
as flow rate across the injectorip is staying constant within £0.1 NL/min.

flow rate is steady, record 20 seconds of data whether the FID reading is stablg
rate of one per second (1 Hz).

or the remaining.injectors in the set.

ECIOI protrudes Into the nitrogen Tlow stream 1o ald In the evaporation of liquid Tuej.

n scavenging gas to
llow the FID reading
not less than 1 ppm,
ng the FID detector.

nstall a new sealing
he injector exhibits a
5) to determine if the
N being inserted into
rates, or remove the

of less than 1 ppm is verified with no fuelpressure applied, pressurize the injgctor to Pnorm using

y within 100 ms from

15%. Typically, this
tes, check to ensure

(within £5%) or not.

»

Figure 14 - Injector nest fixture for PFI FID tip leakage measurement
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5.5.3.3 Data Reduction and Analysis for FID Tip Leakage
a. Determine the average of the 20 FID readings that were made at one per second.
b. Use the conversion Equation 8 to convert the readings to an equivalent volumetric flow rate of n-heptane. Using the
FID ppm measurement, an equivalent n-heptane leak rate can be calculated
c. For HC analyzers that report in carbon parts per million, use Equation 8 to convert the carbon ppm reading to a
volumetric flow rate of n-heptane representing the tip leakage flow. The resulting tip leakage flow rate, qLeak, is in
mm3/min of n-heptane.
Queax = e * 50 ot * qor CATDOR = S e ™ “imel Tomsres* iml (Eq.8)
where:
gc = carrier gas flow rate in NL/min
¢ = concentration of carbon in ppm
gLeak = the Igak rate in mm3/min; note that this is the same as microliters perminute (1 mm3 =[1 pL)
5.5.3.4 Data Reparting for Tip Leakage

Record the resultan
within £5%, and if th

leakage rate on the data reporting sheet. The units. will be mm3®min. If the rea
ere were no deviations in the other parameters_on'the data reporting sheet, reg

bottom right of the sheet. This will be the SAE J1832 FID tip leakage rate. If there were instabilities or

standard test param
section. The observ
leakage rate.

eters, record the results at the bottom left\and note any instabilities or deviatig
bd leak rate with deviations will be the measured leak rate, but it will not be the

dings were stable to
ord the result at the
any deviations in the
ns in the comments

SAE J1832 FID tip
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Table 8 - SAE data reporting sheet for PFI fuel injector tip leakage measurements

SAE Data Reporting Sheet for PFI Fuel Injector Tip Leakage Measurements

Part 1: General Test

Information

Test name or log

Date of test

Name of operator

Time of test

File name of data archive

Location of test

Additional information

Part 2: Information on Injector

Injector manufacturer

Injector description
Static flow rate (at

Inward/outward opening
Normal pressure (Pnorwm)

pressure)

Injector part number

Injector serial numbe

Additional informatior

Part 3: Test Conditipns Specific Test Conditions Standard Test [Conditions
Test fluid n-hept@ne
Ambient temperature|(°C) 21 P

Ambient pressure (kHaa) 95 to 102

Fluid temperature (°Q) 21+p

Fuel test pressure (kfPa) Pnorm = P.5%

Test pressure tolerance +0.5%

Injector temperature {°C) 21 P

Data sampling rate 1 Hz

Pressurization medium

Air or nitfogen

Test method: check g

ne

FID test (low leak)

Bellows test

high leak)

Part 4: Specific Inst

rument Information and Test Parameters

Additional info/comm
deviations, and instal

bnts,
ilities

Part 5: Test Results

Recording of the ave

age tip leakage rate

For FID Test: Average of the fing

For Bellows Test: Computed fro
change in bellows position

20 seconds of data

m a 30 second

Calibrated Bellows:
test parameters, recg
in mm?3/min:

parameters, record th

For non-stable data or for deVviations in the standard
rd the measured calibrated bellows leakage rate here

FID Test: For non-stable data or for deviatjons in the standard test
e measured FID'leakage rate here in mm3/min:

leakage rate

Calibrated Bellows: There are n
therefore this is the SAE J1832 calibrated bellows tip

FID Test: There are no test devia
is the SAE J1832 FID tip leakage

b test deviations,

tions, therefore this
rate

5.6 Static and Dy

5.6.1 Overview of

amic Flow Tests

Static and Dynamic Flow Tests

The metered fuel flow delivered by the injector is the most important and influential of the performance parameters, thus
the fuel flow calibrations are perhaps the most critical of all of the tests. Over the few decades since the introduction of port
fuel injection, a significant number of fuel flow test parameters have been formulated, with specific test procedures
developed to measure them. This includes such critical tests as those for the maximum flow capacity of an injector, the
range of linearity of fuel delivery and the establishment of fuel-flow set points. This class of tests defines the fuel flow
characteristics of an injector, and contributes significantly to defining the engine applications for which it may be suitable.
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5.6.2 Overview of the Test Fluid Specified for Flow Testing

N-heptane is the preferred standard test fluid for the fuel flow tests in the SAE J1832 document. It is recognized that the
use of n-heptane may not be possible with some flow test stands due to a number of factors, including a lack of design for
explosion resistance or other fluid compatibility constraints. Some flow test stands are restricted to utilizing solvents or
mineral spirits, and cannot be flowed with actual hydrocarbons as the test fluid. In spite of this, most of the industry now
utilizes n-heptane as the flow test fluid of choice, and the majority of tests within SAE J1832 will specify this. In those cases
where n-heptane cannot be utilized, another fluid may be used that is compatible with the local flow test equipment, and
this can be specified as a test deviation on the data reporting sheet.

5.6.3 Static Flow and Dynamic Set Point Flow Measurement

5.6.3.1  Overview of Static Flow and Dynamic Set Point Mass Flow

The static flow, Qs, apd the dynamic set point flow, Qsp, are two important injector flow parameters that ideicate the maximum
flow capacity and the flow at a specified set-point pulse width. These two parameters are key, factors in determining the
suitability of a specific injector design to a particular engine application. The static flow is nérmally rgported in grams per
second, whereas the dynamic set point mass flow is reported in milligrams per injection,/which i$ often shortened to
milligrams per pulse
5.6.3.2 Procedurq for the Static Flow Measurement Test
This test procedure is for the characterization of an individual injector. If both(the dynamic set point flow and the static flow
are to be run concurtently, then the dynamic set point flow should preferentially be run first. This will redluce coil heating and

its effect on coil resis

tance. It will also eliminate the need to perform two Separate pre-conditioning cyq

f five new injectors of the same make and mogdel'from serial production are to be
be tested according to Table 2.

t 21 °C as the test fluid, with a fuel pre§sure of Pnorw. If a test fluid other than n-H

ther than Pnorwm is used, this should be noted and later recorded on Page 1 of the
n or deviations.

vered fuel mass flawrate over a test period of 30 seconds.

wice more fora\total of three times for the same injector and record the three stati

obtained. The later reductiofivof this data will yield the static flow rate, Qs, of the injector.

through. (e) for the next injector if additional units of the same injector model are

led.

ested. Pre-condition

eptane is utilized, or
data reporting sheet

pctor to a continuously openistate. This will yield a continuous steady flow of the test fuel, without

flow rates that were

fo be tested.

a. A minimum set g
each injector to
b. Use n-heptane g
a fuel pressure g
as a test deviatid
c. Energize the inj
pulsations.
d. Measure the del
e. Repeatstep (d)
f. Repeat steps (a
5.6.3.3 Data Redl

ction and Analysis for Static Flow Test

Average the three independent static flow rates that were measured for the test injector. Do this for each injector if more
than one injector is tested. First average the three static flow rates for each tested injector to obtain the individual static flow
rates. If more than one injector is tested, average all of the individual flow values (one per tested injector) to obtain the
single, final static flow rate to be reported. The units of the reported Qs are to be in grams per second.
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5.6.3.4 Data Reporting for Static Flow Test

Record the serial number of the tested injector on Page 1 of the data reporting sheet. If more than one injector of the
particular model is tested, the serial number of each tested injector shall be recorded on Page 1 of the data reporting sheet.
Also, record the average static flow rate that was obtained from the three static flow rate measurements on Page 2 of the
data reporting sheet. The units are to be in grams per second (g/s). If more than one injector of the particular injector model
was tested, report the individual static flow values for each one in the indicated boxes at the top of Page 2 of the data
reporting sheet. If n-heptane at Pnorm were both employed for the test, and there are no other test deviations, this will be
the SAE J1832 static flow for that particular test injector and is to be entered in that box on Page 2 of the data reporting
sheet. If more than one injector is tested, report the average of all of the individual static flow rate values (one per tested
injector) that was computed in the data reduction and analysis subsection. If there are no test deviations, this will be the
reported SAE J1832 static flow for those tested injectors and should be entered into that box on Page 2 of the data reporting
sheet.

5.6.3.5 Procedurg for Dynamic Set Point Mass Flow Measurement

This test procedure is for the characterization of an individual injector.

a. A minimum set df five new injectors of the same make and model from serial production-are to be jested. Pre-condition
each injector to be tested according to Table 2.

b. Use n-heptane gt 21 °C as the test fluid with a fuel pressure of Pnorw. If a testfluid other than n-hgptane is used, or if a
different fuel prejssure is used, this should be noted and later recorded ofy Page 1 of the data repgrting sheet as a test
deviation.

c. Operate the test injector using a 2.5 ms pulse width and a period (P) of 10.0 ms (100 Hz). |Consult the injector
manufacturer to| determine if an alternative dynamic set point pulse width value should be usgd. The default SAE
dynamic set poipt pulse width is 2.5 ms. The use of a set paint pulse width other than 2.5 ms is ot considered a test
deviation if clearly noted in the specific test conditions section of the data reporting sheet.

d. Measure the deljvered fuel mass flow rate over a test-period of 20 seconds (2000 pulses).

e. Repeat step (d) fwice more for a total of three times for the same injector and record the three dynamic set point flow
delivery values that were obtained. The laterteduction of this data will yield the dynamic set point|flow rate, Qsp, of the
test injector.

f. Repeat steps (a) through (e) for the/next injector if additional units of the same injector model are fo be tested.

5.6.3.6  Data Redyction and Analysis for Dynamic Set Point Mass Flow Measurement

Convert the mass of| fuel that was delivered for each of the three runs of 2000 injections into a mass|of fuel delivered per

injection event. This|is achijeved by dividing the total mass of fuel delivered in 20 seconds by 2000 ifjection events. With

each injection event|considéred as a “pulse,” average the three independent values of milligrams per pulse for each tested
injector. This average“yields the individual value of the dynamic set point flow for the injector that was tested. Do this for

each injector if more than one injector is tested. Also, if more than one injector is tested, average all of the individual set

point flow values (on

e per tested injector) to obtain the single, final set point value to be reported.
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5.6.3.7 Data Reporting for Dynamic Set Point Mass Flow Measurement

Record the serial number of the tested injector on Page 1 of the data reporting sheet. If more than one injector of the
particular model is tested, the serial number of each tested injector shall be recorded on Page 1 of the data reporting sheet.
Also, record the average set point flow rate, Qsp, that was obtained from the three set point flow rate measurements on
Page 2 of the data reporting sheet. The units are to be in milligrams per pulse (mg/pulse). If more than one injector of the
particular injector model was tested, report the individual set point mass flow values for each one in the indicated boxes at
the top of Page 2 of the data reporting sheet. If both n-heptane and Pnorv were employed for the test, and there are no
other test deviations, this will be the SAE J1832 set point flow for that particular test injector and is to be entered in that box
on Page 2 of the data reporting sheet. If more than one injector is tested, report the average of all of the individual set point
flow rate values (one per tested injector) that was computed in the data reduction and analysis subsection. If there are no
test deviations, this will be the reported SAE J1832 set point flow for those tested injectors and should be entered into that
box on Page 2 of the data reporting sheet. If a set-point pulse width other than 2.5 ms (or period other than 10 ms) is used

for the test, this is
conditions section of

5.7 Operating Flo

5.7.1  Overview of
Ideally, the flow from
of the injector. This
high-flow and low-flg
has an extensive wag
when operating with
have the ability to m
of the flow curve is
mathematically. It sh
also often degraded
linearity of the inject
flow, the variation v
production injectors.
operating range of t
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parameters, the lin

3
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WEFR is associated v
the effects of part-to
delivery that is linear
injector or subset of
accurate. Regarding
regression line throd

Ol 10 De conslaered a deviaton I the actual pulise widthn utiized 15 Cledlly Nole
Page 1 of the data reporting sheet.

v Range Tests
PFI Injector Operating Flow Ranges

a particular injector should be linear and directly proportional to the pulse width o
is not the actual case, however, as significant deviations~from linearity norma
w extremities of the PFI flow curve. Ideally, a vehicle cdlibration utilizing a lineaf

n the linear portion of the flow curve. It should be.neied that some newer enging
bdel non-linear flow curves, usually in the low-pulse-width regions. For these app
not quite as important, as long as the deviation from linearity is repeatable ar
ould be noted that in many applications it has-been determined experimentally th
along with the linearity. Therefore, in engine“calibration work it is important to und
pr flow curve, the variation of the flow.in’the linear region, the range and predictah
ithin the non-linear flow region, and the variation that is inherent in a large
The knowledge of this information\will permit the prediction of the fuel control err
e injector.

g flow range of a PFI injector, or a population of PFI injectors, is normally repre
r flow range (LFR) andithe working flow range (WFR). Both of these ranges repre
aximum operationalflow rate in milligrams of fuel per injection divided by the cor
in the same units. The LFR is a performance parameter associated with a single

vith a population, ef similar injectors of the same make and model. Thus, the WF}
part variatigns»in fuel flow characteristics, whereas the LFR does not. The LFR d

within the bandwidth of +5.0%, whereas the WFR quantifies a fuel flow range wi
njectofs-from the total population of similar injectors will deliver a metered flow th
the:LFR, a more precise terminology than “linear range” would be the “near-linear

] in the specific test

er the full flow range
ly occur at both the
flow curve that also

rking flow range is desired. Typically, a commanded ftie) quantity will be more pré¢cise and repeatable

control modules do
cations, the linearity
d can be described
At the repeatability is
erstand the range of
ility of the non-linear
pbopulation of similar
br over the complete

sented by two main
bent a dimensionless
esponding minimum
njector, whereas the
R inherently includes
fines a range of fuel
hin which any single
at will be acceptably
range,” as the linear

gh-the flow data does not necessarily pass through each of the individual flow

parameters of LFR

min

points. The two key
erforming statistical

operations on the flow test data that is obtained from the flow testing of either a single injector or a fairly large population of
similar test injectors of the same make and model. Many of the testing procedures are identical for both LFR and WFR
evaluation, although the details of data reduction differ somewhat.
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5.7.2 Test Procedure for Measuring the Linear Flow Range

The test to determine the linear flow range of an injector is to be conducted using an injector of the model of interest.
Additional injector units may be optionally tested.

a. A minimum set of five injectors of the same make and model from serial production are to be tested. The injector being
tested is first to be pre-conditioned according to the procedures and test conditions in Table 2.

The injector for LFR determination is to be flow-tested in a flow measurement test stand according to the standard test
conditions specified in Part 3 of the corresponding data reporting sheet. The flow rate of the standard test fluid is to be
measured at a series of mid-range test points, all using an injection period (P) of 10.0 ms. These mid-range pulse width
values are:

Mid-range IPW Yalues: 2.0, 2.Z2,2.5,3.0.4.0,5.0,6.0. 7.0, 7.5,8.0, 8.5, and 9.0 ms.

In addition to these 12 mid-range test points, several high-flow and low-flow IPW values shall also he flow tested. These

are fully describéd in the three subsequent steps.

To permit an agcurate determination of the LFR following the testing, it is important to have ephanced pulse-width
resolution in thel areas of injector flow non-linearity, which normally occurs in _the-regions of very-low flow, but also
occurs for some|injector models at very-high flow. Therefore, it is required that the injector flow be measured in finer
increments of | in both of these regions. At the high-flow end of the curve the flow should be npeasured for a range
of IPW values that start at the 10.0 ms value of the period, minus 1.0 ms, and should extend to pn IPW value that is

equal to the 10.
The specific IPW
for the high-flow

For the high-flow
spaced test poin
a Period of 10.0

test points for each region are listed in steps (d).and (e), respectively. This add
region and as many as 14 to 15 for the low-flow region.

test points, measure the flow rate using a.period (P) of 10.0 ms and IPW values
ts that are very near the static flow capability of the injector. As noted in step (c),

ms period. This fuel flow rate at this last high-flow point will be the static flow ra

le of the injector, Qs.
5 ten flow test points

comprised of closely
the final test point at
are:

ms will yield the static flow rate. The additional high-flow IPW values to be tested

High-flow IPW values: 9.1, 9.2, 9.3, 9.4, 9.5, 9.6, 9.7, 9.8, 9.9, and 10.0 ms.

The low-flow regjon of the flow curve is normally characterized by flow testing at range of IPW valuess starting just slightly
higher than the injector opening time (OT) and extending to an IPW value of 1.9 ms. For the low-flow test points, start
with an IPW vallie that is the measured.injector opening time, rounded up to the next higher 0.1Q ms. The procedure
for measuring th:E OT is described in Subsection 5.3 of this document. Subsequent to measuring the initial low-flow test
point, measure the flow using IPW increments that are obtained by adding 0.10 ms to the previolis IPW. Repeat until
an IPW of 1.9 mp is attained. Eor.example, for a measured OT of 0.56 ms, the low-flow test point§ would be:

Low-flow IPW values: 0.6,,0/7,0.8,0.9,1.0,1.1,1.2,1.3,1.4,15,1.6,1.7, 1.8 and 1.9 ms.
Repeat steps (a
tested for an LF

through (e) for the next injector if more than one similar injector of the same mak
R'measurement.

b and model is being

5.7.3 Data Reduction and Analysis for the Linear Flow Range

As discussed in the overview subsection, the linear flow range (LFR) for a single injector is a key performance parameter
that is used to compare the linear performance among injectors of different design or manufacture. The LFR is the ratio of
the maximum operational flow rate within the linear range to the minimum operational flow rate within the linear range for a
single injector. Within this range there is a linear relationship between the commanded pulse width and the delivered fuel
flow. As discussed in the overview subsection, a more precise terminology than “linear range” would be the “near linear
range.” Within the limits of the LFR range, there is, in fact, a near-linear relationship between the pulse width and the
resultant flow, as there is a 5% tolerance band on either side of the true linear curve. Thus it is more accurate to state that
the delivered flow is linear to within a maximum +5% deviation when operating within the linear flow range.
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5.7.3.1  Regression Analysis

All of the flow data obtained is to be plotted as the measured dynamic flow rate, Qq, versus the commanded injection pulse
width (IPW). In order to quantify the deviation of the flow from linearity, a simple least-squares, linear regression analysis is
to be performed on five specific mid-range flow points, which are at IPW values of 3.0, 4.0, 5.0, 6.0, and 7.0 ms. Qg and
IPW are, respectively, the dependent and independent variables for the regression analysis. This linear regression analysis
will generate a best-fit linear line that passes among the five measured points. The linear regression line will normally pass
below the origin of the plot for most PFI injectors, generating a slope for the line, as well as two offsets that are denoted as
the “time-offset” and the “flow offset.” On the relatively unlikely event that the regression line passes above the origin, the
time offset will be negative. As is illustrated in Figure 15, the determination of the values of the flow offset and the slope
define the linear flow curve. Although the simple schematic drawing shows the resultant line passing through the five test
points, in reality it will likely not pass through any of the five points exactly, as it is a “best-fit” line. Therefore, at each value
of IPW there are actually two different flow rates; the first is the actual measured flow rate, Qq, and the second is the flow

rate computed at thirmw@mmmmmmmmmmm The actual flow data
will generally track the straight line of the linear flow curve quite well over the mid-flow portion of theldata, but will begin to

deviate at both the low-flow and high-flow ends of the flow curve. The deviation at the low-flow-end| will almost certainly
exceed one of the infposed +£5.0% band limits as the pulse width becomes very small, and it wilkmost likely be the -5% band
line that is crossed.|The deviation at the high-flow end may or may not exceed one of the-imposed £5.0% band limits,
depending upon the [particular injector design.

- P = Period (ms/pulse) -

7

Q4 = Dynamic Flow {mg/pulse)

I I

- ———  Time 3 4 S B L
Offset Pulse Width (ms/pulse)

used in Regrassion o EE—

Figure 15 - lllustration of regression used to obtain the linear flow curve

The slope (m) of the resultant linear regression curve is the change in Qqc per unit of pulse width based on the calculated
linear regression flow curve (mg/ms). The time-offset of the linear curve is the displacement of the calculated linear
regression flow curve from the origin along the abscissa, or pulse width axis. The flow-offset is the displacement of the
calculated linear regression flow curve from the origin along the ordinate, or flow axis. Both offsets are clearly illustrated in
Figure 15. The values of the slope, flow offset and time offset will be obtained from the regression analysis. It should be
noted that the actual flow data are denoted by Qq, whereas the flows computed from the linear regression line are designated
as Quc. The resultant best-fit line for the linear flow rate may be expressed in terms of the flow offset as shown in Equation 9,
or may alternatively be expressed in terms of the time offset as shown in Equation 10.
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Linear flow rate = Qdc = (Slope * IPW) - Flow offset (Eq. 9)

Linear flow rate = Qac = Slope * (IPW - Time offset) (Eq. 10)

5.7.3.2 Generation of Percentage Difference from Linearity

Once the slope and offsets of the best-fit line have been determined from the regression analysis, the linear flow rate values
for all of the measurement test point values of IPW are to be calculated using either Equations 9 or 10. Following that, the
percentage differences between the actual measured flow rate, Q4, and the computed linear flow rate, Qqc, are to be
computed individually for all of the measured pulse width test values. The percentage deviation from linearity (LD) is
determined from Equation 11 as the percent difference between the measured dynamic flow, Qq, and the calculated linear
dynamic flow, Quc, that is determined using the linear curve, divided by the calculated dynamic flow, and then multiplied by
100. It should be noted that each of the measured test points will have a different percentage deviation. When plotted, this

will yield a curve of

An illustration of this|
red solid circles as a
the LFR and WFR

symbols in the uppe
will be addressed in
be noted that the p¢g
width range, but nor
that, for most PFI in|
indicated linear flow
flow, but may or may
+5% of true linear fl
attains -5% or +5%

rates at these two p
injector.

ercentage deviation of the actual delivered flow from the idealized, linear flow.

LD (%) = 100 * (Qa - Qac)/Qac

percentage deviation curve is provided in the upper panel of Figure 1671t is sho
plotting symbol. It should be noted that Figure 15 is a dual-purpose-graph that is v
Calculations and nomenclature. Therefore, the highest curve with the solid blag
portion of Figure 16 should be ignored for now, as that curve is part of the WFR
the subsections on WFR. For the representative lower curve'in the upper portion
rcentage deviation from linearity is near zero for most-RPF| injectors over a large
mally deviates significantly from zero at very-small andvery-large pulse widths.
ectors, at some small pulse width and low flow the actual flow will be more than

(Eq. 11)

vn as the curve with
sed to illustrate both
k circles for plotting
Hata reduction which
of Figure 16, it may
portion of the pulse
t may also be noted
5.0% lower than the

At large pulse widths and large flow, the actual.flow will normally be greater tha

ow is defined as near-linear operation. Thé\values of pulse width where the d
ill determine the limits of near-linear operation. Further, the ratio of these two |
ulse-width values defines the numerical value of the flow range of near-linear g

In conducting the re

ainder of the LFR data reduction and analysis it is helpful to note that the pulse-

the percentage flow feviation crosses one of the £5.0% band lines (normally the -5.0% band line) detg
pulse-width at which the injector may be operated and still deliver fuel in the near-linear range. Simi
value for which the pgrcentage flow deviation.crosses one of the £5.0% band lines (normally the +5.0%

the indicated linear

not exceed the indicated linear flow by +5.0% or more. Injector operation within the limits of -5% and

iation from linearity
iting linear Quc flow
peration for the test

vidth value for which
rmines the minimum
arly, the pulse width
band line if it crosses

at all) determines the maximum pulse width at which the injector may be operated and still deliver fyiel in the near-linear

range. If the high-flgw deviation never crosses either of the band lines, the maximum pulse width
10.0 ms, which yielgls the static flow’ for a test period of 10.0 ms. These two pulse-width values
pulse-width range ofthe injectof./Fhe two flow rates that are computed from the linear regression line
pulse-width values define the.two limits of the near-linear flow range.

S to be assigned as
Hefine the operating
for these two limiting
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% Dev. from Regression or Mean Curve

Dynamic Flow (ma/pulse)
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Regression Line (LD)

2 4 ] 8
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Pulse Width (ms/pulse)
WF  (mak) - ¥

CF(min]

WF  (min)

2 4 & 8
Pulse Width (mzfoulzea)

Figure 16 - lllustration of the calculation of LFR and WFR

10


https://saenorm.com/api/?name=9231ba3da66e62caf13d56d82b113b21

SAE INTERNATIONAL J1832™ FEB2023 Page 54 of 120

5.7.3.3 Determination of the Limits of Linearity

From the linear-deviation plot, first examine the low-flow portion of the curve, identify the smallest test-point pulse width
where the percentage deviation is still within the £5.0% band lines. For most PFI injectors, this is normally just above the -5%
band line. Then identify the next smaller test-point pulse width for which the percentage flow deviation first drops
below -5.0%. These are the two low-flow IPW values to be used as the end points for a simple linear interpolation. The initial
interpolation is to determine the precise low-flow IPW value at which the percentage flow deviation is exactly -5.0%. Use
the two known test-point pulse-width values and the corresponding values of the percentage deviation from linearity at those
two pulse-width values. Use a straight-line interpolation between these two test points to determine the lower-limit pulse
width for linear flow, which is denoted as IPWmin. Once the value of IPWmin has been determined, the expected minimum
linear fuel flow rate may be computed by inserting that particular IPWmin value into either Equations 9 or 10 using the values
for slope and offsets that were determined earlier. This value of the linear flow will be designated as LFmin, which will be the

lowest flow that the injector can deliver within the linear range.

Next, inspect the hig
deviation band lines
+5.0% band line, if 3
Then identify the ne
that are to be used &
value at which the p
of the £5.0% band

object of thos interpg
be the IPWmax for lin
may be computed b
were determined ea
can deliver within th
for any of the high-fl
be assigned as 10.0
the pulse width in Eq

Once the values for|
Referring to Figure 1
minimum linearized

of Figure 16.

For the case where
require a full, indepg
offsets and slope, th
and LFmin. Thus, if fiy
of LFR computed us

h-flow area of the plot of the percentage deviation from linearity and determin

if either of the +5%

are exceeded at any of the high-flow test values of IPW. For most PFI injectofs, this would be the
t all. If so, identify the largest pulse width for which the percentage deviation is $till less than +5.0%.
t larger pulse width where the deviation first exceeds +5%. These are the two Igrge-flow IPW values
s the end values for a linear interpolation. This interpolation is to détermine the pfecise high-flow IPW
ercentage flow deviation is exactly +5%. If the high-flow percentage-deviation DOES indeed cross one
ines, then perform a simple, straight-line linear interpolation using the two knpwn IPW test points
discussed above and the corresponding values of the percentage flow deviation ffem linearity at those fwo IPW values. The
lation is to determine the pulse width that yields a percentage flow deviation of exactly +5.0%. This will

par flow. Once the value of IPWmax has been determined, the expected maximu

y inserting the IPWnax value into either Equations 9 0r 10 using the values for s
lier. This computed value of the linear flow will be\l:Fmax, which will be the highest
b linear range. Note that if the percentage flow deviation does NOT cross either

bw points, no interpolation of the high-flow data is to be performed. Instead, the

ms and the value of LFmax is to be assigned ‘as the flow value that is computed by
uation 10.

linear fuel flow rate
ope and offsets that
flow that the injector
bf the 5% band lines
value of IPWnmax is to
inserting 10.0 ms for

LFmax and LFmin have been determined for an individual injector, the LFR valug¢ may be computed.

6, the LFR is calculated from Eguation 12 as the maximum linearized flow point,
low point, LFmin. Note that these key points are denoted as LF(max) and LF(min)

LFR = LFmax/LFmin

multiple injectors-are tested to ascertain the LFR, it should be noted that each i
ndent LFRdetermination, complete with its own flow curve, regression analysis,
e generation of the percentage deviation curve and the determination of the indiv
e injectors are tested, there will be five separate regression analyses required and
ingtEquation 12. Each individual LFR value is to be computed as described in

| Fmax, divided by the
n the bottom portion

(Eq. 12)

ndividual injector will
determination of the
dual values of LFmax
five individual values
this subsection, with

each of the individu

orting sheet. These

bl-LFR value reported in the proper boxes at the top of Page 2 of the data re
individual LFR values_f_rwm_t_TWﬂw_l)—ci—ﬁ_Flor all of the tested injectors shou en be averaged, as one number is desired that represents all

of the tested injectors.
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5.7.4 Data Reporting for the Linear Flow Range

As part of the LFR determination, the curve of fuel mass flow rate versus pulse width that is illustrated in the upper portion
of Figure 16 is to be generated and attached to the data reporting sheet. If more than one injector is tested, the curve of fuel
mass flow versus pulse width that is attached should be for one representative injector. The other curves of fuel mass flow
rate versus pulse width that were generated do not have to be attached. Similarly, the computed slope, flow offset, and time
(pulse-width) offset are to be recorded on the data reporting sheet for the single, representative injector, along with the serial
number of the particular injector for which the data were generated. However, even though all of the detailed parameters
associated with LFR determination have to be determined for each test injector, these values (except for the individual LFR
value) do not have to be reported, just those of the representative injector. The percentage flow deviation curve for the
representative test injector should have the pulse widths where the flow deviation is precisely +5.0% and -5.0% clearly
indicated and separately recorded on Page 2 of the datasheet. The values of LFmax and LFmin are also to be reported on
Page 2 of the data reporting sheet for the representative injector, along with the single, average value of LFR. If there is no
high-flow test point f 5:0% max iS to be reported
at 10.0 ms and LFmak is to be computed and reported using that value of IPWmax in Equation 10. Fhisffact should be noted
in the comments segtion of the data reporting sheet, although it is not to be considered as a test-deviation. If there are no
test deviations, the average of all of the individual LFR values is to be recorded in the proper, box on Page 2 of the data
reporting sheet as the SAE J1832 LFR value.

5.7.5 Overview of|the Working Flow Range and the Minimum Working Flow

In order to perform the calibration of a fuel system on an engine, certain informatieh.oh the statistical vafiation of flow among
injectors of a given fype must be known. The working flow range (WFR) is@ dimensionless performance parameter that
numerically quantifigs the usable flow range of any subset of a population.6f hew injectors of the samg make and model. In
this flow range therelis a specified confidence level that any subset of injectors from the total population of all such injectors
will deliver a fuel mass flow that is within a specified acceptable levelhof deviation. That acceptablel level of deviation is
normally specified a$ £5.0% for PFl injectors throughout the automotive industry. The £5.0% value is the limit of a statistical
flow deviation paramnjeter that is computed at each pulse width fremthe measured mean flow and the $tandard deviation of
that flow. Thus the VWFR may be thought of as a range of flow_rates where the standard deviation of thiat flow is maintained
within acceptable linjits. This is particularly important at small,pulse widths where very low flow rates afe to be delivered. At
very low flow rates,|nearly all solenoid-energized PFI injectors exhibit not only a loss of linearity, but also a significant
increase in the standard deviation of the flow delivered(by a population of injectors.

For a sample populgtion of 24 new injectors of the.same make and model, the specification of 3.0 starjdard deviations sets
a 99.7% statistical cpnfidence level that the flow/delivered at any flow value within the WFR range will be within +5.0% of
the mean flow of thelentire population. If a larger number of injectors than 24 are tested, the confidenge level will increase.
Inherent in this statistical validity is the~assumption that a normal distribution of production parts ekxists. Therefore, the
interpretation of the final computed WFRvalue should take into account the various criteria that were used to select the test
parts, such as serial|production, various build dates, different build sites, or different tooling.

The WFR is determiped by first computing the maximum working flow, WFmax, and the minimum work|ng flow, WFmin, from
the experimental flow data-and the specified £5.0% acceptability limit. The WFR value is determined hy dividing the WFmax
value by the WFmin [valueidt is important to note that the WFmin value is an important parameter in its own right, as it
represents the lowestdlow rate that can be reliably calibrated for use in the application. It is generally|accepted that WFmin
has more significan max, fati T it dly as the delivered
flow is reduced to very small values, but may not increase significantly at very high flows near the static flow value. If there
is no WFmax value for which the £5.0% limit is exceeded, then the WFmax value is to be taken as the arithmetic average of
the static flows of the 24 or more sample injectors that were tested.
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5.7.6 Test Procedure for Measuring the Working Flow Range

The test to determine WFR is to be conducted using a set of at least 24 new injectors of a similar make and model. Normally
these injectors are from serial production. More injectors than 24 can be used for the test set if desired. If criteria other than
serial production are used to select the injectors in the set, the criteria should be indicated on the data reporting sheet.

a. All of the 24 or more injectors being tested are first to be pre-conditioned according to the procedures and test conditions
in Table 2.

b. Each injector in the test set is to be flow-tested in a flow measurement test stand according to the standard test
conditions specified in part 3 of the data reporting sheet. The flow rate of the standard test fluid is to be measured at a
series of mid-range test points, all using an injection period (P) of 10.0 ms. The mid-range pulse width values are:

Mid-range IPW Yalues: 2.0, 2.Z2,2.5,3.0.4.0,5.0,6.0. 7.0, 7.5,8.0, 8.5, and 9.0 ms.

In addition to these twelve mid-range test points, a number of high-flow and low-flow IPW valug¢s shall also be flow
tested are fully described in the three subsequent steps.

c. To permit an accurate determination of the WFR following the testing, it is important to have ephanced pulse-width
resolution in the jareas of injector flow non-linearity, which normally occurs in the feégions of very loy and very high flow.
Therefore, it is required that the injector flow be measured in finer increments\of IPW in both of these regions. At the
high-flow end of the curve the flow should be measured for a range of IPW values that start at 9.1 ms, and then continue
upward on 0.1 ns increments until an IPW of 10.0 ms is tested. The fuel flow rate at this point will e the static flow rate
of the injector. Tlhe specific IPW test points for each region are listed.in steps (d) and (e), respedtively. This adds ten
flow test points fpr the high-flow region. The IPW values to be tested are:

High-flow IPW values: 9.1, 9.2, 9.3, 9.4, 9.5, 9.6, 9.7, 9.8, 9.9, and 10.0 ms.

d. The low-flow redion of the flow curve is normally specified.by a range of IPW values starting just slightly higher than the

injector opening ftime (OT) and extending to an IPW valueé of 1.9 ms. For the low-flow test points, start with an IPW value
red injector opening time, rounded up to the next higher 0.10 ms. Following that, measure the flow
using IPW increments that are obtained by adding’0.10 ms to the previous IPW. Repeat until an IPW of 1.9 ms is
attained. For example, for an OT of 0.56 ms, the:low-flow test points would be:

Low-flow IPW vglues: 0.6, 0.7, 0.8, 0.9, 1.0;1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, and 1.9 ms.

e. Repeat steps (b) through (d) for theé hext injector in the WFR test set. Continue until all injectors|in the WFR test set
have been flow fested.

5.7.7 Data Reduclion and Analysis for the Working Flow Range

As discussed in the WFR Qverview Subsection, the Working Flow Range (WFR) and WFmin are key pargmeters that quantify
the limits of acceptable fuel'delivery for a population of new injectors of the same make and model. The WFR is based on
the measurement of|aminimum sample of 24 injectors that is statistically intended as a representative sample of the total
population of all manufactured injectors of that type and model. Inherent in this test is the specification in advance of a
number of defined limits that determine both the detailed test procedure and the resultant meaning of the test results. For
this WFR test, the combination of a minimum of 24 test samples, a limiting mean flow deviation limit of 5.0% and the
specification of 3.0 standard deviations from the mean flow data at each value of IPW serve to statistically guarantee that
the results of the test will reliably represent the total population of injectors with a confidence level of 99.7%.

The WFR defines the range of flow values that may be delivered by any manufactured injector of that type without exceeding
the limiting flow deviations that were specified for the WFR test. The low-flow limit of WFmin and the high-flow limit of WFmax
that were determined from the test and used to compute the WFR also define the lowest flow rate and the highest flow rate
(for the 10 ms IPW that was tested) that can be reliably delivered by any subset of the entire population of these injectors.
Thus, the two IPW values that correspond to WFmin and WFmax define the lowest and highest pulse widths that can be
employed in the control system for that application. Unlike the LFR, the WFR is not based upon a linear regression curve,
and therefore does not guarantee a linear relationship between the commanded pulse width and the delivered fuel flow of
a group of injectors from a population. Instead, it is based upon a specified band that represents a limiting acceptable
deviation in the mean flow rate delivered by any injector in that particular population.
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5.7.7.1  Generation of Percentage Deviation Curve

At each of the 35+ test pulse widths (IPW), the local mean value of the measured flow and the value of the standard deviation
(sigma) in flow are to be computed and tabulated. Next, for each tested value of IPW, the percentage deviation of the local
3.0*sigma value relative to the local measured mean flow rate is to be computed using 100*(3.0*sigma)/(local mean flow).
These percentage deviations are then to be tabulated and plotted versus the test pulse width.

5.7.7.2 Determination of the Low and High Limits of the Working Flow Range

a. Firstinspect the low-flow area of the plot of percentage deviation versus pulse-width. Starting at an IPW of 5.0 ms and
inspecting increasingly smaller pulse widths, identify the smallest test pulse width where the three-sigma percentage
deviation is still within the £5.0% band limits of the flow deviation. Then identify the next smaller test pulse width for
which the deviation first exceeds one of these band limits. These are the two sets of low-flow test values (two IPW

values, two corrESponaing flow deviation values and two cofresponding mean flow rate values) that are to be used in

two linear interp
and the second
IPWhin. The first
5.0%. This puls¢
determine the fu
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associated with

5.0%. This is IP

blations. The first interpolation is to determine the minimum pulse width of the\W
nterpolation is to determine the minimum flow rate of the range, WFmin, that 0ccu
linear interpolation establishes the low-flow IPW value for which the perCentage

width is to be designated as IPWnmin for the working flow range. The second ling
el flow that is delivered at that pulse width of IPWmin. This will be designated as W

linear interpolation for the low-flow parameter of IPWmin. At each of the two low-f

(a), linearly interpolate using as the end points the two percentage flow devig
he two low-flow pulse widths to compute the pulse widthét which the flow deviatio
Vmin. Then perform a second linear interpolation using‘as the end points the two |

and the two ass
second interpol

pciated mean flow rates. Using the IPWnmin value from the first interpolation as a
tion to determine the expected mean flow rate thatwould be delivered at a pulse

mean flow rate Will be designated as WFmin.

Repeat steps (a] and (b) except that the high-flow range will be examined. Start at a pulse width of]
increasingly lar
exceeded, depending upon the design of the particulaninjector. If it is not exceeded in the high-floy
step (e). If the 5% flow deviation limit is exceeded,then two high-flow pulse widths are to be ider
widths of interes} in the high-flow region will be'the largest IPW for which the deviation is still withi

FR, which is IPWmin,
s at a pulse width of
Jeviation is precisely
ar interpolation is to
Fmin.

ow test pulse widths
tion values that are
n would be precisely
bw-flow pulse widths
arget value, use the
idth of IPWmin. That

5.0 ms and examine

r pulse widths for the associated percentage flow deviation. The 5.0% band lin¢ may or may not be

vV region, then skip to
tified. The two pulse
N the 5% band limits,

and the next larger pulse width, which will.have a flow deviation that lies outside of the band linyits. The parameters

being determinef by the two linear regressions for the high-flow region will be IPWmax and WFmax.

If the band limits|of £5% were exceeded in the high-flow region, and IPWmax and WFmax were comp
in step (c), then kip to step (f).

If there is no high-flow IPW {est point for which the 5.0% deviation line is exceeded, then the assi
is the arithmetic pverage.of the measured static flow rates of the 24 or more injectors that were tes
the units of stati¢ flow,are'to be converted from g/s to milligrams of fuel delivered in each 10 ms pj
of WFmax in computing'WFR and for entry on the data reporting sheet. The assigned value of IPW

uted by interpolation

gned value of WFmax
ted. In this operation
eriod. Use this value
max for this case is to

be 10.0 ms.

f.  Again referring back to Figure 16, the WFR for a population of injectors is to be determined using Equation 13. In this
equation, WFR is defined to be the delivered fuel rate at the maximum working flow point, WFmax, divided by the
delivered fuel rate at the minimum working flow point, WFmin. For flow rates between these two values, all injectors in
the population will deliver metered fuel rates that vary less than the 5.0% limit of the 3.0-sigma standard deviation. Note
that WFmax and WFmin are also denoted as WF(max) and WF(min) in the bottom portion of Figure 16.

WFR = WFmax/WFmin (Eq 13)
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The WFR value may also have interpretive value for prototype parts; however, it must be realized that prototype assembly
may not be representative of the level of variation that may exist in mass production. If the distribution of the sample is not
normal, or if a sample of less than 24 parts is used, the statistical confidence limit would be less than 99.7%, perhaps
significantly less. Because of the number of possibilities for non-normal distributions and using less than 24 test injectors,
the equations to be used are not provided in this document. Instead, it is suggested that one of many commercially available
statistical packages be used to evaluate the WFR results for such cases. It is also noted that this would be considered as a
significant test deviation, and that the WFR that was obtained would not be the SAE J1832 WFR.

5.7.8 Data Reporting for the Working Flow Range

For WFR reporting, a representative flow curve from one of the tested injectors is to be generated and attached to the data
reporting sheet. The serial number of that representative injector is to be recorded on the data reporting sheet and on the
plot. The plot of all of the row data versus pulse W|dth for all 24 or more test |nJectors is to be generated and attached to
the data reporting stjeet. IE M on criteria should be
stated in the test cgmments section of the WFR data reporting sheet. Also for all of the flow datal for all 24 (or more)
injectors, a tabulatioh of the local mean flow, the standard deviation and the three-sigma/mean’ flow percentage deviation
is to be prepared andl attached. A plot of the local three-sigma percentage deviation at each tested pulse width is also to be
prepared and attached to the data reporting sheet. This plot is to clearly indicate the two/pulse widiths at low-flow and
high-flow where the |deviation lies outside of either the +5.0% or -5.0% limits. These partictlar pulsq widths are the IPW
values correspondirlg to the maximum working flow, WFmax, and to the minimumowerking flow, WFmin. If none of the
deviations at the high-flow test points exceed the percentage limits, then WFmax is te assigned as th¢ static flow, and the
IPW at WFmax is to be assigned as 10.0 ms. The values of WFmax, WFmin, IPW foRWFmax, IPW for WFmjn, and the computed
value of WFR are to|be recorded on the data reporting sheet.

Table 9 - SAE data reporting sheet for PFl static and dynamic flow and flow range festing

SAE Data Reportind Sheet for PFI Static and Dynamic Flow and Flow Range Testing - Page 1 of 2
Part 1: General Test Information

Test name or log Date of test
Name of operator Location of test
File name of data archive
Additional informatior]
Part 2: Information ¢n Injector
Injector manufacturer]
Injector description
Nominal static flow rgte (at pressure)
Pintle/director single/flual spray type
Bent/coaxial
Multi-hole/single hole|
Injector part number
Serial number of the fepresentative For a WFR test using 24| or more injectors,
injector attach separate sheet with all serial numbers
Additional S/Ns for sthtic, setspoint and
LFR tests for more than oneinjector

Part 3: Test Conditi?ns

Specific Test Conditions

(if Not Standard) Standard PF| Test Condlitions
Test fluid n-heptane
Ambient temperature (°C) 212
Ambient pressure (kPaa) 1005
Fluid temperature (°C) 212
Test fuel pressure (kPa) Pnorm * 0.5%
Test pressure tolerance +0.5%
Injector temperature (°C) 212
Injection pulse width (ms) 2.5 ms £ 0.005 for set point flow tests.
For LFR and WFR tests, use the specified
series of IPWs from short to long
Injection period (ms) 10 £ 0.2%
No. of injectors tested Static: | Set point: LFR: | WFR:
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Part 4: Description and Comments on Test Instruments or Test Deviations - Page 2 of 2

information

Clarifying test comments and

criteria

Also WFR injector selection

Also any test deviatio

ns

Part 5: Test Results

FOR PFI Flow Testing

Part 5A - Single Injector Flow Test Results (Static, Set-Point, and LFR Testing

Individual values for static flow if more than one injector

Individual values for set-point if more than one injector tested

Individual values for LFR if more than one injector tested

Static flow rate value

obtained from the average of three tests per

the WFR test attached?.Circle YES or NO

injector and all injectors tested; if there are no test deviations, this is (g/s)
the SAE J1832 static flow
Set point flow rate vafueobtainedfromthe average of three tests per
injector and all injectqrs tested; if there are no test deviations, this is (mg/pulse)
the SAE J1832 set pgint flow
LFR value obtained ffom the percent deviation plot and average of
individual LFRs if mofe than one injector tested; if there are no test
deviations, this is the|SAE J1832 LFR

LFR Test: Values for a Representative Injector Units
LFmin value: (mg/pulse)
LFmax value: (mg/pulse)
Slope value: (mg/ms)
Flow offset value: (mg/pulse)
Time offset (along thg IPW axis) value: (ms/pulse)
IPWmin (for min LFR flow) for -5.0% linearity deviation: (ms/pulse)
IPWmax (for max LFR|flow) for +5.0% linearity deviation: (ms/pulse)
Plot of flow data versps pulse width attached? Circle YES or NO YES NO
Plot of % deviation from linearity versus pulse width attached? Circle YES NO
YES or NO
Part 5B - Flow Test Results for a Population of Injectors (WFR-Testing)
WFmin value: (mg/pulse)
IPWhmin for a 5.0% deyiation from 3*sigma/mean flow (ms/pulse)
WFnmax value (use stajic flow if it does not attain 5.0%) (mg/pulse)
IPWnmax for a 5.0% de}viation from 3*sigma/mean flow.(use 10.0 (ms/pulse)
ms/pulse if it does nof reach 5.0%)
WFR Value obtained[from the percent deviation plot;if there are no
test deviations, this i the SAE J1832 WFR
Part 5C - Attachments
Representative plot of flow data versus pulse width for one of the test YES NO
injectors attached? Cjrcle YES or NO
Plot of all the flow dafa for all test injectors versus pulse width YES NO
attached? Circle YE§ or NO
Data listing and plot qf 3-sigma-% Deviation from the mean flow rate YES NO
versus IPW attached? Circle”’YES or NO
Sheet with all 24 (or rBore) Serial numbers of the injectors tested in YES NO

6. ENVIRONMENTAL TESTS

6.1 Overview of Environmental Testing

This series of tests has the goal of subjecting the injector to a range of internal fuel blends, corrosive external fluids and jet
spray nozzles, temperature and thermal cycling, static hot and cold soak, as well as dynamic flow shift under vacuum and
temperature, to quantify their influence on injector performance and functionality.

6.2 Internal Fuel Blend Compatibility Tests

This test series is used to determine the compatibility of internal fuel injector components with a wide range of fuel blends
that represent fluids similar to those that could be present in the fuel system of the vehicle during the operating lifetime.
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6.2.1 Fuel Blends

for Internal Fuel Compatibility Tests

It is not practical to evaluate all possible fuel blends, therefore, at a minimum, the following ten reference fuel blends are
recommended for this test. In the following list, a reference fuel blend is defined as a material representative of its particular
group, which is sufficiently well defined in all respects so that supplies from different sources are essentially identical in
action for which the test is intended (refer to ASTM D471).

a.

Reference Fuel C.

Fuel C.

ASTM Reference Fuel C with 15% methanol: Shall be 15% by volume reagent-grade methanol added to ASTM

ASTM Reference Fuel C with 10% ethanol: Shall be 10% by volume reagent-grade ethanol added to ASTM Reference

ASTM Referenc
Fuel C.

ASTM Refereng
reagent-grade e

ASTM Referenc
water. Corrosivg
distilled water at
- 13.5 mg.

Oxidized fuel (9
180 millimolel/L:

e Fuel C with 22% ethanol: Shall be 22% by volume reagent-grade ethanol adde

e Fuel C with 85% ethanol (If injectors are intended for FFV applicatién):” Shal
hanol added to ASTM Reference Fuel C.

e Fuel C and corrosive water solution: Mix by volume, 98% ASTM-Reference Fue
water is a solution formed by dissolving the following amaunts of anhydrous s
40 °C: first, sodium sulfate - 14.8 mg; second, sodium chloride*- 16.5 mg; and third

our gas): Shall be mixed according to the following procedure to achieve a
To obtain the test solution, dilute 60 mL of peroxide stock solution with 10 mL

solution and 93

mL of stock fuel. The stock fuel is a 50/50mixture of n-heptane and toluene.

solution is obtained by diluting 335 mL of 90% by weight t-batyl hydroperoxide with 665 mL of n-

ion stock soluti

is obtained by using the mixing steps that are outlined below in the proper se

noted that these|chemicals are hazardous, and that thefailure to follow proper procedures can re
the OSHA matetiial safety data sheets for each of the-materials:

(¢]

First, add 10
o Second, add

o

Third, dilute

mL of 12% copper ion conceptrate solution to 990 mL of stock fuel.
100 ml of the solution from-the first step to 1040 mL of stock fuel.

10 mL of the solutionyobtained in the second step with 990 mL of stock fuel.

6.2.2 Procedure fi

r Internal Fuel Blend Compatibility Tests

A new set of injectorp shall be\used for each of the ten internal test fluids. Testing a single set of inject

fluids is to be avoid

to ASTM Reference

be 85% by volume

C and 2% corrosive
pdium salts in 1 L of
sodium bicarbonate

peroxide number of
of copper ion stock
The peroxide stock
neptane. The copper
uence. It should be
Sult in a fire. Refer to

ors with multiple test

A minimum set qf five new injectors of the same make and model from serial production are to be

ested. Pre-condition

r per Table 2.

The key operating parameters of Qs, Qsp, IR, R, and tip leakage shall be measured and recorded prior to any immersion

in the internal test fluids. These tests should be performed using n-heptane fuel according to the procedures specified

e sub-sections of this document.

Table 2, using the test fluid prior to the test.

a.
each test injecto
b.
in the appropriat
C.
d.

Fully empty the injector of the n-heptane used to measure the key operating parameters; then flush the injector, per

Submerge the injector in the selected test fuel for 30 days at room temperature (21 °C) with the inlet port open and

orientated in such a manner as to keep the injector full of the test fuel blend. The fuel blend within the injector is not
pressurized for this test, nor is the electrical connector installed.
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n-heptane.

g.

Repeat steps (c) through (e) on the next injector.

Repeat the test procedure for the next Internal test fluid using a new set of injectors.

6.2.3 Data Reduction and Analysis for Internal Fuel Compatibility Tests

After 30 days, remove the injector and re-test for the key operating parameters of Qs, Qsp, IR, R, and tip leakage using

Compute the parameter deviations from pre-submersion to post-submersion for the five performance test parameters of Qs,
Qsp, IR, R, and tip leakage.

6.2.4 Data Report

ing for Internal Fuel Compatibility Tests

The parameter devia

are to be reported on the data reporting sheet. The Qs and Qsp deviations shall also be reported, as a

6.3 External Fluid
In this series of testy
and automotive fluid
Five key electrical a

surfaces to each of these test fluids.

6.3.1 Test Fluids f
It is not practical to ¢
injector over the opg
fluid is defined as a
supplies from differe
most commonly use

NOTE: If the 30-day

tions for Qs, Qsp, IR, R, and tip leakage resulting from the 30-day immersion(n, €

Compatibility Tests

, the external surfaces of the PFI injector are to be placed in contact with a num
s such as E85, motor oil, brake fluid, anti-freeze, engine and\brake cleaner, an
nd performance parameters are measured both prior to and-after the exposure of

or External Fluid Compatibility Testing

valuate all variations of possible fluids that may come into contact with the exter
rating lifetime. Therefore, a number of standard reference fluids are employed in

nt sources are essentially identical in.action for which the test is intended (refer {
 reference fluids that are specified as' external test fluids are listed as follows:

immersion test for internal fluidcompatibility has been performed for any of the
external fluid compatibility-test may be skipped for that fluid.

e Fuel C with 40% by.volume reagent-grade ethanol (E40) added.
b Fuel C with 15%_by volume reagent grade MTBE (methyl tertiary butylether) ad
b Fuel C with10% by volume reagent grade isopropyl alcohol added.

Fuel (EO): Shall be U.S. EPA emission data fuel (40 CFR 86.113).

bch internal test fluid
ercentage change.

ber of common fuels
d battery electrolyte.
the external injector

hal surfaces of a PFI
testing. A reference

material representative of its particular group, which is sufficiently well defined i all respects so that

o0 ASTM D471). The

first 10 fluids on this

led.

Shall be an ethylene glycol based material as described in SAE J814 mixed with

an equal volume of

SAE J306 may be specified at the option of the test engineer.)

list, then the

a. ASTM Referenc
b. ASTM Referenc
c. ASTM Referenc
d. Emissions Test
e. Antifreeze 50%:

distilled water.
f.

Trademark), or equivalent.
g.
h.

Brake fluid: Is a mixture of polyglycols and cellosolves conforming to DOT-4 of 49 CFR 571.116.

Ethylene glycol monobutyl ether (butylcellosolve solvent): Technical grade.

Automatic transmission fluid: Shall be Dextron Ill (General Motors Registered Trademark), Mercon (Ford Registered

Axle and manual transmission lubricants: Gear oil API-GL-5 as described in SAE J308. (Viscosity as defined in

Battery electrolyte: Shall be reagent-grade sulfuric acid diluted with distilled water to a specific gravity of 1.25 to 1.28.
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emissions-grade diesel fuel conforming to 40 CFR 86.113 be used.

be ASTM Reference Oil No. 3.

Diesel fuel (No. 2): As described in SAE J313. The fluid shall have an aniline point of 60 to 70 °C. It is preferred that

Grease: Shall be an extended-lubrication-interval grease (lithium soap based) as noted in SAE J310. When tested

according to ASTM D128, it shall contain not less than 4% by weight lithium (12-hydroxystearate type).

Power steering fluid: Shall be a commercial grade of power steering fluid.

Mineral spirits: This fluid shall be as described in Table 5.

ine cleaner.

k.
[.  Engine oil: Shall
m.
n.
0.
p. Commercial eng
g. Commercial bra
r.  Commercial win
s. Water (jet spray
t. Steam (jet spray
6.3.2 Procedure fq

A new set of five inje
fluids is to be avoide

specified in the appropriate sub-sections of this document.

brush applicatiof. The injectorshall then be allowed to stand for 24 hours at standard ambient ten

Upon completion of the 24-hour test period, the injector shall be degreased using a citrus-based

e cleaner.

Ishield washer fluid.

. Note: This has a separate test procedure.
). Note: This has a separate test procedure.
r External Fluid Compatibility Tests

ctors shall be used for each of the external test fluids."Testing a single set of inject
d.

f five new injectors of the same make and model from serial production are to be
ch injector to be tested according to Table\2.

g parameters of Qs, Qsp, IR, R, and-ip leakage shall be measured and recorded pr
external test fluids. These tests should be performed using n-heptane fuel accord
be tested shall have its inlet and outlet suitably sealed. The injector is to have itg

t is not to be energized.

| have its exposed/external surfaces thoroughly dampened with the test fluid eith

, suctiyas corrosion or melted plastic.

a. A minimum set g
Pre-condition eg
b. The key operatin
of any one of the
c. Each injector to
fitted; however,
d. The injector sha
e.
external damags
f. Re-measure the
g.

ors with multiple test

tested for each fluid.

jor to any application
ng to the procedures

electrical connector
er by spraying or by

perature.

cleaner. Inspect for

Rles for Q. Qw. IR. R. and fin leakage for f -

Repeat the test procedure for the next external compatibility test fluid using a new set of injectors.

6.3.3 Data Reduction and Analysis for External Fluid Compatibility Tests

Compute the parameter deviations from pre-test to post-test for the five performance test parameters of Qs, Qsp, IR, R, and

tip leakage.

6.3.4 Data Report

ing for External Fluid Compatibility Tests

The parameter deviations from pre-application to post-application for the five performance test parameters of Qs, Qsp, IR,
R, and tip leakage are to be reported on the data reporting sheet. The Qs and Qsp deviations shall also be reported as a

percentage change.
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6.4 Water Jet Spray Test

6.4.1

Procedure for Water Jet Spray Test

A new set of five injector shall be used for the water jet spray test.

r according to Table 2.

A minimum set of five new injectors of the same make and model from serial production are to be tested. Pre-condition

Characterize the injector performance prior to spraying with the water jet by measuring the values for Qs, Qsp, IR, R,

and tip leakage. These tests should be performed using the specified procedures in the appropriate sub-sections of this

a.
each test injecto
b.
document.
c.
it is not to be en
d. The exterior surf
commercial han
the injector bein
momentary (1 s
(1 second on an
e. For a simulated
times for a total
f.
g. After the ten-mir

400-minute test
completion of th

6.4.2 Data Reduc

Each injector shall have its inlet and outlet suitably sealed. The injector is to have its electrical conn

brgized.

ace of the injector shall then be exposed to a high-pressure water jet that'is typi
j-operated car wash facilities. The water is to have a pressure of 10000kPa, and
h at an approximate distance of 150 mm from the tip of the waterjet- The applic
pcond) exposures over various surfaces of the injector with a repeat rate of 20 e
d 2 seconds off). This is to be continued for 10 minutes.

lifetime exposure to high-pressure water jets, the procedure in step (d) should
exposure of 40 10-minute spray events.

ute test, re-measure the values for Qs, Qsp,\IR, R, and tip leakage for the test in
fo simulate a lifetime exposure is performed, also re-measure Qs, Qsp, IR, R, and
ht test.

ion and Analysis for the Water Jet:Spray Test

Compute the param
tip leakage. Do this

ter deviations from pre-test t0 post-test for the five performance test parameters
r the 10-minute test, and also for the 400-minute lifetime simulation test if that te

6.4.3 Data Reportjng for the Water Jét Spray Test

The parameter devigtions for Qs,«Qsp, IR, R, and tip leakage resulting from the 10-minute water jet
reported on the data|reporting sheet. The Qs and Qsp deviations shall be reported as a percentage change. The parameter
deviations for Qs, Qgp, IR, R,»and tip leakage resulting from the 400-minute water jet spray test are al
the data reporting sheet if that optional test was performed. Indicate in the comments section of the
whether a 10-minutg testor'a 400-minute test, or both, were conducted.

betor fitted; however,

cal of that present in
is to be applied with
ption shall consist of
Xposures per minute

e repeated 39 more

Upon completion of the high-pressure water spray test, the injectorshall be dried using a clean cloth.

ector. If the optional
tip leakage after the

pf Qs, Qsp, IR, R, and
5t was conducted.

spray test are to be

50 to be reported on
data reporting sheet

6.5

6.5.1

Steam Jet Spray Test

Procedure for the Steam Jet Spray Test

A new set of five injectors shall be used for the steam jet spray test.

ch test injector according to Table 2.

Characterize the injector performance prior to spraying with the steam jet by measuring the values for Qs, Qsp, IR, R,

and tip leakage. These tests should be performed using the specified procedures in the appropriate sub-sections of this

a. Pre-condition ea
b.

document.
c.

it is not to be energized.

Each injector shall have its inlet and outlet suitably sealed. The injector is to have its electrical connector fitted; however,
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steam jet is to be sprayed over the exterior surface of the injector for 15 seconds.

The exterior surface of the injector shall then be exposed to a steam jet, as is utilized in commercial steam cleaning

For a simulated lifetime exposure to steam jets, the procedure in item (e) above should be repeated 19 more times for

a total exposure of 20 15-second spray events (300 seconds). There should be a 1-minute cooling period after each

Upon completion of the 15 second steam-spraying session, re-measure the injector performance values of Qs, Qsp, IR,

R, and tip leakage for the test injector. If the optional 300-second test to simulate a lifetime exposure is performed, also
re-measure Qs, Qsp, IR, R, and tip leakage after the completion of that test.

d.
equipment. The
e.
steam jet spray event.
f.
6.5.2

Compute the paraméter deviafions from pre-test 1o post-test for the Tfive performance test parameters

tip leakage. Do this f

6.5.3 Data Report

The parameter deviations for Qs, Qsp, IR, R, and tip leakage resulting from the 15-segond steam jet

reported on the dat
parameter deviation
reported on the dat
reporting sheet whet

Data Reduction and Analysis for the Steam Jet Spray Test

or the 15-second test, and also for the 300-second lifetime simulation test if thatit
ng for the Steam Jet Spray Test

b reporting sheet. The Qs and Qsp deviations shall also be reported as a perc
5 for Qs, Qsp, IR, R, and tip leakage resulting from the 300-second steam jet spr3
b reporting sheet if that optional test was performed. Indicate’in the comments

her a 15-second test or a 300-second test, or both, were_conducted.

Table 10 - SAE data reporting sheet for environmental compatibility tests

bf Qs, Qsp, IR, R, and
st was conducted.

spray Test are to be
bntage change. The
y test are also to be
section of the data

Internal - External -

SAE J1832 - Data R¢porting Sheet for Environmental Compatibility Tests

Water Jet - Steam Jet - Page 1 of 2

Part 1: General Tesf Conditions

Test name or log Date of test
Name of operator Time of test
File name of data archive Location of test

Additional informatiorj

Part 2: Information ¢n Injector an

d Injector Driver Module

Injector manufacturer
design type

and

Injector description

Injector part number

Additional informatior
(static flow rate (at pr|
inward/outward, singl
bent/coaxial, multi-ho

pssure),
e/dual type,
e, efc.)

Part 3: Test Conditid

bNsS Specific Test Conditions Standard PFI Test C

bnditions

Test fluid being tested Various
Ambient temperature|(2C) 21+2
Ambient pressure (kPaey 400+5
Fluid temperature (°C) 212

Test fuel pressure (kPa)

Not pressurized

Test pressure tolerance N/A
Injector temperature (°C) 2112
Injection pulse width (ms) Not operating

Injection period (ms)

Not operating
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Part 4: Description and Comments on Equipment or Test Deviations - Page 2 of 2

Test equipment details

Test deviations

Test Type Being
Reported (Check One)

o Internal

o External

o Jet spray

o Steam jet

Test fluid:

| Use Additional Blank Copies of This Data Sheet for Each Test Fluid

#1 (SN)

Pre-Test Value

Post-Test Value

Deviation

Qsp (Mg/pulse)

%

Qs (Q/S)

%

IR(Q)

R(Q)

Leakage Rate (mm3/min)

#2 (SN)

Pre-Test Value

Post-Test Value

Deviation

Qsp (mg/pulse)

%

Qs (g/s)

%

IR(Q)

R(Q)

Leakage Rate (mm®/iin)

#3 (SN)

Pre-Test Value

Post-Test Value

Deviation

Qsp (mg/pulse)

%

Qs (g/S)

%

IR(Q)

R(Q)

Leakage Rate (mm3/in)

#4 (SN)

Pre-Test Value

Post-Test Value

Deviation

Qsp (Mg/pulse)

%

Qs (g/s)

%

IR(Q)

R(Q)

Leakage Rate (mm3/fin)

#5 (SN)

Pre-Test Value

Post-Test Value

Deviation

Qsp (mg/pulse)

%

Qs (Q/S)

%

IR(Q)

R(Q)

Leakage Rate (mm3/inin)

#6 (SN)

Pre-Test Value

Post-Test Value

Deviation

Qsp (mg/pulse)

%

Qs (g/s)

%

IR(Q)

R(Q)

Leakage Rate (mm?3/inin)

#7 (SN)

Pre-Test Value

Post-Test Value

Deviation

Qsp (mg/pulse)

%

Qs (g/S)

%

IR(Q)

R(Q)

Leakage Rate (mm?/min)

#8 (SN)

Pre-Test Value

Post-Test Value

Deviation

Qsp (Mg/pulse)

%

Qs (g/s)

%

IR(Q)

R(Q)

Leakage Rate (mm3/min)



https://saenorm.com/api/?name=9231ba3da66e62caf13d56d82b113b21

SAE INTERNATIONAL J1832™ FEB2023 Page 66 of 120

6.6 Salt-Spray External Cyclic Corrosion

This test procedure is utilized to determine the degree to which the test injector can withstand the effects of extensive
external salt corrosion. This salt corrosion is highly likely to be encountered near seaside roadways and in locations that
employ road salt to melt winter ice and snow coatings. The main source for the test equipment details such as the spray
nozzles, corrosion coupons and the corrosion test chamber is the ASTM Standard B117 - ver. 19. The salt-spray external
cyclic corrosion test consists of an ambient environment salt spray mist combined with a high humidity and high temperature
drying interval for a set of five new test injectors of the same make and model. One 24-hour period is considered a cycle,
assuming the mass loss of steel test coupons is within specified limits. The test duration is a total of 50 cycles, with the test
monitored for sufficient corrosion potential by means of the measured mass loss of standardized steel corrosion coupons.
The mass loss of the coupons is assumed to be linear throughout the test. A cosmetic inspection of the external surfaces
of the injectors is conducted after ten cycles, and both an inspection and a retesting of the injector performance parameters
is conducted after the completion of the test at 50 cycles. It should be noted that this test procedure differs from that in

ASTM B117 - ver.19
in ASTM B117 - ver.
6.6.1 Design and
The corrosion test ¢
ASTM B117 - ver.14
any chamber and n
salt-spray injection {
conform to the desig

Low-carbon steel mgq
the injector samples
constructed of AISI 1
3.18 mm thick. The

is based upon the th
corrosion test. The i

This SAE I 832 test procedure 1S a thermat, CyTiit CorTosion test, Whereas the te5]

19 is not.
Setup of Test Equipment for the Salt-Spray External Cyclic Corrosion Test

hamber requirements are outlined in 6.6. These requirements and ‘guidelines arg
, Which also provides recommendations on the nozzle design for,delivering the
pzzle design that achieves the proper corrosion rate is permissible. The autor
eriod, the heat-and-humidity period and the high-temperature-drying period with
nated test procedure that is detailed in the subsections below.

nitoring coupons are utilized as part of this test to.ensure that the corrosive envi
is adequate. The monitoring coupons that are periodically weighed for corrosion
006-1010 steel, and are to each be 25.4 x 50.8 mm in rectangular size, and may
bxpected mass loss of the coupons that willwerify a sufficient degree of corrosive
ickness chosen, and is outlined in ASTM\B117 - ver. 19. Ten coupons are requ
hitial mass of each coupon shall be recorded on the data sheet prior to the start

shall be mounted o
mounted at a 15 de
placed a minimum
same corrosive envi

a bracket and isolated from the bracket via plastic or nylon studs and nuts. T
ree angle from the vertical andx$hould not contact or shadow each other. The
5 mm apart, and shall be placéd adjacent to the parts being tested so that they
onment.

The salt-solution used to create the spray mist in the test chamber has the following compositio
de-ionized water corjtaining 0.9% sodiuprchloride, 0.1% calcium chloride, and 0.25% sodium bicarbon

procedure indicated

further described in
salt spray. However,
hated timings of the
in a cycle shall also

onment provided for
mass loss are to be
pe either 1.59 mm or
ness in the chamber
red for this 50-cycle
of the test. Coupons
ne coupons shall be
coupons should be
are subjected to the

n: It shall consist of
ate, with a pH that is

between 6 and 8. Ar| important note for the preparation of the salt-solution is that either the calcium chloride or the sodium

bicarbonate must bg dissolved separately in de-ionized water and then added to the mixture to avo
solid precipitate that|could later clog the spray nozzles during the test. Record the measured pH of the

6.6.2 Procedure f

a. A set of five (

Pre-production injectors may

r the Salt-Spray External Cyclic Corrosion Test

d the formation of a
resulting solution.

inimum) new, injectors of the same make and model from serial productio
N the comments section

n should be tested.
of the data reporting

y
sheet. Pre-condition each injector to be tested according to Table 2. Photograph each of the five injectors prior to any

testing.

b. Characterize the injector performance prior to starting the functional salt-spray external corrosion test by measuring the
values for Qs, Qsp, IR, R, and tip leakage for each test injector that is to be tested in the salt-spray corrosion test chamber.

c. Each injector (hereinafter called a sample) shall have its inlet and outlet suitably sealed. Each injector sample is also to
have its electrical connector fitted; however, the injector is not to be energized.

d. Samples shall be supported or suspended between 15 degrees and 30 degrees from the vertical, with any significant
surface parallel to the principal direction of fog flow within the shed.

e. Samples shall be at least 30 mm from each other and 35 mm from any chamber wall.
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The sample shall be so placed as to permit free settling of the spray fog on all samples, but avoiding the salt solution
from one sample dripping onto another.

Expose the samples to the salt-spray fog in the shed for a 24-hour cycle. A test cycle consists of three phases, each
eight hours in duration. The three phases of the test, in the order to be performed are:

1. Ambient conditions period (25 °C = 3 °C, 40 to 50% RH) with salt spray mist.

2. Heat and humidity period (49 °C £ 3 °C, 95 to 100% RH).

3. High temperature drying period (60 °C + 3 °C, <30% RH).

During phase 1, which is the salt-spray mist, the parts are to be sprayed at 2-hour intervals for a total of four spray

events. The sprhy nozzles shall be capable of applying sufficient momentum to rinse away_ afy residual salt from
previous sprays) and shall spray a sufficient amount of salt-solution onto the parts to maintainflwethess for 15 minutes.

The ramp time HQetween phases 1 and 2 is to be 1 hour. The ramp time between phasg 2\and 3 is to be 3 hours. The
ramp time betwgen phase 3 and the next repeat cycle of phase 1 is to be 2 hours. Periodically inspect the samples and
the overall operation of the spray chamber as required in ASTM B117 - ver. 19. The epening of the chamber shall be
limited to the freguency necessary to carry out the operations. Inspections shouldnot be made more than twice a day
for a total of 15 minutes. The positions of the samples may be varied during the inspection period ff required.

Following the fin
ASTM B117 - vq
both of the coup
each of the two

ideally be appro
for a 1.59 mm t
coupon should K
either too high o

St cycle, repeat the test for additional cycles until ten_€ycles have been complgted. As indicated in
r. 19, remove two coupons at the end of the tenth cyCle/and sandblast the corrogion by-product off of
ons until the surface is again bare. After cleaning with either alcohol or acetong, then drying, weigh
oupons on a precision scale and compute the decrease from the original mass. The mass loss should
imately linear throughout the test, with a total mass loss per coupon after 50 cycle$ of 4161 to 4825 mg
nick coupon and 4573 to 5230 mg for a 3.19 mm thick coupon. Assuming a lingar mass loss, each
e expected to lose 842 to 965 mg during\each ten cycles of the test. If this masf loss is found to be
F low during each ten-cycle increment, then the spray volume of the salt-solution ghould be adjusted.

Also, at the end ¢f the tenth cycle, the test samples:are to be removed from the chamber for an early cosmetic inspection

that will provide
condition of the
blistering noted.
cosmetic inspec

At the completio
dry them. Weigh
required to be re
and 20th cycles
corrosiveness of
after 20th, 30th,

an indication of any early susceptibility to salt corrosion. As part of this early-¢ycle inspection, the
pxterior surfaces shall be visually assessed, and any evidence of surface corrosion, surface defects or
Each injector is to be phetographed and the photos clearly labeled as corresponding to the early
ion. No performance_ tést of the injectors is required after ten cycles.

h of each of the 20th, 30th, and 40th cycles, remove two additional coupons and gandblast, clean and
the coupons and‘record the value of the mass loss since the start of the test. Alsg to be noted, but not
corded on the-data reporting sheet, are the incremental mass losses of each cougon between the 10th
, the 20th_and 30th cycles, and the 30th and 40th cycles. This is for monitoring the degree of
the test:.The injectors are not to be removed from the test chamber, and no performpance test is required
or 40th’cycles.

m. Following the end of the 50th and final cycle of the salt-spray external cyclic corrosion test, remove the samples from
the test chamber, wash them gently in water not warmer than 38 °C, and dry by blotting with absorbent paper.
n. Both a cosmetic examination and a performance test of each test injector are to be conducted as detailed in the data

analysis and reporting subsection below.
6.6.3 Data Analysis and Reporting for the Salt-Spray External Cyclic Corrosion Test

Each test injector shall be examined and photographed after 50 cycles of testing. The final external surface condition shall
be visually assessed and noted for any observable surface corrosion, surface defects, and blistering. Special attention
should be paid to welded joints and other areas that may be particularly susceptible to corrosion. For the purpose of the salt
spray test only, a “significant” surface is defined as an area designated to be coated that can be touched by a 6.35 mm
diameter ball. All other surfaces shall be considered as “non-significant.” The size, number, and locations of red rust spots,
blisters, and surface defects on all significant surfaces are to be recorded. The supporting photographs should also clearly
indicate any red rust spots, blisters, and surface defects.
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The expected average mass loss per coupon after 50 cycles should be in the range of 4161 to 4825 mg for a 1.59 mm thick
coupon and 4573 to 5230 mg for a 3.19 mm thick coupon. This is 41.61 to 48.25 grams for all ten coupons. If the total
measured mass loss for the ten total coupons does not fall into this range, the actual total mass loss should be listed as a
test deviation in Section 4 of the data reporting sheet. This deviation is indicative of a corrosive environment during the test
that is either too corrosive (excessive mass loss) or not corrosive enough (insufficient mass loss).

Following the completion of 50 cycles of the salt-spray external corrosion test and the cosmetic examination, each of the
injectors in the test set shall be tested for Qs, Qsp, IR, R, and tip leakage. The parameter deviations from the measured
pre-test values are to be computed and reported on the data reporting sheet. The Qs and Qsp deviations are also to be
reported as a percentage change. Use additional blank copies of Pages 2 and 3 of the data reporting sheet if more than
eight injectors are tested.

Table 11 - SAE data reporting sheet for functional salt spray external cyclic corrosion test

|

SAE J1832 - Data Réporting Sheet for Functional Salt Spray External Cyclic Corrosion Test - Page 1 of!3]
Part 1: General Tesf Information

Test name or log Date of test
Name of operator Time of test
File name of data archive Location of test

Additional informatior,
Part 2: Information ¢n Injector and Injector Driver Module
Injector manufacturer and design type
Injector description

Injector part number
Additional informatior,

Part 3: Test Conditipns Specific Test Conditions Standard Test Conditions
Salt solution pH 6108
Ambient temperature|(°C) Phase 1: 25 °QQ+ 3.0 °C

Phase 2: 49 °( + 3.0°C
Phase 3: 60 °¢ + 3.0°C
Relative humidity (% RH) Phase 1: 40 t0/50% RH
Phase 2: 95 to [100% RH
Phase 3: <3(0% RH

Additional informatior
Part 4: Description and Comments on Equipment or Test Deviations
Test equipment details
Test deviations
Part 5A: Test Resulis for Test Coupon Mass in the Functional Salt Spray External Corrosion Test

Sample Coupgn Tested Initial Mass (mg) Final Mass (mg) Mass Loss (mg)
(mg) after 10 cycles
(mg) after 10 cycles
(mg) after 20 cycles
(mg) after 20 cycles
(mg) after 30 cycles
(mg) after 30 cycles
(mg) after 40 cycles
(lllg) after46 bybiUb
(mg) after 50 cycles
10 (mg) after 50 cycles
Total mass loss for all ten coupons after all 50 cycles (grams): g

OIO|IN|O|N|R|W|IN|—~
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Part 5B: Test Results for Performance Parameters in the Functional Salt Spray External Corrosion Test - Page 2 of 3

Performance Parameter

#1 (SN):

Pre-Test

Post 50 cycles

Change

Qsp (mg/pulse)

Qs (g/S)

%

IR - Insulation resistance (Q)

R - Caoil resistance R (Q)

Tip leakage (mm?3/min)

#2 (SN):

Pre-Test

Post 50 cycles

Change

Qsp (Mg/pulse)

%

Qs (g/S)

%

IR - Insulation resistance (Q)

R - Coil resistance R (Q)

Tip leakage (mm3/min)

#3 (SN):

Pre-Test

Post 50 cycles

Change

Qsp (Mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistapce (Q)

R - Coil resistance R|(Q)

Tip leakage (mm3/mif)

#4 (SN):

Pre-Test

Post 50 cycles

Change

Qsp (Mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistapce (Q)

R - Coil resistance R|(Q)

Tip leakage (mm3/min)

#5 (SN):

Pre-Test

Post 50 cycles

Change

Qsp (mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistapce (Q)

R - Coil resistance R|(Q)

Tip leakage (mm3/min)

#6 (SN):

Pre-Test ~\"

Post 50 cycles

Change

Qsp (Mg/pulse)

%

Qs (g/S)

%

IR - Insulation resistapce (Q)

R - Coil resistance R|(Q)

Tip leakage (mm3/min)

#7 (SN):

AN

Pre-Test

Post 50 cycles

Change

Qsp (Mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistapce (Q)

R - Coil resistance R|(Q)

Tip leakage (mm3/min)

#8 (SN):

Pre-Test

Post 50 cycles

Change

Qsp (Mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistance [Q)

R - Coil resistance R (Q)

Tip leakage (mm3/min)

test results

Comments on any of the performance
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Part 5C: Salt-Spray Test: Injector Serial Numbers and Results of Cosmetic Examinations - Page 3 of 3

Injector Number
and Serial Number

Comments on Cosmetic Exam
at 10 Cycles (Early Susceptibility)

Comments on Final Cosmetic
Exam after 50 Cycles

1 - S/N:

2 - SIN:

3 - S/IN:

4 - S/N:

5-S/N:

6 - S/N:

7 - SIN:

8 - S/IN:

Record test cosmetic observations above. Attach photographs taken initially, and after 10 cycles and 50 cycles.

6.7 Temperature Cycle Test

This test procedure
(simulated hot soaks
Qsp, IR, R, and tip leg
If fluid purge is requ
may affect response

6.7.1

a. A minimum setd

each injector ac

b. Characterize the
C.
added. The ethe
this pressure ley
d. The temperature
chamber at elev|
to be operated g
e. Repeat the test
f. Following the 14

Procedure for the Temperature Cycle Test

The test shall b¢ conducted using a test fuel of ASTM Reference Fuel C with 10% reagent-grad

s designed to evaluate the effect of repeated cycles of significantly elevated op
), followed by injector operation during the cool-down period. Five key performan
kage are measured before and after 140 of these temperature cycles in-order to q
red for pre-test conditioning, take great care to ensure that all fluid_.is purged; ot
time.

f five new injectors of the same make and model from serial production should be
tording to Table 2.

injector performance prior to any testing by measuring the values for Qs, Qsp, IR,

nol must meet the requirements listed intASTM D4806. Set the fuel pressure to
el throughout the temperature cycle.

cycling test shall be conductedon a test bench capable of operating the injec
bted temperatures. Expose the;injector set to the thermal cycle shown in Figure

Lycle in Figure 17 a tetalof 140 times.

D temperature cycles, re-measure the values for Qs, Qsp, IR, R, and tip leakage for|

brating temperatures
e parameters of Qs,
uantify any changes.
herwise, fuel residue

lested. Pre-condition

R, and tip leakage.

e ethanol by volume

Pnorv and maintain

ors inside a thermal
17. The injectors are

nly during segment E-G ofthe cycle, using an IPW of 2.0 ms and a period of 7.0 ns.

each tested injector.

TEMPERATURE CYCLE TEST PROFILE
140

120

100

TEMPERATURE (c)

O T T T T T T

T T 1
120 150 180 210 \mn 270

TIME (Min)

Figure 17 - Test time schedule for the temperature cycle test
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6.7.2 Data Reduction and Analysis for Temperature Cycle Test

Compute the deviations between the pre-test and post-test values for Qs, Qsp, IR, R, and tip leakage for each injector tested.

The deviations in Qs

and Qsp are to be computed as percentage changes.

6.7.3 Data Reporting for Temperature Cycle Test

Record the deviations in Qs, Qsp, IR, R, and tip leakage from the initial pre-test values on the data reporting sheet for each
of the tested injectors. The deviations in Qs and Qsp are also to be reported as percentage changes.

6.8 Hot Static Soak Test

This procedure is designed to evaluate injector performance when exposed to a constant elevated test condition without

the injector being op
after the test in orde
to ensure that all flui

6.8.1

A minimum set g
each injector ac

a.

b. Characterize thg
c. Purge all fluids
During this perio
d. Monitor IR and R
e. Following the 16
and tip leakage.
6.8.2 Data Reduc

For each test injecto
the post-test. The de

6.8.3 Data Report

Record the measure
of the tested injector

6.9 Cold Static So

Procedure for the Hot Static Soak Test

erated. The key performance parameters of QUs, Qsp, IR, R, and tip leakage are,n
F to quantify any changes that occur. If fluid purge is required for pre-test conditio
H is purged; otherwise, fuel residue may affect response time.

f five new injectors of the same make and model from serial production should be
tording to Table 2.

injector performance prior to any testing by measuring the values for Qs, Qsp, IR,

rom the injector and expose all five injectors to a.stabilized ambient of 150 °C
d, the injectors are not operated.

 at the soak temperature to ensure continuity‘at elevated temperature.

hour test period, cool the set of injectors to 21 °C + 2 °C and re-measure the vall

ion and Analysis for Hot Statie-Soak Test

r, compute the deviations inthe measured values of Qs, Qsp, IR, R, and tip leakag
viations in Qs and Qsp.are to be computed as percentage changes.

ng for Hot Static'Séak Test

d deviationsin™Qs, Qsp, IR, R, and tip leakage from the initial values on the data rep
5. The deviations in Qs and Qsp are also to be reported as percentage changes.

ak. T\est

heasured before and
ning, take great care

lested. Pre-condition

R, and tip leakage.

t+ 2 °C for 16 hours.

es for Qs, Qsp, IR, R,

b from the pre-test to

orting sheet for each

This procedure is designed to evaluate injector performance when exposed to a constant low temperature test condition
without the operation of the injector. Key performance parameters, Qs, Qsp, IR, R, and tip leakage are measured before and
after the test in order to quantify any changes.

6.9.1

a.

Procedure for the Cold Static Soak Test

each injector according to Table 2.

b.

| C.

A minimum set of five new injectors of the same make and model from serial production should be tested. Pre-condition

Characterize the injector performance prior to any testing by measuring the values for Qs, Qsp, IR, R, and tip leakage.

Purge all fluids from the injector and expose the entire set of five injectors to a stabilized ambient of -40 °C + 2 °C for
16 hours. During this period, the injectors are not operated.
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d. Monitor IR and R at the soak temperature to ensure continuity at reduced temperature.

e.

re-measure the values for Qs, Qsp, IR, R, and tip leakage.

6.9.2

Data Reduction and Analysis for Cold Static Soak Test

Following the 16-hour test period, allow the set of test injectors to return to the room temperature of 21 °C + 2 °C and

Compute the deviations between the pre-test and post-test values of Qs, Qsp, IR, R, and tip leakage for each test injector.

The deviations in Qs

6.9.3

and Qsp are to be computed as percentage changes.

Data Reporting for Cold Static Soak Test

Record the deviations in Qs, Qsp, IR, R, and tip leakage from the initial values on the data reporting sheet for each of the

tested injectors. The

6.10 Cyclic Thermgl Shock Test

This procedure is de
of the injector. Key p
to quantify any chan
otherwise, fuel resid

6.10.1 Procedure for the Cyclic Thermal Shock Test

a. A minimum set g
each injector ac
b. Characterize the
c. Purge all fluids f
d. Expose the entir
subsequent step
e. As quickly as th
ambient of 130 ¢
test chambers in
simple and rapid
f. Complete steps
g. Following the 2(

the values for Q

deviations In Qs and Qsp are also to be reported as percentage changes.

bigned to evaluate injector performance when exposed to extreme thermal shocks
erformance parameters, Qs, Qsp, IR, R, and tip leakage are measuredbéfore and
pes. If fluid purge is required for pre-test conditioning, take great‘care to ensure th
le may affect response time.

f five new injectors of the same make and model fremserial production should be
ording to Table 2.

injector performance prior to any testing by‘measuring the values for Qs, Qsp, IR,
rom the injector.

b set of five injectors to a stabilized:ambient of -40 °C + 2 °C for a minimum of 0.5
s, the injectors are not operated.

e test apparatus will allew, but not to exceed 30 seconds, transfer the five injg
C + 2 °C for a minimumrof 0.5 hour. Due to the desired short transfer time it is re
close proximity belutilized, with one maintained at -40 °C and the other at 130 °(
transfer of test parts.

d) and (e)-200 times.

0 cyeles; allow the set of test injectors to return to room temperature (21 °C + 2
, QpIR, R, and tip leakage.

ithout the operation
bfter the test in order
at all fluid is purged;

fested. Pre-condition

R, and tip leakage.

nour. During this and

ctors to a stabilized
commended that two
. This would allow a

°C) and re-measure

6.10.2 Data Reduction and Analysis for Cyclic Thermal Shock Test

Compute the deviations between the pre-test and post-test values of Qs, Qsp, IR, R, and tip leakage for each test injector.

The deviations in Qs

and Qsp are to be computed as percentage changes.

6.10.3 Data Reporting for Cyclic Thermal Shock Test

Record the deviations in Qs, Qsp, IR, R, and tip leakage from the initial values on the data reporting sheet for each tested
injector. The deviations in Qs and Qsp are also to be reported as percentage changes.
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Table 12 - SAE data reporting sheet for temperature cycle, hot static soak,
cold static soak, and thermal shock tests

SAE J1832 - Data Reporting Sheet for Temperature Cycle Test, Hot Static Soak Test, Cold Static Soak Test,

and Cyclic Thermal Shock Test - Page

10f2

Part 1: General Test Information

Test name or log

Date of test

Name of operator

Time of test

File name of data archive

Location of test

Additional information

Part 2: Information on Injector and Inje

ctor Driver Module

Injector manufacturer and design type

Injector description

Injector part number

Additional informatiorj

Part 3: Test Conditipns

Test Type Being Run (check)

Tested Temperatures

StandardAest Tenperatures

o Temperature cycle
o Hot static soak
o Cold static soak
o Thermal shock

See profile in test procedure
150°C+2°C
-40°Cx2°C
-40°C+2°0Cto 130 °C 2

S

C

Test fuel for temperafure cycle

ASTM Reference Fuel C with 10% reagent-grade.ethanol by volume

added

Additional informatior

Part 4: Description and Comments on Equipment or Test Deviations

Test equipment details

Test deviations: Note|any deviations
from the specified copditions or

procedures
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Part 5: Test Results for Temperature Cycle, Hot Static Soak, Cold Static Soak, and Thermal Shock Tests - Page 2 of 2

Performance Parameter Pre-Test Value Post-Test Value Change
INJ #1 (SN):
Qsp (mg/pulse) %
Qs (g/s) %

Insulation resistance IR -Q
Coil resistance R (Q)

Tip leakage (mm?3/min)
Comments and observations

INJ #2 (SN):
Qsp (Mg/pulse) %
Qs (g/s) %

Insulation resistance IR -Q
Coil resistance R (Q)

Tip leakage (mm3/mif)
Comments and obsefvations

INJ #3 (SN):
Qsp (mg/pulse) %
Qs (g/s) %

Insulation resistance |R -Q
Coil resistance R (Q)
Tip leakage (mm?3/mir)
Comments and obsefvations

INJ #4 (SN):
Qsp (Mg/pulse) %
Qs (g/s) %

Insulation resistance |R -Q
Coil resistance R (Q)
Tip leakage (mm3/min)
Comments and obsegvations

INJ #5 (SN):
Qsp (Mg/pulse) %
Qs (g/s) %

Insulation resistance |R -Q
Coil resistance R (Q)
Tip leakage (mm3/min)
Comments and obsefvations

INJ #6 (SN):
Qsp (mg/pulse) %
Qs (g/s) %

Insulation resistance |R -Q
Coil resistance R (Q)
Tip leakage (mm3/min)
Comments and obsefvations

INJ #7 (SN):
Qsp (mg/pulse) %
Qs (g/s) %

Insulation resistance TR -00
Coil resistance R (Q)

Tip leakage (mm3/min)
Comments and observations

INJ #8 (SN):
Qsp (mg/pulse) %
Qs (g/s) %

Insulation resistance IR -Q
Coil resistance R (Q)

Tip leakage (mm?3/min)

Comments and observations

Use additional copies of this datasheet for each test type
and for more than eight injectors in a test
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6.11 Dynamic Flow Shift Test

Fuel injectors exhibit varying degrees of “rich and lean shifts” when subjected to varying levels of manifold pressures at the
outlet of the injector. A “rich shift” can occur during an engine over-run condition of high manifold vacuum and small injector
pulse width, whereas a “lean shift” can occur during a throttle tip-in maneuver that follows an over-run condition. This tip-in
condition of low manifold vacuum and a large injector pulse width results in an excessive fuel condition. There also can be
an elevated positive pressure in the intake manifold in forced induction applications (turbocharger or supercharger).
Similarly, the delivered fuel mass flow rate can be affected by the temperature of the fuel and the injector body, as this
change in temperature results in a change in fuel density and viscosity. During a morning start in very cold climates the
temperature can be in the vicinity of -30 °C, and during a start after a hot soak on a summer day more than 100 °C may be
experienced.

How sensitive the mass metering ability of an injector is to the manifold pressure and fuel temperature is related to the
injector design, the Y ; b| being utilized. The
extent to which manifold-vacuum induced flow shifts and fuel-temperature induced flow shiftscaffgct drivability is best
evaluated in a running vehicle; however, these effects can be evaluated using an environmental’flow|stand which has the
capability of changing and maintaining a range of fuel temperatures and downstream air pressure|levels. A schematic
representation of sugh a flow stand is depicted in Figure 18. This type of fuel flow stand permits the [determination of the
percentage shift (deviation) in the delivered fuel flow rate, Qss, as a function of the fuel temperature and downstream pressure
level.

Pressure
Flow Transducer /
Fuel Fuel Pressure
Meter Indicator
Pump Regulator
BTy
A H
- [¥] Pressure
o § Pressure Transducer o —
Gauge ini Pump
njector
Exchanger ! Controller pump
Vacuum
Fuel Pressure 5 ; v q Vacuum
Tank Transducer ownstream Yacuum an
Pressure Chamber Pump

Condenser
1
|
I
Fuel Collection Scrubber |
T Reservoir :
== 0 SR R
| Controller |

Figure 18 - Schematic of environmental flow stand for
the measurement of PFI dynamic flow characteristics

6.11.1 Procedure for the Dynamic Flow Shift Test
a. A minimum set of five new injectors of the same make and model from serial production should be tested. If the test is

conducted using pre-production injectors, this should be indicated in the comments section of the data reporting sheet.
Pre-condition each injector according to Table 2.
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b. Measure the baseline dynamic flow rates of one of the test injectors at the following operating conditions:

o
Test fuel pre
A downstrea
An IPW of 2.

o Aninjection

Test fuel and temperature: n-heptane at 21 °C + 2 °C.

ssure: Pnorwm.
m absolute ambient air pressure value of 100 kPa (zero vacuum).
5 ms.

period of 10 ms (100 injections per second).

Note that a mass flow rate of n-heptane measured for standard ambient conditions is designated as Qstd. Thus, these

measured dynar

For that same te
an IPW of 5.0 nj
IPW test series.

Repeat steps (b
both 2.5 ms and

For IPW values
combinations of
below in this ste
each injector, as
three or five diff

used in Equation 2 during data reduction. The fuel and injector temperatures to be tested are -3

100 °C. For ea
downstream neg
intended for a tu
of +100 kPa (ga
if a forced-induc
sheet.

In regard to the
and required do
the next test tem
is an acceptable
6.11.2 Data Reduc

Compute the percen

hic flow rates will be the baseline Qstd values to be used in Equation 2 for the 2,5

st injector, repeat the test using the larger IPW value of 5.0 ms to obtain the base
s. These dynamic flow rates will be the baseline Qstd values to be used.in"Equa

through (d) for each of the test injectors to obtain the baseline‘dynamic flow rat
5.0 ms for the entire set of test injectors.

of both 2.5 ms and 5.0 ms, measure the dynamic flow rates, Qq, of all of the
the six temperatures and the three downstream pressure’levels (five for forced ind
D. These tests are to be performed for an IPW of 10 ms. This will be either 34 or §
21 °C and ambient pressure will have already heén run. Thus, for each of the six
brent downstream pressure levels will be used:, These dynamic flow rates will be

h of these temperatures test at a downstream air pressure of ambient (zero
bocharger or supercharger application, also test at the positive (boost) downstrear

Ige) and +50 kPa (gauge). These{wo additional boost downstream pressures do
ion system is not part of the intended application. Just leave those spaces blank

order of the tests that are called for in step (g), it may be more efficient to run al
vnstream pressures and pulse widths at a particular flow stand fuel temperature fi
perature. This might avoid changing and stabilizing the test stand temperature hu

ion and Analysis for the Dynamic Flow Shift Test

fagé shift in the measured dynamic flow rate, Qrs, from the measured Q4 and Qsta

test injectors for eac

ms IPW test series.

ine dynamic flow for

fion 2 for the 5.0 ms

bs at pulse widths of

test injectors for all
Liction) that are listed
8 additional tests for
temperatures, either
the Qq values to be
D, 0, 21, 50, 75, and
acuum), and at the

ative pressure levels of 40 kPa (vacuuim) and 85 kPa (vacuum). If the injector npodel being tested is

n air pressure values
not have to be tested
bn the data reporting

of the test injectors
rst, then switching to
ndreds of times. This

alternative test\order if utilized, and does not have to be reported as a test deviatjon.

alues for each of the

n combination of temperature and downstream air pressure. Use Equation 14 for tk

is computation. This

equation from 3.2.7 is repeated here for convenience. Perform this calculation for both the 2.5 ms and 5.0 ms IPW test data.

where:

Dynamic flow shift percentage = Qs = 100 * (Qa - Qstd) /Qsta

(Eq. 14)

Qstd = the injector dynamic flow at a standard fuel temperature and a standard (ambient) downstream pressure

Qq = the injector dynamic flow at the non-standard fuel temperature or non-standard downstream pressure being tested
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6.11.3 Data Reporting for the Dynamic Flow Shift Test

Use a copy of the proper blank data reporting sheet for each tested injector. The data sheet to be copied is the second page
of the two pages that are shown. Report the individual percentage deviations, Qrs, that were computed for each combination
of temperature and pressure in the proper indicated spaces on the data reporting sheet for each of the tested injectors. Note
any deviations from the recommended test procedure. Attach these extra data reporting sheets (at least eight of them) to

the first (initial) page of the data reporting sheet.

Table 13 - SAE data reporting sheet for dynamic flow shifts
resulting from changes in environmental conditions

SAE J1832 - Data Reporting Sheet for Dynamic Flow Shifts Resulting from Changes in Environmental Conditions -

Page 1 of 2

Part 1: General Testrinformation This Datasheetis forinjector of

Test name or log Date of test
Name of operator Time of test
File name of data archive Location of test

Additional informatior

Part 2: Information ¢n Injector

Injector manufacturer

Injector description
Static flow rate (@

Bent/coaxial
Multi-hole

pressure)

Inward/outward sipgle/dual type

Injector part number

Injector serial numbe

Additional informatiorn

Part 3: Test Conditipns Specific Test Conditions Standard PFI Test Conditions

Test fluid n-heptane

Ambient temperature|(°C) 212

Ambient pressure (kHaa) 100+ 5

Fluid temperature (°d) 212

Test fuel pressure (kiPa) Pnorm * 0.5%

Test pressure tolerance +0.5%

Injector temperature {°C) 212

Injection pulse width {ms) 2.5 and 5.0 £ 0.005 - dependent upon test
Injection period (ms) 10 + 0.01

Part 4: Description and Comments on Test Instruments or Test Deviations

Comments and clarif

ing information

Test deviations presg
instabilities observed

nt and any
during testing

Page 77 of 120
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Part 5: Test Results for Dynamic Flow Shifts Resulting from Changes in Environmental Conditions (Injector Operating
Temperature and/or Downstream Vacuum or Pressure) - Use a new blank copy of this data reporting sheet for each injector -

IPage 2 of 2

Injector Number of Total Injector SIN:
Pressure Temp Qq Pressure Temp Qq

(kPa) (°C) (mg/pulse) % Flow Shift (kPa) (°C) (mg/pulse) % Flow Shift

0 21 0 21

2.5 ms IPW 5.0 ms IPW

40 vacuum 40 vacuum

85 vacuum 85 vacuum

150 21 150 21

+100 * +100 *

40 vacuum A0 vacuum

85 vacuum 85 vacuum

0 -3( 0 -30

+50 * +50 *

+100 * +100 *

40 vacuum 40 vacuum

85 vacuum 85 vacuum

0 0 0 0

+50 * +50 *

+100 * +100 *

40 vacuum 40 vacuum

85 vacuum 85 vacuum

0 50 0 50

+50 * +500*

+100 * +100 *

40 vacuum 40 vacuum

85 vacuum 85 vacuum

0 75 0 75

+50 * +50 *

+100 * +100 *

40 vacuum 40 vacuum

85 vacuum 85 vacuum

0 90 0 90

50 * 50 *

100 * 100 *

" Optional for forced in

Huction applications.
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7. PHYSICAL TESTS

Fuel injectors are subjected to various mechanical loads during manufacturing, testing, handling, installation, and removal
from the vehicle fuel system. The injector is also subjected to various shock and vibrational loads during operation in actual
vehicle service. The purpose of physical testing is to ensure that the injector flow performance, electrical characteristics,
and fuel leakage will exhibit no flow and electrical changes when undergoing these mechanical loadings.

7.1 Overview of All Physical Tests

A port fuel injector is typically subjected to an axial load, a bending moment and a torsional load during installation and
removal. This is required to overcome the resistance of O-rings or other elastomeric members that are used for the purpose

of sealing, and for thermal and mechanical isolation. The injector is also subjected to loads resulting from mounting and
removing the fuel rail and/or installing and removing an injector in the rail. The spectrum of such physical tests is normally

divided into two clasfes:
moment, and bending moment tests. The forces and torques are normally applied by pushing andctwis
the injector relative tp the stationary lower half, as the upper half of most current PFI injector designs
connector and the Igwer half contains the fuel metering section. For the force and moment fests, the
fluid, is uncapped gnd the electrical connector is not installed. The second class of physical test
operational physical|tests, and consists of tests for vibration, mechanical shock, proof.pressure, and
class of physical tests is addressed in 7.7 through 7.10.3.

7.2 Test Fixtures for Force and Moment Physical Tests
Several representatiye test fixtures are illustrated in this section, as one fixttre design will likely not accq
designs. This is becpuse of the significant variety of injector designs and.mounting methods that are
fixture that is emplgyed for a given physical test in the series must-accommodate the particular
application that is being tested. Thus, the test fixtures that are employed may necessarily differ slig
fixtures that are illusjrated and described in the following sections: This is not to be considered a test ¢
7.3 Common Test|Steps for Force and Moment Physical Tests

It is not intended thal multiple loading tests be appliedto’an injector prior to measuring the operationa
is to have one test type applied to one new injector, with the next test in the series applied to another
type of injector. Thdrefore, do not apply all six1oading tests to a single injector, and then measure|

axial load, torsional
ting the upper half of
contain the electrical
injector is devoid of
5 is denoted as the
burst pressure. This

mmodate all injector
in use. The specific
injector design and
ntly from the generic
eviation.

changes. The intent
ew unit of that same
the flow or leakage

changes. Use one new injector for each separate test. The only permitted exception to this is if a combined vibration and

shock test is utilized| Those two tests may be applied to one injector.

For all force-and-mgment physical tests, each individual test is to be performed on a minimum of five
same make and mogel from serial production. The procedure for all physical tests is to first pre-con
injector according tq Table 2. Next, measure Qs, Qsp, R, IR, and tip leakage for each new injector

testing. The flow megsurement procedures for those parameters are listed in 5.6, 5.2, and 5.5, respe
fuel is to be removef from the injector and one of the Force-and-moment physical tests is performeq

new injectors of the
dition each new test
prior to any physical
ctively. Then, all test
as described in the

corresponding procgdure,fof that test in the subsections below. Finally, following the completion of th
test, the injector is tp be retested for R and IR, then reinstalled on the flow test bench, refilled with t
parameters of Qs and € 1p leakag

at individual physical
st fuel, and the flow
e test bench, refilled

with the tip-leakage test fluid, and the tip Ieakage re- measured A minimum set of five new injectors of the same make and
model from serial production are to be tested in this manner. More injectors may be optionally tested if required.

7.4 Axial Load Test
7.4.1 Procedure for Axial Load Test

a. A minimum test set of five new injectors of the same make and model from serial productio

n should be tested.

Pre-production injectors may be used without deviation if this is clearly noted in the comments section of the data

reporting sheet. The injectors should be pre-conditioned according to Table 2.

Prior to any axial load being applied, measure the key performance parameters of Qs, Qsp, R,
according to the procedures outlined in 5.5, 5.2, and 5.6.

IR, and tip leakage
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c. The injector to be tested shall be drained of any test fluid, and shall have the injector fuel inlet port open and the tip
uncapped. The electrical connector is not to be installed.

d. Mount the injector in an axial test fixture that is representative of the application mounting. A typical fixture is illustrated
in Figure 19.

e. Subject the injector to a force of 600 N applied along the longitudinal axis of the injector, as is depicted by the small
arrow at the top of Figure 19. The force is to be steadily applied for a duration of 1 minute.

f.  Following the axial load test, inspect the injector body and re-measure the key performance parameters of Qs, Qsp, R,
IR, and tip leakage as outlined in 5.5, 5.2, and 5.6.

g. Repeat the test for the next injector in the set.

AR |
11

Clearance

Figure 19 - Representative axial load test fixture

7.4.2 Data Reducfion and-Analysis for the Axial Load Test

the pre-test values

For each of the five gremare test injectors, compute the deviations in Qs, Qsp, R, IR, and tip leakage fro
to the post-test values- tations rotad an

7.4.3 Data Reporting for the Axial Load Test

The measurements of Qs, Qsp, R, IR, and tip leakage that were obtained both before and after the axial load test are to be
reported on the data reporting sheet under the appropriate test. The changes in Qs and Qsp are also to be reported as
percentage changes. Use a different Page 2 of the data reporting sheet for each test injector, and note on that page the
serial number of the injector being reported upon.
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7.5 Torsional Moment Test

7.5.1  Procedure for Torsional Moment Test

a. A minimum test set of five new injectors of the same make and model from serial production should be tested.
Pre-production injectors may be used without deviation if this is clearly noted in the comments section of the data

reporting sheet. The injectors should be pre-conditioned according to Table 2.

b. Prior to any torsional moment being applied, measure the key performance parameters of Qs, Qsp, R, IR, and tip leakage
according to the procedures outlined in 5.5, 5.2 and 5.6.

c. The injector to be tested shall be drained of any test fluid, and shall have the injector fuel inlet port open and the tip
uncapped. The electrical connector is not to be installed.

d. Mount the injecfor in a torsional moment test fixture that is representative of the application\mpunting. The central
portion of the injector body is to be clamped and fixed. A typical fixture is illustrated in Figure 20.

e. Subject the inje¢tor to a torsional moment of 0.6 Nm that is applied both at the fuel-inleét end apd the tip end, as is
depicted by the noment arrows at the top and bottom of Figure 19. These moments-are to be apout the longitudinal
axis of the injectpr and are to be applied for a duration of 5 seconds.

f.  Following the tofsional moment test, inspect the injector body and re-measure the key performange parameters of Qs,
Qsp, R, IR, and tip leakage in 5.5, 5.2, and 5.6.

g. Repeat the test for the next injector in the set.

Collet

N
& S\ Collet or
\_ Spht Clamp
A Collet

.
C il %,

Figure 20 - Representative torsional moment test fixture

7.5.2 Data Reduction and Analysis for the Torsional Moment Test

For each of the five or more test injectors, compute the deviations in Qs, Qsp, R, IR, and tip leakage from the pre-test values
to the post-test values. The deviations in Qs and Qsp shall also be computed as a percentage change.
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7.5.3 Data Reporting for the Torsional Moment Test

The measurements of Qs, Qsp, R, IR, and tip leakage that were obtained both before and after the torsional moment test
are to be reported on the data reporting sheet under the appropriate test. The changes in Qs and Qsp are also to be reported
as percentage changes. Use a different Page 2 of the data reporting sheet for each test injector, and note on that page the
serial number of the injector being reported upon

7.6 Bending Moment Test
7.6.1 Procedure for Bending Moment Test
a. A minimum test set of five new injectors of the same make and model from serial production should be tested.

Pre-production injectors may be used without deviation if this is clearly noted in the comments section of the data
reporting sheet. [The injectors should be pre-conditioned according to Table 2.

b. Prior to any bending moment being applied, measure the key performance parameters of Qs, Qsp, R, IR, and tip leakage
according to the|procedures outlined in 5.5, 5.2, and 5.6.

c. The injector to He tested shall be drained of any test fluid, and shall have the injector fuel inlet gort open and the tip
uncapped. The ¢lectrical connector is not to be installed.

d. Mountthe injector in a bending moment test fixture that is representative of the application mounting. The central portion
of the injector bqdy is to be clamped and fixed. A typical fixture is illustrated in Figure 21.

e. Subject the injegtor to a bending moment of 6.0 Nm by means of ashorizontal force that is applied|at the O-ring groove
of the fuel inlet. [This is depicted by the arrows at the top of Figure*21. This horizontal force that|creates the bending
moment is to be|applied for a duration of 30 seconds.

f. Following the bgnding moment test, inspect the injector bady and re-measure the key performan¢e parameters of Qs,
Qsp, R, IR, and tip leakage as outlined in 5.5, 5.2, and:56.

g. Repeat the test for the next injector in the set.

g

_> APPLY THE LOAD FOR THE REQUIRED
MOMENT AT THE LOCATION OF THE
O-RING GROOVE

PFI

INJECTOR

CLAMPING
FIXTURE

MINIMUM CLEARANCE

Figure 21 - Locations for clamping and loading for the bending moment test
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7.6.2 Data Reduction and Analysis for the Bending Moment Test

For each of the five or more test injectors, compute the deviations in Qs, Qsp, R, IR, and tip leakage from the pre-test values
to the post-test values. The deviations in Qs and Qsp shall also be computed as a percentage change.

7.6.3 Data Reporting for the Bending Moment Test

The measurements of Qs, Qsp, R, IR, and tip leakage that were obtained both before and after the Bending Moment test are
to be reported on the data reporting sheet under the appropriate test. The changes in Qs and Qsp are also to be reported as
percentage changes. Use a different Page 2 of the data reporting sheet for each test injector, and note on that page the
serial number of the injector being reported upon.

7.7 Overview of Operational Physical Tests

The second class of| physical tests deal with the vibration, mechanical shock and overpressure that'gq PFI injector may be
subjected to during an operating lifetime. This class of tests addresses the further significant stresseg that can be applied
to a PFl injector durimg a normal lifetime of operation on an engine. Engine vibration can be severe, with significant g-forces.
Fuel overpressure may possible occur due to a system malfunction, and mechanical shock ean occuf due to dropping the
injector or striking it yith metal tools.

The operational physical tests consist of the vibration, mechanical shock, proof pressure and burst pressure tests. In this
class of physical tests, all tests are performed on five new injectors of the same;make and model fr¢m serial production,
with only one test performed on any one injector. Therefore, do not apply<all four operational physi|cal tests to a single
injector, and then mgasure the flow or leakage changes. With the exception'ofithe combined vibration and mechanical shock
tests noted below, use one new injector for each separate test. In each 6perational physical test, the| injector is filled with
Stoddard solvent. Ngte that it is not to be filled with n-heptane. In some operational physical tests, the injector is capped,
but not pressurized (vibration and mechanical shock) and in other tests it is pressurized (proof and burgt pressure). In none
of the operational physical tests is the injector operated, altholUgh the electrical connector and thg wiring harness are
installed for the vibrgtion and mechanical shock tests.

7.8 Vibration Test

The vibration test mgthodology and durations will follow the ISO 16750-3 standard for engine-mountgd components. The
vibration schedule ig to be sine-on-random with'the frequency controlled over the range of 5 to 2000 Hz. The sinusoidal
tone portion of the tgst should also follow Table-1 of the 1ISO-16750-3 standard (which is for compongnts mounted directly
on the engine of passenger vehicles). The.combined test schedule should follow Table 2 (sine spgctrum) and Table 3
(random spectrum) in ISO 16750-3. If ap application-specific vibration schedule is available, this may be substituted without
deviation for the 1ISO 16750-3 sine-on-random profiles if it is clearly noted on the data reporting sheet|Any deviations from
these protocols shall be reported oen'the data reporting sheet.

7.8.1  Procedure for the Vibration Test

The vibration test fixture;should duplicate the application mounting; the fixture must allow for the pregsurization of fluid in
the injector to Pnorv| and must permit the collection of any fluid lost from the injector tip. Accelerometers should be placed
on the injector housing that Is aligned with the injector longitudinal axis. The injector electrical wiring harness shall be
connected to the injector during testing. Fill the injector and fixture with Stoddard solvent for the purpose of simulating the
mass only. After filling with Stoddard solvent, ensure that any trapped air is removed. On a vibration table, vibrate the injector
in each of the three axes (first longitudinal, then lateral, then vertical). A picture or sketch of the accelerometer locations
should be included on the data sheet for each axis.

If both mechanical shock and vibration tests are to be conducted, it is recommended to run the vibration and mechanical
shock tests as combined sequential tests on each of the three individual axes. This would be longitudinal vibration followed
by longitudinal mechanical shock, then repeating for the lateral axis, then for the vertical axis. The injector performance
parameters of Qs, Qsp, and tip leakage shall be measured prior to and following the combined series of vibration and
mechanical shock tests that were just described.
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a. A minimum test set of five new, injectors of the same make and model from serial production should be tested.
Pre-production injectors may be used without deviation if this is clearly noted in the comments section of the data
reporting sheet. The injectors should be pre-conditioned according to Table 2.

b. Prior to any vibration testing or combined Vibration and Shock testing, measure the key performance parameters of Qs,
Qsp, R, IR, and tip leakage according to the procedures outlined in 5.6, 5.2, and 5.5 of this document.

c. The injector to be tested shall be filled with Stoddard solvent for mass purposes only, and shall have the fuel inlet and
tip capped. The test fluid can be pressurized or not pressurized as needed, to simulate in vehicle mounting and
operation. The electrical connector and the wiring harness are to be installed, however the injector is not to be operated.

d. Mount the injector in a vibration-shock test fixture that has an injector mounting that is representative of the application.
A typical fixture is illustrated in Figure 22. The accelerometers on this fixture should be placed at the same relative

location as waslutlhzea for any vibration data acquisition on the vehicle. Any collection of datalon vehicle vibration
should include the extremes that may be encountered in field use.

e. Using a controllgd vibration test facility, vibrate the injector in each of the three axes (firstlongitudinal, then lateral, and
then vertical). The vibration schedule is to be random with the frequency controlled over the range of 5 to 2000 Hz,
based upon the|actual vehicle application. The test duration is to be 22 hours per axis. The tegt may be optionally

accelerated per fhe random vibration practices described in the reference document’'MIL-STD-81Q-D if clearly noted in
the comments sg¢ction of the data reporting sheet.

f.  Following the vijration or combined vibration-shock test, inspect the injecter body and re-measure fthe key performance
parameters of Qk, Qsp, R, IR, and tip leakage.

g. Repeat the test for the next injector in the set.

Retaining Clip
If Used

RS
'

MANNNNR

Top Feed
Injector

N\

hm

Figure 22 - Fixture for both shock and vibration testing

N

7.8.2 Data Reduction and Analysis for the Vibration Test

For each of the five or more test injectors, compute the deviations in Qs, Qsp, R, IR, and tip leakage from the pre-test values
to the post-test values. The deviations in Qs and Qsp shall be computed as a percentage change.

7.8.3 Data Reporting for the Vibration Test

For each of the five or more test injectors, record the pre-test and post-test values, and their deviations, for Qs, Qsp, R, IR,
and tip leakage on the data reporting sheet. The deviations in Qs and Qsp shall also be reported as a percentage. Use a
different Page 2 of the data reporting sheet for each of the test injectors, and note on that page the serial number of the
injector being reported.
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7.9 Mechanical Shock Test
7.9.1 Procedure for the Mechanical Shock Test

The mechanical shock test shall consist of a 50 g shock pulse having a half-sine shape with a pulse width of 11.0 to 14.0 ms.
The number of shock pulses shall be 18 in total, and shall be comprised of six pulses in each of the three mutually

perpendicular axes.

A minimum test set of five new injectors of the same make and model from serial production should be tested.

Pre-production injectors may be used without deviation if this is clearly noted in the comments section of the data

The injectors should be pre-conditioned according to Table 2 in this document.

Prior to any mechanical shock or combined vibration-shock testing, measure the key performance parameters of Qs,

a.
reporting sheet.
b.
Qsp, R, IR, and t
c. Theinjectortob
inlet port and tip
be installed, how
d. Mount the inject
A typical fixture
per vehicle data
e. Perform impacts
times with the in
position with cor
to the side.
f.  Following the me
of Qs, Qsp, R, IR
g. Repeat the test

7.9.2 Data Reduc

For each of the five ¢
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7.9.3 Data Report
For each of the five

and tip leakage on t
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7.10 Overview of Proof-Pressure Testing

The proof pressure is an elevated level of fuel pressure that the fuel injector may be subjected to and still operate properly
once the normal fuel pressure is reestablished. The fuel injector is not expected to function at the proof pressure, but shall
function properly after exposure to this pressure without damage. The objective of this test is to ascertain the amount of
permanent change in key performance parameters that results from the application of the proof pressure. The proof pressure
is normally specified by the injector manufacturer and is typically twice the normal operating pressure for that injector
(2.0 times Pnorm). Another reason for performing the proof pressure test is to verify that the fuel injector body is capable of
withstanding the specified proof pressure at 21 °C £ 2.0 °C for 5 minutes without structural failure, internal damage, or
external visual leakage. A minimum set of five new injectors of the same make and model from serial production is to be
tested, and the test fluid utilized shall be Stoddard solvent.
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7.10.1 Procedure for the Proof-Pressure Test

A minimum test set of five new injectors of the same make and model from serial production should be tested.
Pre-production injectors may be used without deviation if this is clearly noted in the comments section of the data
reporting sheet. The injectors should be pre-conditioned according to Table 2 of this document.

Prior to any proof-pressure testing, measure the key performance parameters of Qs, Qsp, R, IR, and tip leakage
according to the procedures outlined in 5.6, 5.2, and 5.5.

The injector to be tested shall be filled with the test fluid (Stoddard solvent at 21 °C), and shall have the fuel inlet
connected to a pressure vessel containing Stoddard solvent at 21 °C that is pressurized by means of nitrogen gas acting

on a bladder. During this test, the injector is not operated, as the electrical connector is not installed.

a.

b.

C.

d. Mount the inject
pressure on the
for five minutes.

e. Reduce the fluid

br onto a fixture that is placed within a safe containment vessel. Next, gradually, |
bladder until the fluid pressure within the injector attains 2.0 times Pnorv. Mainta
Observe and record any visible fluid leakage.

pressure back to zero and remove the injector from the fixture.

f. Following the prgof-pressure test, re-measure the key performance parameters of Qs, Qsp, R, IR, a

test injector.

g. Repeat the test

7.10.2 Data Reduc

For each of the five ¢
to the post-test valug

7.10.3 Data Report

For each of the five
and tip leakage on t
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pr is not expected to
eakage. To facilitate
ces either wet or dry
om serial production

is to be tested, and theliest fluid used shall be Stoddard solvent.

7.11.1 Procedure for the Burst Pressure Test

a.

A minimum test set of five new injectors of the same make and model from serial production should be tested.
Pre-production injectors may be used without deviation if this is clearly noted in the comments section of the data
reporting sheet. Pre-conditioning of the injectors is not required.

Prepare a quart of Stoddard solvent for detection of liquid leakage by means of an ultraviolet light by adding a suitable
dopant that fluoresces when exposed to ultraviolet light.

The injector to be tested shall be filled with the test fluid containing the dopant (Stoddard solvent at 21 °C), and shall
have the fuel inlet connected to a pressure vessel containing the same Stoddard solvent at 21 °C that is pressurized by
means of nitrogen gas acting on a bladder. During this test, the injector is not operated, as the electrical connector is
not installed.
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d. Mount the injector onto a fixture within a safe containment vessel that permits a visualization of the injector with an
ultraviolet light. Gradually increase the nitrogen pressure on the bladder until the fluid pressure within the injector attains
3.0 times Pnorm. Maintain that pressure level for 5 minutes.

e. During the 5-minute pressurization period, examine the entire body of the test injector with an ultraviolet light for
evidence of any external leakage. After 5 minutes, reduce the pressure to Pnorm and continue the examination.

f. After completing a thorough examination, remove all pressurization of the Stoddard solvent and remove the injector.
Note the location and extent of any observed external leakage or body damage.

g. Repeat the test for the next injector in the set.

7.11.2 Data Reduction and Analysis for the Burst-Pressure Test

None required.
7.11.3 Data Report
For each of the five

damage or leakage ¢
and note on that pag

ng for the Burst-Pressure Test
or more injectors that were tested, record on the data reportingysheet whether
f any type was detected. Use a different Page 2 of the data reporting’sheet for each of the test injectors,
e the serial number of the injector being reported.

Table 14 - SAE data reporting sheet for PFl injector physical tests

or not any external

SAE J1832 - Data R¢porting Sheet for PFI Injector Physical Testing - Page 1 of 2

Part 1: General Test

Information

Test name or log

Date of test

Name of operator

Time of test

File name of data arc

hive

Location of test

Additional informatiorj

Part 2: Information ¢n PFI Injector and

PFI Injector Driver-Type

Injector manufacturer

Injector description

Injector part number

(enter injector S/N on Page 2

of the datasheet)

Injector driver type

Force-and Moment Operational
Part 3: Test Conditipns Physical Test Types Physical Tlest Types
** Physical tests beinfy reported Axial loading bending moment Vibration proof pressyre

before and after (ms)

(Circle all those being reported) torsional loading shock burst pressure
Conditions for Rhysical Tests Specific Test Conditions Standard Tegt Conditions
Ambient temperature|(°C) 212
Ambient pressure (kHaa) 100[£ 5
Fluid temperature (°Q) 212
Fluid pressure for tesfing (kPa) Normal pressurg (Pnorwm), £0.5%
Injector period (P) fo\r flow testing 10.0 4 0.01
before and after (ms)
Injection pulse width for flow testing 2540005

Part 4: Description and Comments on Equipment or Test Deviations

Comments and information

Test deviations present
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Part 5: Specific Test Measurements for Physical Tests - Use New Page 2 for Each Injector - Page 2 of 2

Injector serial number:

Injector in Test Series Number

Axial Loading Test

Pre-Test Value

Post-Test Value

Deviation

Qsp (mg/pulse)

%

Qs (g/s)

%

R(Q)

Q

IR (Q)

(Q

Tip leakage rate (mm?3/min)

N ~— —

(mm3/min

Torsional Moment Test

Pre-Test Value

Post-Test Value

Deviation

Qsp (mg/pulse)

%

Qs (g/s)

%

R(Q)

Q)

IR (Q)

Q)

Tip leakage rate (mmZ/min)

(mm&/min)

Bending Moment Test

Pre-Test Value

Post-Test Value

Deviation

Qsp (mg/pulse)

%

Qs (g/S)

%

R(Q)

Q)

IR (Q)

Q)

Tip leakage rate (mmP/min)

(mm3/min)

Vibration Test

Pre-Test Value

Post-Test Value

Deviation

Qsp (Mg/pulse)

%

Qs (g/s)

%

R(Q)

Q

IR (Q)

Tip leakage rate (mmP/min)

)
Q)
)

(mm3/min

Shock Test

Pre-Test Value

Rost-Test Value

Deviation

Qsp (Mg/pulse)

%

Qs (g/s)

%

R(Q)

(Q

IR (Q)

Tip leakage rate (mmP/min)

)
Q)
)

(mm3/min

Proof Pressure Test

Pre-Test Value

Post-Test Value

Deviation

Qsp (mg/pulse)

%

Qs (g/s)

%

R (Q)

(Q

IR (Q)

Tip leakage rate (mmP/min)

)
Q)
)

(mm3/min

Burst Pressure Test

Circle One

Circle One

External leakage obsprved? (mm?3/min)

No leakage

Yes, leakage observed

Additional Test Comrhents

Additional informatior) and test
comments; indicate the name of‘the
test being commented upon

Attachments and data plots

None required

8. INJECTOR NOIBE-MEASUREMENT

8.1 Overview of PFI Injector Noise

Acoustical noise from a low-pressure port fuel injector (PFI), often described as a ticking noise, is generated by the opening
and/or closing events of the fuel shut-off valve within the injector. The injector noise is most audible in a vehicle during the
idle and fast-idle operating conditions when the masking from other engine and vehicle noises are low. This can be either

the stable, hot-idle condition or may be the cold-idle condition during the transient engine warm-up.

The noise generated by the opening and closing events of the PFI injector is radiated directly from its housing, unless the
injector is directly mounted on its face to the intake manifold. Unlike direct gasoline injectors, the mechanical vibrations
generated by these events in a PFl injector are unlikely to excite the neighboring structures due to the very low operating
fuel pressure. Other noises that may be misdiagnosed as injector noise are normally found to be generated by pressure
pulsations from the injector opening and closing events interacting with the hydraulic resonances of the fuel system. This is
commonly referred to as “fuel line hammer.”
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Due to the structural asymmetry of the injector housing, the noise radiated by the PFI injector is very directional. Hence, the
sound pressure level measured using one or two microphones is insufficient to characterize the overall noise generated by
these injectors. Therefore, the most appropriate technique for characterizing port fuel injector noise is to measure the sound
pressure level using multiple microphones on an imaginary spherical or hemispherical surface around the injector, and then
calculating the total sound power radiated by the injector. In order to calculate the sound power, the procedures described
in the ISO 3744 and ISO 3745 documents are used.

8.2 Test Equipment Requirements for PFI Noise Measurement

The noise that is radiated from an operating PFI injector shall be measured with the injector isolated from its application
environment. The injector shall be mounted in a way that ensures that the noise measured is only the direct, airborne,
radiated noise from the injector. The injector mounting shall represent the application-relevant boundary conditions, which
include a rail cup with a mounting clip at the top, as well as a receiving cup at the tip of the injector. If the microphones are
attached to a fram U ; ] i iXtute using elastomeric
elements. N-heptang is the nominal test fluid; however, if a non-flammable fluid is deemed to be n¢cessary for the test
chamber, then such a fluid having physical properties that are similar to those of either n-heptang'onstandard pump gasoline
may be utilized withqut a test deviation. Some alternate fluids meeting this criteria are Stoddard 'solverjt and mineral spirits.

The noise measurement should preferentially be performed in either a fully anechoic or a‘hemi-anechoif chamber according
to the procedures odtlined in ISO 3745. If this test environment cannot be accessedfthen a free-field jenvironment using a
reflecting plane may|be employed. The procedures for this test environment are outlined in ISO 3744. These ISO standards
are both titled, “Acolstics - Determination of Sound Power Levels and Sound Energy Levels of Noise $ources using Sound
Pressure,” where ISQ 3744 is an engineering method for an essentially free-field environment using a|reflecting plane, and
ISO 3745 is a precis|on method employed for anechoic rooms and hemi-arechoic rooms. As is noted in both ISO 3744 and
ISO 3745, the radialed noise from the injector shall be measured over the entire spherical surface a’[ound the injector or

over a hemispherical surface that has a reflecting plane, with the injecter mounted near the reflecting| plane. As indicated,
the measurement may be performed with either a single microphone*or with multiple microphones. Afp example of the use
of six microphones mounted in a half-circle configuration within@ hemi-anechoic test chamber is illustrated in Figure 23.
The rotation of this plane of microphones to eight discrete measurement locations (every 45 degrees) |s outlined in the test
procedure in the subsequent subsection. When the measurements are performed in a hemi-anechoic ¢hamber, the injector
shall be mounted at Jeast 1.0 m above the chamber floor=All horizontal reflecting surfaces in the test getup or the chamber
floor should be treat¢d with sound absorbing material.of’at least 100 mm thickness.

Figure 23 - Representative test facility and fixture for PFI noise testing
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The sound power that quantifies the resultant injector noise shall be calculated from these microphone measurements using
a procedure similar to that outlined in ISO 3744 (2010-10-01) or in ISO 3745 (2012-3-15). If there is excessive background
noise from equipment that is employed to operate the PFl injector, a correction for the background noise shall be performed
using the average of all microphone positions at the respective 1/3 octave band, as is noted in ISO 3744. The computed
values of sound power shall be presented as a 1/3 octave band spectrum from 1000 to 16000 Hz. A single value of the
A-weighted sound power shall then be computed and reported in dB(A).

As the sound power is a characteristic of the component and it is independent of the distance at which the sound pressure
is measured, the choice of the radius of the measurement sphere upon which the microphones are placed, be it 0.3 m or
0.5 m, is not critical. However, the accuracy of the measurement for the lowest frequency of interest will be degraded as
the sphere radius is diminished. For the frequency range from 1000 to 16000 Hz, experience has verified that six
microphones mounted on a semicircular arc of a radius of not less than 0.3 m that is sequentially indexed to every
45 degrees location around the test injector will provide a sufficient spatial resolution and accuracy to determine the sound
power from a PFI i surface around the
injector in a hemi-anechoic chamber is illustrated in Figure 23. This type of setup is to be tested~acgording to ISO 3745.
Conversely, a test s¢tup in free space using a reflecting plane shall be tested according to 1ISO-3744.

8.3 PFI Noise Test Parameters and Test Conditions

a. The nominal test fluid is n-heptane. Stoddard solvent or mineral spirits may be used if necessary without a deviation.
On the data repgrting sheet, specify the test fluid type that is utilized.

b. The test fuel pressure shall be Pnorv £ 0.5%.

c. The ambient air femperature shall be maintained at 21 °C + 2 °C.

d. The fuel temperature shall be maintained at 21 °C + 2 °C.

e. The relative hunjidity in the test chamber shall be maintained below 65%.

f.  The injection pulse width (IPW) shall be set to 4.0 ms:

g. The period (P) shall be set to 100 ms (ten injections per second). This corresponds to an engine gpeed of 1200 rpm.

h. The pulse width|in step (f) and the period in’ step (g) are the SAE J1832 standard test conditiong for the SAE J1832
noise measurenent, any other test conditions may be alternatively used if desired; for example, § 200 ms period that
represents a staple, hot-idle speed(ofy600 rpm may be used, as long as this test deviation is cleprly indicated on the
data reporting sheet. It should be\noted that only the use a 4.0 ms pulse width and a period of 1J0 ms will lead to the

SAE J1832 noige value. The<«optional testing of any other pulse width or period will yield a noige value on the data
reporting sheet, put it is not{e-be indicated as the SAE J1832 noise value.

8.4 Test Procedurg for Injector Noise Measurement

a. A set of five new injectors of the same make and model from serial production is to be tested.

b. In order to remove all gases from the fuel supply system and ensure that the injector induced noise has stabilized,
pre-condition each test injector as per the procedure in Table 2. However, extend the flush duration to 3 minutes and
the purge duration to 10 minutes.

c. Measure the background noise in the test environment. This is to be done without the operation of the injector, but with
the operation of all other auxiliary equipment required during the injector operation. The background noise shall be
measured at all microphone measurement locations planned for the measurements with the injector operating. If the
data suggests that the background noise cannot be regarded as unchanging with test duration, then it is required that
the sound pressure level shall be measured and recorded each time a new injector is measured in order to capture any
shift in the background noise of the auxiliary equipment used for the test, such as the fuel pump.

d. Set the test conditions for the injector operation as noted in the subsection on noise test parameters.
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g.

Set the position of the semicircular arc of microphones. Six microphones equally spaced are recommended. Energize
the injector and record the sound pressure level for a minimum of 10 seconds at each microphone measurement point.

Rotate the semicircular arc of microphones by 45 degrees and repeat step (e). Then rotate by additional 45 degree

increments until

eight total increments have been measured around the injector.

Repeat steps (b) through (f) for the four additional new injectors from series production.

8.5 Sound Pressure Level Calculations for Background and Injector Noise Measurements

a.

From the measured sound pressure at each measurement position i, calculate A-weighted sound pressure levels, Lyi(f),
for each 1/3 octave band from 1000 to 16000 Hz. Perform these calculations for both the background and injector noise

measurements.

Foreach 1/3 octJave band calculate an average sound pressure level, Ly(f), over all measurement,pg

for sound presst

made for the sodind pressure level associated with both the background and injector noiseymeasu

where:

i = the meas

Nwm = the total number of measurement locations (microphonge ‘positions)

f = the centg

Using Equation
16000 Hz as thg

Perform these ¢
at each 1/3 octa
and as Lp-backgrOL

designated as L

re level values is computed as a logarithmic average using Equation 15. Fhese g

1 N i
Lp(f) = 10log; |- i 1001101 O]

urement location (microphone position) identificationfumber

r frequency of the 1/3 octave band, in Hz

logarithmic sum of the sound pressure levels at each of the 1/3 octave bands ca
Ly S 101g[12088, 10°1170)

hlculations for both thetbackground and injector noise measurements. The sound
ve band center frequency (f) from 1000 to 16000 Hz is designated for the injectd
nha(f) for the background noise. The overall total sound pressure level value for

—injector @Nd @S\by_packgrouna fOr the background noise.

If the sound pr

background noise Lp-background(f) at each of the respective 1/3 octave band center frequencies, then
is necessary. Hawever; if the difference Lp-injector(f) - Lp-background(f) is less than 15 dB at any freque
additional calculptions that must be made for the background noise correction. However, it is re

ssure level for the injector operation noise, Lp-njector(f), is at least 15 dB high

sitions. The average
alculations are to be
fements.

(Eq. 15)

16, compute the overall sound pressure' level (fp) in dB(A) for the frequency rapge from 1000 Hz to

culated above, Lp(f).
(Eq. 16)

pressure level value
r noise as Lp-injector(f)
the injector noise is

er than that for the
ho further calculation
hcy, then see 8.8 for

commended that the

background noise be reduced to stay at least 15 dB below the injector noise levels through modifications to the test
setup itself, rather than adopting the background noise correction methodology of 8.8.
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8.6 Sound Power Level Calculations for the Injector Noise from the Sound Pressure Levels.

Using Equation 17, compute the sound power level (Lw(f)) for each 1/3 octave band center frequency (f) from the average
sound pressure level (Lp(f)) in step (b) of 8.5.

where:

Lw(®) = Lp(f) + 10l0g; (32)

(Eq. 17)

S1 = the area of the spherical measurement surface; for example, in a spherical surface measurement technique, S1 is

4mrlinm2and r

is the radius of the measurement sphere, in meters

So = the referen

Using Equation 18, ¢
the logarithmic sum

Note that this is refe
used in the calculat

A-weighted, and is t¢ be expressed in dB(A).

8.7 Data Reportin

Report the following

On Data Reporting Sheet 1, record the ambient roomctemperature, ambient pressure and perc

On Data Reporfing Sheet 1, record the, detailed test conditions used for the noise measureme

e area, 1 m*

ompute the overall sound power level (fv:) in dB(A) for the frequency rangeg, from
pf sound power levels at each of the 1/3 octave bands calculated abovey"Lu(f).

16000

f=1000 100'1LW(0]

EW = 1010g10[2
rred to as the overall sound power value of the injector. Sin¢e the sound pressu
ons in step (a) of 8.6 are already A-weighted, the overall'sound power value t
) for Noise Measurements and Calculations

on the data reporting sheets that are numbered 1 through 4:

amber during the test.

hg Sheet 1, record the injectorneedle lift (um), the static flow capacity (g/s) and th
conditions (mg/pulse).

000 to 16000 Hz as

(Eq. 18)

e level values, Lp(f),
Nus obtained is also

ent relative humidity

e measured flow per

nt test, including the

ssure, pulse width; period, fluid type and fluid temperature. Report any deviafions from the noted

bns in the comments section of the Data Reporting Sheet 1. Note that the use of
place of n-heptane is not a test deviation.

ing Sheet 11, record the number of microphones used, the number of microy
dius (meters) of the microphone array and the microphone spacing in degrees.

Stoddard solvent or

hone locations, the

ng-Sheets 2, 3, and 4, identify each test injector by recording the associated serid

| number.

On Data Reporting Sheet 2, Part 4A, record the measured sound pressure level for the background noise (Lp-background(f))

at each 1/3 octave band center frequency f from 1000 to 16000 Hz. Also report the overall sound pressure level value
for the background noise level value fp_backgmund in the same datasheet. If the background noise was found to be

non-stationary and time-varying, and was recorded once before each injector measurement, then report the sound
pressure level values from each one of these measurements on the datasheet.

a.
present in the cH
b. On Data Reporti
pulse at the test
c.
injector fluid prg
standard conditi
mineral spirits in
d. On Data Repor
measurement rg
e. On Data Reporti
f.
g.

On Data Reporting Sheet 2, Part 4B, record the measured sound pressure level for the injector noise (Lp-injector(f)) at

each 1/3 octave band center frequency f from 1000 to 16000 Hz, for each injector. Also report the overall sound pressure
level value, fp_injector, for each injector at the bottom of the same Data Reporting Sheet.
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If the background noise correction methodology of 8.6 is utilized, then on Data Reporting Sheet 3, Part 4C, record the

corrected sound pressure level for the injector noise (Lp-corrected(f)) at each 1/3 octave band center frequency f from 1000
to 16000 Hz for each injector. Also record the overall corrected sound pressure level value for each injector (fp_corrected)

at the bottom of the same Data Reporting Sheet. Further, the use of this correction methodology is to be clearly indicated
by circling “YES” on the last row (Part 6H) of the Data Reporting Sheet.

i. On Data Reporting Sheet 3, Part 3, record the computed sound power level at each 1/3 octave band from 1000 to

16000 Hz (Lw(f)). Also record the associated overall sound power level (L,,) value in dB(A), for each tested injector at
the bottom of the same Data Reporting Sheet.

As requested on Data Reporting Sheet 4, Parts 6A and 6B, for each tested injector, plot the A-weighted 1/3 octave band

sound pressure level vaIues for the injector noise, Lp |nJector(f) or for Lp- oorrected(f) |f a background noise correction is

utilized. Also plo
with the serial n

Attach the two 1

[.  On Data Reporti
power values frg
correction was €
sound pressure.
sound power.

Enter the final sq

mber of the injector berng reported on. |
3 octave band plots to the six Data Reporting Sheets.

hg Sheet 4, Parts 6C and 6D, record the five overall sound pressure,values and t
m the bottom of Data Reporting Sheets 2 and 3. Use Sheet 3 inst€ad of 2 if th

mployed. Arithmetically average the five overall sound pressure.values to obtain t
Similarly, arithmetically average the five overall sound pressure,values to obtain t

und pressure value in box 6E. If there are no test deviations indicated at the bottg

Sheet 1, enter the final sound pressure value in box 6G as the SAE J1832 measured sound pow

deviations durin
value in box 6F.

8.8 Equations for

The purpose of back
injectors. If the back
the background nois
1/3 octave band, th
background noise. T|

j the test as indicated at the bottom of Data Reporting Sheet 1, then enter the

Background Noise Correction

_w(f)). Label the plots

he five overall sound
e background noise
he final test result for
he final test result for

m of Data Reporting
er. If there were any
final sound pressure

ground noise correction is to provide an accurate estimation of the sound power generated by the PFI

ground noise is higher, the estimated sound power level of the injectors will be hi
be, as measured in sound préssure level, is only 6 dB less than that of the in
bn the estimated sound power level of the injector would be 1.3 dB higher t
his would imply that the injector is louder than it actually is.

Therefore, verify th
background sound p
for the injector oper
each 1/3 octave ban

If the difference bet

measurement is les$
some changes in the

at the sound pressure level at each 1/3 octave band from 1000 to 16000 Hz

essure level at the’respective 1/3 octave band measured in Step (c) of 8.4. If the

d center frequency, then the sound power level calculation will be within 0.1 dB a

jher. For example, if
ector noise at each
han if there was no

is 15 dB above the
sound pressure level

tion noise measurement is at least 15dB or higher than that for the background ngise measurement at

fcuracy.

een the'sound pressure level for the injector operation noise measurement and t
than 15 dB then the accuracy of sound power level estrmated will be compro

e background noise
ised. Hence, either
e background noise

(recommended solution), or a correction to the background noise should be applred using the formulas mentioned below.

The sound pressure level used in step (b) of 8.5 shall be corrected for background noise levels using Equation 19.

where:

Ky (H)

Lp—corrected(f) = Lp—injector(f) -

K, (f) = —10log,o(1 — 10701ALP(D)

ALp(f) = Lp—injector(f) - Lp—background(f)

(Eq. 19)

(Eq. 20)

(Eq. 21)

Note that K1(f) is the correction factor in dB for the background noise sound pressure level average at all microphone
positions over the measurement surface for each 1/3 octave band center frequency, f.
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The overall corrected sound pressure value, fp_corrected, is the logarithmic sum of the corrected sound pressure levels at
each of the 1/3 Octave bands calculated above, Lp-corrected(f), and may be computed using Equation 22. Note that all sound
pressure level values shall be A-weighted. This applies to each microphone location and for all of the measurements for
both background noise and the injector operating noise. Therefore, all of the corrected sound pressure levels and the sound
power values are also A-weighted.

Lp—corrected = 10 * Lg[¥, 1001 Lp=corrected®]f = 1000 to 16000 (Eq. 22)

If the background noise correction methodology described in 8.8 is employed, this shall be indicated on the last row of
Part H of Data Reporting Sheet 6.

Table 15 - SAE datasheet for PFI noise testing

|
SAE J1832 - Datashpet for PFI Noise Testing - Page 1 of 4
Part 1: General Tes{ Information

Test name or log Date of test
Name of operator Time of test
File name of data archive Test location

Additional informatior
Part 2: Information ¢n Injector and Injector Driver Module
Injector manufacturer and type Enter INJ S/N on Page 2
Injector description
Injector part number

Injector needle lift (um)

Injector driver type

Driver charge delay { (if any) (ms)

Injector static flow at Pnorm (g/s)

Injector flow rate at tHe noise test

conditions (mg/pulse)

Part 3: Test Conditipns Specific Test Conditions Standard Test Conditions

Test fluid n-heptane, Stoddard solvept, or mineral spirits -
specify thq fluid

Ambient temperature|(°C) 21.0+3.0

Ambient pressure (kHaa) 100+ p

Relative humidity (% 28+ 4§

Fluid temperature (°d) 21.0+3.0

Fluid pressure (kPa) Pnorm + 0.5%

Initial injector temp (°C) 21.0+3.0

Injection pulse width {ms) 4.0 £ 0.905

Injection period (ms) 100.0+p.5

Injector axis orientatipn (degrees) Vertical + 2 (tjp down)

Injector pre-condition|ng? Yes, as pgr 6.2

Number of microphornes usedon the
semicircular arc
Microphone spacing pn'the First microphone 15 degregs from vertical, then
semicircular arc (degrees) every-30-degrees-(recommended)
Measurement locations and spacing for
the semicircular arc of microphones
Microphone radius (meters) 0.30 (recommended)
Microphone type/model

Listing of any test deviations or
comments

6 (recommgnded)

8 recommended; every 45 degrees
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Part 4 (A): SAE J1832 - Datasheet for PFl Noise Testing - Page 2 of 4
Sound Pressure Level Values, Lp-background, for the Background Noise Measurements

Injector manufacturer, type, and model:

Injector serial numbers:

Injector 1

Injector 2

Injector 3

Injector 4

Injector 5

Number of measurement locations
and the measurement method: (check one)

No. of measurement locations:

o Spherical surface

o Hemispherical surface, with reflecting plane
o Other (specify)

Sound Pressure Value in 1/3 Octave Band Center Frequencies - Background

Lp-background (f) - A-Weighted Sound Pressure Level, dB(A) re 20 uPa

1/3 octave band

center freq, f (Hz) Before Test

Before Test of

Before Test of

Before Test

P . 4
Ol 1jector 1

P + 0.
IMjeClor £

PR ‘ 2
ITjeCLlor o

P . 4
Ol 1Mjectolr &

Before Test
of Injector 5

Column A Column B
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Part 4 (B): SAE J1832 - Datasheet for PFl Noise Testing
Sound Pressure Leyel (fp_iniecto,), dB(A) for Injector.Noise Measurements

Injector manufacturer
name:

Injector type and model:

Injector serial numbefs: Injector A

Injector 2

Injector 3

Injector 4

Injector 5

Sound Pressure Value in 1/3 Octaye'Band Center Frequencies - Injectors

1/3 octave band

Lp-injector(f) £ A-Weighted Sound Pressure Level, dB(A) re 20 yPa

center freq, f (Hz) Injéctor 1
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Injector 3

Injector 4

Injector 5
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5000
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Overall sound
pressure level,
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Part 4 (C): SAE J1832 - Datasheet for PFl Noise Testing - Page 3 of 4
Note: Use if Correction for Excessive Background Noise is Required:

Sound Pressure Level, Lp-corrected, for Injector Noise Measurement with Correction for Background Noise

Manufacturer name:

Injector type/model:

Injector serial numbers: Injector 1 Injector 2 Injector 3

Injector 4

Injector 5

Corrected Sound Pressure Values at 1/3 Octave Band Center Frequencies Corrected

1/3 octave band Lp-corrected(f) - A-Weighted Sound Pressure Level, dB(A) re 20 yPa

center freq, f (Hz) Injector 1 Injector 2 Injector 3

Injector 4

Injector 5

Column A Column G Column H Column |

Column J
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1000 Hz
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1600

2000
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4000

5000

6300
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12500

16000 Hz

Overall sound
pressure level,

Lp—corrected: dB(A)

Part 5: SAE J1832 - Datasheet For PFIl Noise Testing
Sound Power Levell(L, ), dB(A) for Injector Noise Measurements

Manufacturer name:

Injector type/model:

Injector serial numbefs: Injector 1 Injector.2 Injector 3

Injector 4

Injector 5

Sound Power Valuep in 1/3 Octave Band Center Frequencies - Injectors

1/3 octave band Lw(f) - A-Weighted Sound Power Level, dB(A) re 1 pW

center freq, f (Hz) Injector 1 Injector 2 Injector 3

Injector 4

Injector 5

Column A Column L Column M Column N
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1600

2000
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4000

5000
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16000 Hz

Overall sound power
level, L, dB(A)
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