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1. SCOPE

This SAE Recommended Practice promotes uniformity in the evaluation and qualification tests conducted on gasoline direct
injection (GDI) fuel injectors used in gasoline engine applications, where fuel pressures are typically well above 10 MPa.
The document scope is limited to electrically actuated gasoline fuel injection devices used in automotive GDI systems and
is primarily restricted to bench tests.

1.1 Purpose

The purpose of this document is to provide original equipment manufacturers and end users within the automotive industry
with a neutral, unbiased test for each defined GDI injector performance parameter. The specific, stated purposes of

SAE J2713 are to:

a. Standardize the [use of nomenclature specifically related 1o GDT injector performance evalualion.

b. Define the pargmeters and key metrics that are associated with measuring the perfermang
GDl injectors.

c. Establish detailed test procedures and recommend test equipment and methods to,measure the k
characterize GDJ injectors.

d. Establish the reqommended data reduction and analytical procedures for themeasurement and ch
injector performance.

e. Establish the criteria for data reporting and the required accompanying information that shall be
and reproduce the test results

2. REFERENCES

2.1 Applicable Doguments

The following public
latest issue of SAE

2.2

Available from SAE
and Canada) or +1 1

SAE J306

SAE J308

ations form a part of this specification to the extent specified herein. Unless oth
ublications shall apply.

SAE Publicatipns

nternational, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-6
24-776-4970 (outside USA), www.sae.org.

Automotive Gear Lubricant Viscosity Classification

Axle and Manual Transmission Lubricants

e characteristics of

by metrics in order to

hracterization of GDI

supplied to interpret

brwise indicated, the

D6-7323 (inside USA

SAE J313

SAE J1681

SAE J1703

SAE J1832

SAE J2715

iesel Fuels

Gasoline, Alcohol, and Diesel Fuel Surrogates for Materials Testing
Motor Vehicle Brake Fluid
Low-Pressure Gasoline Fuel Injector

Gasoline Fuel Injector Spray Measurement and Characterization
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2.3 ASTM Publications

Available from ASTM International, 100 Barr Harbor Drive, P.O. Box C700, West Conshohocken, PA 19428-2959, Tel:
610-832-9585, www.astm.org.

ASTM B117-19

ASTM D56

ASTM D86

ASTM D445

Standard Practice for Operating Salt Spray (Fog) Apparatus

Standard Test Method for Flash Point by Tag Closed Tester

Standard Test Method for Distillation of Petroleum Products at Atmospheric Pressure

Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (the Calculation of

Dynamic Viscosity)

ASTM D471
ASTM D893

ASTM D1298

ASTM D4806

ASTM D4814

ASTM D6304

2.4 ISO Publicatio
Copies of these doc

ISO 16750-3

ISO 1683:2015

ISO 19438

2.5 Code of Fedel

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

Standard Practice for Density, Relative Density (Specific Gravity); oDAPI Gravity]
and Liquid Petroleum Products by Hydrometer Method

Standard Specification for Denatured Fuel Ethanol for Blending with Gasoli
Automotive Fuel

Standard Specification for Automotive Spark Ignition Engine Fuel

Standard Test Method for Determination of»>Water in Petroleum Products, L
Additives by Coulometric Karl Fischer Titration

NS

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

Road Vehicles - Environmghtal Conditions and Testing for Electrical and Electroni
Mechanical Loads

Acoustics - Preferred ) Reference Values for Acoustical and Vibratory Levels

Diesel Fuel and*Petrol Filters for Internal Combustion Engines - Filtration Effig
Counting and Contaminant Retention Capacity

al Regulations (CFR) Publications

Available from Unit

of Crude Petroleum

hes for Use as an

ubricating Oils, and

C Equipment - Part 3:

iency using Particle

pd-States Government Publishing Office, 732 North Capitol Street, NW,_\Wa

ington, DC 20401,

Tel: 202-512-1800, www.gpo.gov.

40 CFR 86.113

49 CFR 571.116

2.6 U.S. Governm

Federal Motor Vehicle Safety Standards - Motor Vehicle Brake Fluids

ent Publications

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

MIL-STD-810D

Environmental Test Methods and Engineering Guidelines

Controls of Emissions from New and In-Use Highway Vehicles and Engines - Fuel Specifications
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3. BASIC CHARACTERISTICS, DEFINITIONS, AND ABBREVIATIONS
3.1 Basic Characteristics

The parameters in this section are used to describe and/or quantify the key functional and performance characteristics of a
GDl injector. Figure 1 clearly illustrates the seven critical fuel pressure terms that are utilized throughout the document. It
should be noted that the flow data used to generate the curve in Figure 1 was obtained using a representative GDI injector.
The definitions in 3.2 define each of these fuel pressures, as well as additional nonpressure terms that are critical to the
numerous tests that are used to characterize the GDI injector flow, performance, durability, and noise. A complete list of the
abbreviations utilized within SAE J2713 is provided in 3.3.

o @
' i
® L
3 i L
= I | [
(=} i 1 L
— i i 1
oo I | !
£ ! ! i
J | L
® | L
: : : 5
: | L
| ! L o N o—o—>
\/ P — —
Pao Pso P00 Peiowmax  Pumm 0,
L
Working Pressure Range
Fuel Pressure (MPa)  ———
Figure 1 - Representation of defined SAE J2713 GDI fuel pressures
(curve generated from actual GDI flow data)
3.2 Definitions
3.21 Pioo
This is the maximu pressure app:;cd to-the ;IIjCUtUI that-the ayatcnl witt exXpet tencein typ;ua: upclat;\.n. This is defined by

the OEM for a given application. This is the maximum pressure at which the injector is typically characterized. The injector
will still operate at pressures higher than P1o0 but may have degraded performance. This pressure, along with Pso and P-zo,
are the primary test pressures used to characterize performance in SAE J2713 and are expressed in megapascals (MPa).

322 Pso

This pressure is defined as 50% of P1oo. This pressure is used to characterize the midrange performance of the injector and
is expressed in megapascals (MPa).

3.2.3 P2

This pressure is defined as 20% of P1o0. This pressure is used to characterize the low-pressure performance of the injector
and is expressed in megapascals (MPa).
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3.24 PROOF TEST PRESSURE (P200)

This pressure is applied to an injector to verify functional robustness against elevated pressure. No permanent deformation
or leakage should be observed at this pressure, and the injector shall function within specification subsequent to application
and removal of this pressure. P2oo is two times P10 and is expressed in megapascals (MPa).

3.2.5 BURST TEST PRESSURE (P300)

This pressure is applied to an injector to verify structural integrity and resistance to bursting or leaking. The fuel injector is
not expected to function normally after exposure to this pressure level, but it shall not exhibit a rupture or any external

leakage. P3oo is three times P1oo and is expressed in megapascals (MPa).

NOTE: It is common to test for a burst failure pressure, which differs from the burst test pressure, by steadily increasing

pressure un

experiences|

purposes of
3.26 MAXIMUM H
This is the pressure
the fuel pressure is i
the working flow ran
3.2.7 LIMIT PRES
This is the minimum
For inwardly openin
increases as the fue

3.2.8 INDUCTAN

This is a function of

indirect measure of the material properties and geemetry of the flux path. The unit of measurement is

3.29 COIL RESIS

This is a measure of
in ohms (Q).
3.2.10 INSULATIO

This is a measure of
failure of the insulati

il there is a struciural failure. This burst failure pressure would be the actual
structural failure. A method for testing burst failure pressure is not included in\th
this document, ensuring that the injector can withstand P30 is deemed to be\suffi
FLOW PRESSURE (PrLow max)

bt which the maximum dynamic flow is obtained. This pressure is’expressed in me
hcreased, the dynamic flow rate will increase throughout the working flow range.

pe, the flow will begin to decrease.

SURE (Pumit)

pressure at which the injector is unable to open.\Fhis pressure is expressed in

g injectors, the hydrostatic force of the fuel pressure tends to hold the injectg
pressure increases. At a pressure level of.Pumit, the injector is unable to open.

CE (L)

the number of turns in the solenoid coil and the permeance of the magnetic cirgd

TANCE (R)

the resistance of the)injector coil between the two coil terminal pins. The coil reg

N RESISTANCE (IR)

the internal resistance between the injector body and the coil terminal pins. It is re
bn_between the coil assembly and the case of the injector. The IR is measured in

oint that an injector
s document. For the
ient.

japascals (MPa). As
At some point above

megapascals (MPa).
r closed. This force

uit. Inductance is an
the millihenry (mH).

istance is measured

lated to the potential
ohms (Q).

3.2.11 OPENING TIME (OT)

This is the time required for the injector needle to first reach its fully opened position after initiation of the injection pulse
width. The OT is recorded in milliseconds (ms).

3.212 CLOSING T

IME (CT)

This is the time required for the injector needle to first reach its fully closed position after the termination of the injection
pulse width signal. The CT is recorded in milliseconds (ms).
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3.2.13 SHOT-TO-SHOT MASS FLOW VARIATION (STS)

This measures the pulse-to-pulse injection quantity variation versus injection pulse width (IPW) of a GDI injector. It is
quantified and reported as the coefficient of variation (COV) percentage of the population of measured injection quantities.
The STS will vary with the IPW value that is used for the test. The definition of the coefficient of variation of a set of numbers
is provided in 3.2.44.

3.2.14 PERIOD (P)

This is the reciprocal of the frequency of injection; that is, the time elapsed between the beginning of one injection to the

beginning of the next injection, expressed in milliseconds (ms).

3.2.15 LOGIC PULSE WIDTH (LPW)

This is the incremen
pulse width may ing
illustrate this.

3.2.16 INJECTION
This is the incremen

pulse width does N(
detailed information.

3.2.17 PRE-CHAR

This is the incremen
coil. This delay time
and/or to apply a low

3.2.18 STATIC FL(

This is the rate of fu
fully opened position
flow curve. It shall

manufacturer (exam

3.2.19 STATIC FL(

For a particular injec
corrosion, physical,

change (shift) in the
obtained by measur

t of time (ms) that the injectors are commanded to be energized during an inject

PULSE WIDTH (IPW)

of time (ms) that the injectors are commanded to deliver fuel'during an injection
DT include any pre-charge delay and may or may not be identical to LPW. See

5E DELAY PULSE WIDTH

t of time (ms) after initiation of the logic pulse before the peak current charge is 3
is typically used to provide a final peaking<¢harge to the main capacitor in the in
-level current to the injector coil to reduce\the OT. See Section A.4 for more deta

DW RATE (Qs)

el delivered by an injector, expressed in grams per second (g/s), when continuo

Itis the maximum flow rate ofthe injector and can be used to approximate the slo
be specified with the test-pressure, which is typically 10 MPa unless otherw|
ble: static flow rate specification: 12.4 g/s at 10 MPa).

W SHIFT

tor, the statie flow may be adversely affected by any number of the tests within thi
br durability’ tests. One important measure of the effects of any one of those tes
static’flow that occurs subsequent to the test. This change in static flow, express
ng the’static flow both before and after the particular test, then computing the p

may be computed fr

b

on period. This logic

lude a driver pre-charge delay. See Section A.4 for more detailed information and diagrams that

period. This injection
bection A.4 for more

pplied to the injector
jector driver circuitry
led information.

sly energized in the
e (ma) of the injector
se specified by the

5 document, such as
ts is to compute the
ed in percent (%), is
ercentage shift. This

pn_Equation 1.

End of test Qg—Start of test Qg
Start of test Qg

Static flow shift (%) = ( ) x 100

3.2.20 DYNAMIC FLOW (Qu)

(Eq. 1)

This is the measured fuel delivered per pulse of the injector, expressed in milligrams per pulse (mg/pulse), when energized

at a specified IPW.

3.2.21 TIME-OFFS

ET (X)

This is the displacement of the calculated linear regression flow curve from the origin along the IPW axis and is expressed

in milliseconds (ms).
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3.2.22 FLOW-OFFSET (Y)

This is the displacement of the calculated linear regression flow curve from the origin, as measured along the Qq axis, and
is expressed in milligrams per pulse (mg/pulse).

3.2.23 SLOPE (m)

This is the change in Qq per unit of IPW based on the calculated linear regression flow curve for a specified fuel pressure
and is computed using Equation 2. It is expressed in milligrams per millisecond (mg/ms).

_ AQqc

AIPW

(Eq. 2)

3.2.24 DYNAMIC
This is the calculate

(either X or Y). The
specified fuel pressu

3.2.25 DYNAMIC V

L OW CALCILUHATED (O )
AR N L =

A A A=A N I — =g = ey

0 fuel delivery per pulse of the fuel injector at a given pulse width and a known

slopes and offsets are determined from a calculated linear flow curve that has 4

re. It is computed using Equation 3 and is expressed in milligrams per pulse (mg/
Qdc = m*(IPW) - Y = m*(IPW - X) mg/pulse

ERIFICATION FLOW PULSE WIDTH

This is the IPW valu¢ used to verify injector dynamic performance. This IPW value is specified as 1.0 1

flow tests in this dog
of the fuel injector.

3.2.26 DYNAMIC \

This is the measured
pulse width at a fuel

3.2.27 DYNAMIC \

For a particular inje
document, such as

tests is to determine
dynamic verification
after the particular te

3.2.28 LINEARITY

ument. This pulse width is used to establish Qvr, the/dynamic performance and

ERIFICATION FLOW (Qvr)

fuel delivered per pulse of the fuel injector in mg/pulse when energized at the dyn
pressure of Pso. In this document, theldynamic verification pulse width is specifieg

ERIFICATION FLOW SHIFT

ctor, the dynamic verification flow may be adversely affected by any number of]
corrosion, physical, or ‘durability tests. One important quantification of the effects
the change (shift) imthe dynamic verification flow delivery that occurs due to the|
flow, expressed in percent (%), is obtained by measuring the dynamic verification
st, then computing the percentage shift using Equation 4.

End of test Qyp—Start of test Qyf
Start of test Qyp

Dynamic verification flow shift (%) = ( ) x 100

DEVIATION (LD)

slope (M) and offset
een generated for a
bulse).

(Ea. 3)

hs for the verification
pbffset characteristics

hmic verification flow
as 1.0 ms.

the tests within this
of any one of those
test. This change in
flow both before and

(Eq. 4)

Ideally, the flow from an injector should be both linear and directly proportional to pulse width over the full operating flow
range of the injector. This is not the actual case, as flow offsets occur and significant deviation from linearity occurs at the
lower extremity of the flow curve. In order to measure the deviation from linearity, a least squares regression analysis is
normally performed using the fuel flow rate values that are obtained at five specified injection pulse widths. These IPW
points are 1.0, 2.0, 3.0, 4.0, and 5.0 ms. The measured Q4 and the corresponding IPW value are, respectively, the
dependent and independent variables. The resulting straight line is referred to as the linearized flow curve. As shown in
Equation 5, the deviation from that linearity at some IPW point is then defined as the percent difference between the
measured flow (Qq) at that IPW and the flow that is calculated from the linear curve (Qqc) divided by the calculated flow.

LD(%) = QdQ‘—fdc x 100 (Eq. 5)

C
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3.2.29 LINEAR FLOW MINIMUM (LFmin)

This is the lowest flow the injector can deliver within the linear range at Pso. The lowest flow is prescribed by the measured

flow deviating by +5.

0% from the linearized flow curve as is shown in Figures 9A and 9B.

3.2.30 LINEAR FLOW MAXIMUM (LFmax)

This is the flow rate of the injector at 5 ms IPW and a fuel pressure of Pso.

3.2.31 LINEAR FLOW RANGE (LFR)

This number expresses the numerical value of the linear operating range of the injector. It is computed using Equation 6 as
LFmax divided by the minimum linearized flow point, LFmin. The linear flow range is a carryover performance parameter from

port fuel injector tes
GDl injectors.

3.2.32 DYNAMIC U

This is the lowest flo
by the measured flo

3.2.33 DYNAMIC L

This is the mean flov
flow point at P1oo is r

3.2.34 DYNAMIC U
The dynamic linear

extend the fuel deliv
that most direct inje

Ing that can be applied to GDI injectors, and it forms the basis tor the multiple-

LFR = LFmax/ LFmin

INEAR FLOW MINIMUM (DLFmin)

v at a fuel pressure of P2o deviating by +5.0% from the linearized flow curve as is
INEAR FLOW MAXIMUM (DLFmax)

v (mg/pulse) delivered by the GDI fuel injector atan IPW of 5 ms and a fuel press
bquired to determine this parameter.

INEAR FLOW RANGE (DLFR)
flow range (DLFR) is an extension.of LFR in that the test fuel pressure is varie

ery range as opposed to testing ata single fixed pressure of Psp as is done for L
tion fuel systems operate using-variable pressure systems as opposed to port fu

which normally operate with a fixed, lower pressure. The DLFR test is the primary flow test for eva

operating range of

comparing the linean
for evaluating the op
DLFR is determined

3.2.35 WORKING |

uel-pressure test for

(Eq. 6)

v the injector can deliver within the linear range at a fuel pressuré of P2o. The lowést flow is prescribed

shown in Figure 10.

Lire of P1oo. Only one

] from P20 to P1oo to
FR. This recognizes
el injection systems,
uating the expected

h single GDI fuel injector that operates over a range of fuel pressures. This ratio is also useful in

performance between.injectors of different design or manufacturer. The DLFR te
by dividing DLFmaxby DLFmin, @as shown in Equation 7.
DLFR = DLFmax/DLFmin

FLOWMINIMUM (WFmin)

This is the mean flov

bt is primarily applied

brating range of a single injector in the case where the measurement of a populati¢n is impractical. The

(Eq.7)

value pxprpqepd in milligmmc per Imllqp (mg/pulqp) in the low 1PW rpginn of the

flow curve, which is

delivered at a fuel pressure of Pso from a group of 24 (or more) identical fuel injectors, and satisfies the criterion that
3*standard deviation/(corresponding mean flow) = 10%. This is also equivalent to 3*COV = 10%. This WFmin value typically
occurs at an IPW value less than 1.0 ms. If there are multiple fuel deliveries that satisfy 3*standard deviation/(corresponding
mean flow) = 10%, the largest of these fuel deliveries shall be used.

3.2.36 WORKING FLOW MAXIMUM (WF max)

This is the mean flow value (mg/pulse) that is delivered from a group of 24 (or more) identical fuel injectors at an IPW of
5 ms and a fuel pressure of Pso.
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3.2.37 WORKING FLOW RANGE (WFR)

This is the flow range that quantifies the flow variation limits of a population of 24 (or more) injectors tested at a single fixed
pressure of Pso, with no linearity requirement. This range number recognizes that linear performance is less important for
contemporary GDI applications, as nearly any repeatable non-linearity can be modeled and predicted with modern
computing power. The WFR test is a carryover test from port fuel injector characterization that can be applied to GDI
injectors. The working flow range is computed using Equation 8 by dividing the maximum flow value by the minimum flow

value as obtained at

a fuel pressure of Pso.

WFR = WFmax/WFmin

3.2.38 DYNAMIC WORKING FLOW MINIMUM (DWFmin)

(Eq. 8)

This is the mean floy
group of 24 (or mo
flow) = 10%. This is
If there are multiple
deliveries shall be us

3.2.39 DYNAMIC V]

This is the mean flov
fuel pressure of P1oo

3.2.40 DYNAMIC V]

This is an extension
pressure. This recog
injection systems, w
primary flow test for
to compute the ratig
percentage flow vari
obtained from the flg
100*3*CQOV, where
dynamic performang

3.2.41 MINIMUM T

This is the minimum
how closely pulses ¢
injections is the time

v (mg/pulse) in the low IPW region of the flow curve that is delivered at a fuel prej
e) identical fuel injectors and satisfies the criterion that 3*standard deviation/(
hlso equivalent to 3*COV = 10%. This DWFmin value typically occurs at an {PW va
deliveries that satisfy 3*standard deviation/(corresponding mean flow).5"10%,
ed.

VORKING FLOW MAXIMUM (DWF max)

(mg/pulse) delivered by a test group of 24 (or more) identicat fuel injectors at an

VORKING FLOW RANGE (DWFR)

of WFR in that the fuel pressure is varied at gpecified values as opposed to test
nizes that most direct injection fuel systems'operate at various fuel pressures as
hich are lower pressure systems that generally operate at a fixed pressure. The
evaluating a population of 24 (or more)«GDI fuel injectors. The DWFR is obtained

pbility among the 24 (or more) test-injectors attains a value of 10%. This percent
w data and is expressed as 100*3*standard deviation/(corresponding mean flow
COV is the Coefficient ofVariation. The DWFR is useful in comparing the pa
e between injectors of different design or manufacturer.

DWFR = DWFmax/ DWFmin
ME BETWEENINJECTIONS (MTBI)
acceptabletime between two injection events having equal IPW values. The test

an be spaced before their interaction causes a flow shift greater than 5%. The mi
interval between pulses that yields a combined indicated mass flow deviation fo

sure of P2 by a test
corresponding mean
ue less than 1.0 ms.
the largest of these

IPW of 5.0 ms and a

ing at a single, fixed
opposed to port fuel
est for DWFR is the
by using Equation 9

of the flow at P10 at a 5 ms IPW{DWFRmax) divided by the flow at P20 (DWFRmin), at which the

hge flow variability is
), or alternatively as
t-to-part variation in

(Ea.9)

is used to determine
himum time between
I the two events that

exceeds a 5% devi

ption from the mass flow that is obtained when the two pulses are very far apart in

time.

3.2.42 SEAT TIP LEAKAGE

This is the mass quantity of fuel that escapes from the sealed valve seat of a pressurized, non-energized injector. This is
measured in mm3/min of n-heptane. GDI injectors generally have metal-to-metal sealing surfaces for durability reasons. In
order to reduce deposit formation, evaporative and hydrocarbon emissions, and to maintain the fuel pressure, ideally no
fuel should escape the injector until it is energized. This requires a leak-tight interface between the mating surfaces of the
valve seat components.

3.2.43 STANDARD DEVIATION (SIGMA)
The standard deviation of the values in a dataset of numbers, Sigma, is the square root of the variance of the set of numbers,

with the variance being the mean of the sum of the squares of the quantity of each dataset number minus the mean of all
of the dataset numbers. It is also commonly denoted as o.
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3.2.44 COEFFICIENT OF VARIATION (COV)

The coefficient of variation of a dataset of numbers, COV, is obtained by dividing the standard deviation of the set of numbers
by the arithmetic mean value of those same numbers. This is sometimes denoted as “CV” in statistics.

3.3 Abbreviations

These are additional abbreviations that are within the text of this document but are not listed in 3.2.

A amperes

A/F air-fuel ratio

BJT bipdlar junction transistor

CCw coumterclockwise

cP cenfipoise measurement of fluid viscosity
cSt cenfistokes measurement of fluid viscosity
cw clockwise

E85 gasoline blend containing 85% ethanol
Exx any |gasoline blend containing xx% ethanol
ECU engine control unit

EPA Env|ronmental Protection Agency

FET fieldreffect transistor

FID flame ionization detector

GDI gasoline direct injection

h hours

HC hydfocarbon

IGBT insujated‘gate bipolar transistor

kPa genérakpressurelevelinkilopascals
kPaa absolute pressure value in kilopascals
kPag gauge pressure value in kilopascals

M15 gasoline blend containing 15% methanol
mg milligram

mH millihenry (for inductance)

mm millimeter

MPFI multi-port fuel injection
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ms millisecond

Mxx any gasoline blend containing xx% methanol
NL normal liters

OEM original equipment manufacturer
P period

PFI port fuel injection

ppm parts per million

RH relalive humidity

rms root|mean square

rem revdlutions per minute

S seconds

TBI timg between injections

UBHCs unburned hydrocarbons

\% volts

4. STANDARD TE
4.1 Test Condition
Unless otherwise sp
411
The testing shall be
4.1.2 Test Fluid

Normal heptane (n

characteristics. This
performance charac

Ambient Confditions

5T CONDITIONS
s

bcified, the following test conditions are to be utilized:

berformed at an ambient pressure of 100 kPa + 5 kPa and a temperature of 21 °C

theptane).is specified as the standard test fluid for the measurement of i
is specified in order to promote test standardization and to allow a more accura
feristiCs of samples of injectors. An inspection of the data-reporting sheets with

+2°C.

njector performance
e comparison of the
n this document will

show that many GDI

performance tests resultin an SAE J2713 nerformance parameter providinan-he
Ll L Ll Ll ~J

ptane has been used

along with the other specified standard conditions. Any other test fluid may optionally be used, such as mineral spirits or a
solvent. 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 J2713 parameter. There
are some exceptions to this, such as with 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 test procedure shall be clearly indicated on the proper data-reporting sheet, and the text of the
particular test procedure must be read carefully to determine if the use of a test fluid is or is not to be considered as a

test deviation.
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Automotive GDI fuel injectors are designed to spray gasoline, and most engine development and vehicle testing of fuel
systems involves verification testing with that fuel. Gasoline, however, is a mixture of many components of varying volatility
and exhibits a change in physical properties with partial evaporation. Therefore, a pure hydrocarbon liquid of somewhat less
volatility having well-documented physical properties and a viscosity and density near that of pump gasoline has a number
of advantages as a test fluid. It is certainly recognized that no single test fluid is ideal and can perfectly duplicate the
performance of injectors operating on multicomponent hydrocarbon fuels that are found in the field. n-heptane was selected
as the best compromise based on worldwide availability, as well as the stability of physical properties if reused. In addition,
the fluid properties are not only well specified but are very similar to that of gasoline. This comparison with n-heptane is
illustrated in Table 1 for the EPA emission test gasoline, whereas a comparison of the properties of n-heptane with those of
mineral spirits and indolene clear is provided in Table 2. Tests that are more application-related or conducted for quality
control, durability, and corrosion compatibility may be performed with fluids specified by the test procedure or optionally
specified by the user. n-heptane is one of the two common pure hydrocarbons used to define the octane number scale and
is stocked in all petroleum refinery control and analytical laboratories worldwide to known levels of purity and consistency.
The fuel spray para = frTT i rom pump gasolines
and yield excellent réproducibility of spray form, penetration, and flow rates. However, as indicated-inUTable 1, n-heptane is
not gasoline and is Known to flow in most common injector designs at approximately a 4% lower, static[flow rate than that of
the U.S. EPA emissipn test gasoline, 40 CFR 86.113.

Table 1 - Comparison of properties and flow for n-heptane and the EPA emission test gasoline

Dynamjic
Viscosity (20 °C) | Specific Gravity Static:Flow Verificati:rLFlow
Centipoise (20 °C) (gfs) (mg/pulke)
40 CFR 86.113 0.468 0.75 9.323 8.934
n-eptane 0.438 0.68 8.978 8.6%1
% Djfference -6.41 -9.33 -3.7 -3.2

Table 2 - Physical property specificafions for common test fluids

Property Test Fluids
Name of Fluid Normal heptane (CP grade) ﬁnodoclzse%?'géz(gear) Mineral spirits
Primary reference fuel grade
pure hydrocarbon liquid-in Engineering and emission test Middle didtillate for oroduction
Purpose of fluid gasoline boiling range for gasoline for injector tests that N P
floor quality control tests
injector flow tests-in require a full-boiling gasoline
engineering and development
Specific gravity at 156 °C
(60 °F) (ASTM D1298) 0.681 t0(0.685 0.734 t0 0.744 0.775t0(Q.790
Kinematic viscosity aj 20 °C
(68 °F) (ASTM D445 0.60\to'0.64 cSt 0.59 to 0.65 cSt 1.195 to 1.205 cSt
Calculated dynamic iscosity
at 20 °C (68 °F) (ASTM D445) 0.418 t0 0.438 cP 0.418 to 0.468 cP 0.94 to 0.p6 cP
Flash point (typical) 40 0 A0 °C (40 © ° °
(ASTM D56) 1°C (30 °F) 40 °C (-40 °F) 43.3°C (110 °F)
Distillation (ASTM D86)nitial Q7.7 °C (208 °F) 24 t0 35 °C (75 ta 95 °F) 150 °C min (300 °F)
Distillation (ASTM D86) 10% o o
evaporated -- 49 to 57 °C (120 to 135 °F) --
e S
Distillation (ASTM D86) 50% | gg 4 o¢ (209 °F) 930 110 °C (200 t0 230 °F) | -
evaporated
Distillation (ASTM D86) 90% _ 149 to 163 °C (300 to 325 °F) _
evaporated
5(')?:]'1'3“0“ (ASTMDBB)end | g9 4 o (211 °F) 213 °C max (415 °F) 210 °C max (410 °F)
Pentane insolubles (ASTM
D893) % by weight 0.001 max 0.001 max 0.01 max
Water content (ASTM D6304) 0.001 max 0.001 max 0.10 max
% by weight . . .

™ Trademark of BP.
@ Trademark of specified fuels.
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The most significant advantage of n-heptane over gasoline is reusability. It is a pure hydrocarbon compound and not a
complex mixture of many hydrocarbon compounds, as in gasoline. Therefore, repeated flow testing that results in partial
evaporation of the test fluid does not change the physical properties of the remaining fluid. 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.

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 partiafly inj : ; iqui volatility ine 1s_ugually chosen for this
purpose so that the flash point of the liquid is higher than the factory working area temperature. One“sluch liquid is a typical

medium petroleum ¢
liquid requires a labd
gasoline flow rate m
testing in this docum

413 TestFluidT

The temperature of {
stabilized before any
4.1.4 Injector Bod
The body temperatu
preconditioning prog
temperature should

415 Fuel Pressu
Unless otherwise sp
within £0.5% of this
is being tested, then
on the data-reporting
416 Period (P)

The injection period
Typical injection peri

istillate usually called “mineral spirits,” which has a flash point that exceeds|43 °
ratory-to-factory floor calibration step in which a flow rate of the test fluid cofresp
ust be established for each individual injector design and test condition./The use
ent avoids this difficult step.

bmperature

he test fluid should be measured at the injector inlet and,,unless stated otherwisg
testing to 21.0 °C £ 2.0 °C.

y Temperature

re of the test injector should be stabilized at’an ambient temperature of 21.0 °C
edure that may be required prior to some tests. If preconditioning is not specifi
be stabilized at 21.0 °C + 2.0 °C prior-ta’the test.

(€S

ecified for a particular test-the fuel pressure at the injector inlet should be Pso. |
value throughout the test. If-there is no particular application pressure associated

sheet in the Sl units\of MPa.

is defined.in 3.2.14, and the standard value of P specified for a test depends upq
bds are 10 ms, 20 ms, and 50 ms, and the particular value to be used will be stated

. The use of such a
nding to the desired
of n-heptane for the

, should normally be

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

is to be maintained
with the injector that

10 MPa should be used.as the default value for P10o. The actual fuel pressure used should be recorded

n the particular test.
in the corresponding

test procedure and @

n the-corresponding data-reporting sheet. The injection period shall be held withilr 1+0.001 ms.

4.1.7 Injection Pulse Width (IPW)

The injection pulse width is defined in 3.2.16, and the standard value of IPW specified for a test depends upon the type of
test being conducted. In general, a specific value of IPW is specified for each of the various tests within this document, with
the particular value being stated in the corresponding test procedure and on the corresponding data-reporting sheet. Thus,
careful attention must be given to setting the IPW to the required test value. The IPW shall be held within £0.001 ms.

4.1.8 Injector Drivers and Waveforms

The type of injector driver used in testing is to be determined by the specified application and is to be of instrument-grade
quality. The voltage supplied to the driver shall be 14.0 VDC £ 1% VDC unless otherwise specified by the application. The
driver type and any unique operating characteristics, such as pre-charge, boost voltage, peak current, hold current, and

time delays, shall be recorded on the injector performance data sheet. Details on injector driver waveforms can be found in
Section A.4.
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419

Injector Polarity

The injector polarity shall be maintained throughout all testing and be the same as that used in the application.

4.1.10 Fuel Supply

Equipment

The equipment used to supply the injector with fuel may vary depending on the injector design and the particular injector
test being conducted. Consult the particular test description and procedure.

4.1.11 Instruments

The test instruments

shall be operated and stabilized per the manufacturers’ recommendations.

4.1.12 Injector Pos
The axis of the injec
test procedure.

4.2 Injector Preco
Total preconditioning
be flushed and purg
shipping fluids. The
the injector should bg
pulses, whereas pur|
any subsequent test
period of storage (f
installation of an inje

tion and Axis Orientation

for shall be mounted vertically with the spray tip down unless otherwise designat

nditioning

) consists of two separate procedures: flushing and purging. The injector and the
pd with test fluid (n-heptane in most tests) prior to any testing to remove all air,
procedure and test conditions for flushing and purging.are provided in Table 3. |
e operated at an injector pulse width of 1.5 ms and a periad of 10.0 ms. Flushing re

Flushing is to be performed only once for any@iven injector, unless there is a fl
br example, exceeding a week). Purging may, be required at the start of man
ctor in its test fixture.

Table 3 - Preconditioning procedure (flushing and purging)

bd in the appropriate

test apparatus shall
yapors, residue, and
For both procedures,
nuires at least 10000

hing requires at least 2000. The test fluid used for.the flush is to be discarded angl is not to be used in

Lid change or a long
tests following the

Procedure Purpose Test Conditions Discgard Fluid?
Flushing Clear the injector of any IPW =15ms Yes
shipping fluids and Period = 10.0 ms
contaminants No. of pulses = 10000 (minimum)
(Minimum test time = 60 seconds)
Purging Clear the injector of air IPW=15ms Optional
bubbles and.vapor Period = 10.0 ms
No. of pulses = 2000 (minimum)
(Minimum test time = 20 seconds)

4.21 Injector Flus

hing Operation

Flush the injector a

hd-test apparatus with test fluid to remove all air, vapors, contaminants, and

hipping fluids. This

procedure is necessary for new injectors, when changing test fluid types during a test, or following a long period of storage.
The injector is to be flowed for a minimum of 10000 pulses at 1.5 ms IPW and 10 ms P. For some tests, such as shot-to-shot
(STS) flow, which utilize a rate meter, it may not be possible to operate at a period of 10 ms. For these tests, it is permissible
to use a longer period. Discard the flush fluid after the flush procedure.

a. Flush fluid temperature: 21.0 °C + 2.0 °C.

b. Flush fluid pressure: Pso £ 1.0%.
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4.2.2 Injector Purging Operation

Purge the injector and test apparatus with test fluid to remove all air and vapors. This procedure is normally performed after
the injector is initially placed into the test fixture. Flow the test injectors for a minimum of 2000 pulses at 1.5 ms IPW and
10 ms P. For certain tests, such as shot-to-shot flow, which utilize a rate meter, it may not be possible to operate at a period
of 10 ms. For these tests, it is permissible to use a longer period. Discarding the purged fluid is optional.

a. Purge fluid temperature: 21.0 °C £ 2.0 °C.

b. Purge fluid pressure: Pso+ 1.0%.

4.3 Flow Measurement

The flow rate may b¢ measured by either volume or mass flow, with the Tatter being the preferred method. The data should
be reported in mass flow units - expressed in grams per second (g/s) for static or milligrams per pulse\(mg/pulse) for dynamic
points - and all pertipent information shall be recorded (number of pulses, fuel mass, etc.). Prior\to flow measurement, the
injector shall be preqonditioned as described in 4.2.

NOTE: The dynami¢ flow measurement shall always precede the static flow measurement.
4.4 Summary of Standard Test Conditions

The summary of all standard test conditions is provided in Table 4. Any deviations from the recommgnded test conditions
described in Table 4 must be recorded and clearly noted.
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Table 4 - Listing of standard test conditions for all tests

Flow - Gasoline Direct Injection Tests Non-Flow Gasoline Direct Injection Tests
Opening Mech External
Flow STS and and Thermal |Shock and Fluid Seat Tip
Parameter |Preconditioning| Testing MTBI Closing Noise Tests Vibration |[Compatibility] Leak
n-heptane Stoddard
Test fluid n-heptane n-heptane|n-heptane | n-heptane | solvent or N/A solvent N/A n-heptane
spirits
Ambient
temperature 21.0+£2.0 21.0+£2.0
CC)
Ambient
pressure (kPa) 100+ 5 100+ 5
Fluid
temperature 21.0+£2.0 21.0%2p
(¢C)
Initial injector
temperature 21.0+2.0 21.0x2p
CC)
. s Pso to Pso to P20 to Pso to Pso to
Z\';’;,‘Lfressure Psofg %"{,zh'” within PZf‘: 8%‘?% within within N/A within N/A within
[ 1+0.5% s +0.5% +0.5% +0.5% 1+0.5%
Pufge 2000 Various Vv .STS
arious as
Injection pulse pulges at 5.0 as specified
width (ms) speplfled in 1.0 1.0 N/A N/A N/A N/A
Flugh 10000 in
pulges at 5.0 |procedure procedure
) MTBI 0.5
Injection period 10.0 100 | 200% 500 0.055 1000 N/A N/A N/A N/A
(ms) 0.05 minimum
Flow To be reported in mass flow units (g/s or«mg/pulse) N/A N/A N/A mm?3/min
measurement
Injector axis . o X . . Vertical . .
d . Vertical unless specified by application Vertical Vertical and Vertical Vertical
orientation Hori
orizontal
Injector
iloencrtlggiolr Specified by application Specified by application
orientation
5. ELECTROMECHANICAL PEREORMANCE PARAMETERS
5.1 Overview of E|ectromechanical Performance Parameters
Changes in selected|electromechanical properties of electrically actuated solenoid fuel injectors are a key element of many
test procedures in this’document. The requirement to measure electromechanical properties both before and after a

designated test is a common theme. This permits the changes in electromechanical properties resulting from the test to be
determined. The particular parameters tend to be sensitive to temperature fluctuations, thus additional attention to
temperature control may be required.

5.2 Injector Electrical Parameter Measurement Procedures
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, GDI injector solenoid designs consist of low-resistance coils. The low-resistance design is
typically 0.5 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 preproduction, 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

522

5.2.21 Overview

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

of the magnetic circu
is therefore meaning
when the voltage is

5.2.2.2 Procedure

Inductance (L)

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.

bf Solenoid Inductance

it. Inductance is an indirect measure of the material properties and geometry of tk
ful as a production control paratneter. 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-econditions 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 from preproduction, this

n-energized, closed

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

hdard test frequency

a. A minimum set
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.

* 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

Conduct the inductance measurement using the Wheatstone Bridge. The unit of measurement is the millihenry (mH),
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5.2.2.4 Data Reporting for Solenoid Inductance Measurement Test

Report the measured solenoid inductance in mH on the data-reporting sheet.
5.2.3 Overview of Insulation Resistance

The test for insulation 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 and that the conductor-to-case clearance has been adequately maintained. The IR
is also commonly measured after any mechanical integrity or environmental testing to ensure that the insulating abilities of
the injector coil assembly have not been degraded.

In most vehicle applications, a positive DC voltage is applied to one of the injector terminals (high side) while the other
terminal is connectedl to ground (Tow side), complefing the circuit. Tn a situafion where the TR breaks doyvn, the injector could

misfire, not fire at all
the coil assembly is

applications reqdiiring a minimum of 500000 Q.

5.2.3.1  Procedurg
a. A minimum set
should be stated
b. Establish the stg
c. Connect a stand
d. After 2 seconds
e. Repeat the test 1
5.2.3.2 Data Redt

None required.
5.2.3.3 Data Repq
Report the measure
5.3 GDlI Injector O

5.3.1  Overview of

or in the worst case be continuously energized and flood the engine. This depe
shorted (high or low side) and the manner in which the injector drive circuit-curren

for Insulation Resistance Measurement Test

bf five new injectors from serial production is to be tested. If theinjectors are fron
in the comments section of the data-reporting sheet.

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

measure the resistance. The typical minimym ‘resistance normally exceeds 3

or the remaining injectors in the set.

ction and Analysis for Insulation Resistance Measurement Test

rting for Insulation Resistance Measurement Test
i insulation resjstance in ohms (Q) on the data-reporting sheet.
pening and.Closing Times

Injector Opening and Closing Times

ds heavily on where
t is monitored.

n preproduction, this

ard megohmmeter tester, set to 1000 VDC, between‘the injector case and a coil ferminal post.

DO000 Q, with some

The opening time (

T)-of an injector is a measure of the time required for the injector needle to first r

pach its fully opened

position after initiatio

n of the injector logic pulse.

NOTE: The OT is not to be confused with the “determination of first fuel” (refer to SAE J2715). The determination of first
fuel is an indication of the time at which the injector needle first begins to open and the presence of fuel spray exiting
the nozzle is visually observed.

Closing time (CT) is the time required for the injector needle to first reach its fully closed position after the termination of the
injector logic pulse. Both the OT and CT are to be reported in milliseconds. These parameter values provide a relative
indication of the combined mechanical and magnetic response time. The total time to open and close the injector also
provides a relative measure of the usable IPW range of the injector. A typical dynamic response trace is illustrated in
Figure 2.
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|
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|
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:j\\f\H Fully Open
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1 1

|
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Figure 2 - GDI opening and closing response traces
5.3.2 Equipment Considerations for Injector Opening and Closing Time Testing

a. The preferred method of measuring the OT and CTi'intervals is with the use of an oscilloscgpe and a precision,
fast-response afcelerometer that is mounted eitber directly on the injector body or within 5.0 mm of it. The
accelerometer should have a response of at least-10 kHz or higher. A representative mounting of the accelerometer on
the test fixture i§ shown in Figure 3.

b. For injectors having a decoupled needle (armature), it may be difficult to detect the needle motion using an
accelerometer. Alternate methods include the use of a dynamic pressure transducer for both OT gnd CT, the inflection
in the current trace for OT, the inflection in the voltage trace for CT, or an injection rate meter as iljustrated in Figure 4.
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5.3.3 Test Conditi

The tests are to be
data-reporting sheet

5.3.4 Procedure for the Determination of Injector Opening-and Closing Times

a. Precondition the
preselected puls

b. Each injection s

the logic pulse, the voltage applied to the injector, the current through the injector, and the pressy

inlet of the inject
5.3.5 Data Reduc

a. Determine the O
and the first rise

b. Determine the (

Typical Accelerometer
Mounting Locations

Figure 3 - Typical accelerometer mounting
bns for Injector Opening and Closing Time Tests

conducted at a fuel pressure of Pso. The standardrtest conditions are provided ir
in Table 5.

test injector according to the proeedure listed in 4.2. Then initiate the test for
e width of 1.0 ms and a period, of 50 ms.

nould have two distinct acceleration events as depicted in Figure 2. Record the
por for a minimum of 100 consecutive injection events.
ion and Analysis for Injector Opening and Closing Time Tests

T of eachof the injection events by measuring the time between the start of the log
on the first'set of the accelerometer signal waveforms.

T-of each of the injection events by measuring the time between the end of th

movement on th

Table 4 and on the

OT and CT using a

hccelerometer trace,
re maintained at the

ic pulse width (LPW)

e LPW and the first

b second set of accelerometer sianalwaveforms
~J

c. Calculate the average and standard deviation of the OT for all injection events.

d. Calculate the average and standard deviation of the CT for all injection events.

5.3.6 Data Reporting for Injector Opening and Closing Time Tests

a. Record the calculated averages and standard deviations for OT and CT on the data-reporting sheet in Table 5 for
electromechanical properties. The values should be reported in milliseconds.

b. If a measurement method other than an accelerometer is used, record the method used in the comments section of the
data-reporting sheet.
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Injector Opening and Closing Response
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Figure 4 - Opening and closing .response by injection rate meter
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Table 5 - Electromechanical properties: data-reporting sheet

Coil

Resistance, Inductance, and Insulation Resistance

SAE J2713 - Data-Reporting Sheet for GDI Injector Electromechanical Properties - Opening Time, Closing Time,

Part 1: General Test Logistics

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

Injector serial numbe

Injector driver type (cprrent waveform -
attach to data-reporting sheet)

Injector driver charge|delay time (if any)
(ms)

Additional informatior

Part 3: Test Conditipns Specific Test Conditions Standard Test Gonditions
Test fluid n-heptarje
Ambient temperature[(°C) 21.0+ 2|0
Ambient pressure (kHa) 100 £ §

Fluid temperature (°Q) 21.0+ 2|0

Fluid pressure (MPa) Pso to within #£0.5%
Initial injector tempergture (°C) 21.0+ 2|0
Injection pulse width {ms) 1.0 £ 0.0p1
Injection period (ms) 50.0 + 0.9q01
Injector axis orientatipn (degrees) Vertical unless ppecified
Injector preconditionipg time (seconds) As per 4]2

Additional informatior

Part 4: Description and Comments on Instruments or Test Deviations

Instrument details

Test deviations

Part 5: Test Results

for GDI Injector Electromechanical Properties

Opening time (ms) arjd associated
standard deviation (n}s) as obtained
from the time trace; tlis is the

SAE J2713 opening fime if theré are no
test deviations

Opening time (ms) and
associated standard
deviation (ms) as obtained
from the time trace if there
are known test deviations:

Closing time (ms) ang associated
standard deviation (n}s)-as obtained
from the time trace; this:is the

Closing time (ms) and
associated standard

deviation (mc) as obtained

SAE J2713 closing time if there are no
test deviations

from the time trace if there
are known test deviations:

Coil resistance as obtained from the
bridge (ohms) - denoted as (R)

Insulation resistance as obtained from
the ohmmeter (ohms) - denoted as (IR)

Solenoid inductance as obtained from
the Wheatstone bridge (mH) - denoted
as (L)

Data plots

Attach curves of injector driver current waveform and opening time and closing time

traces
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5.4  GDI Injector Seat Tip Leakage

5.4.1 Overview of GDI Injector Fuel Leakage and Measurement Methods

Historically, two types of leakage are discussed for fuel injectors: body leakage and seat tip leakage. With the advent of
greatly improved injector design and welding practices, body leakage measurements from GDI injectors are no longer a
discriminating performance factor. Zero body leakage is expected and required. Therefore, only seat tip leakage is covered
in this document. Fuel leakage from the interface between the injector and the rail is important but is a fuel system test and
therefore is not covered in this document.

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 in order to prevent or significantly minimize fuel leakage. This, in
turn, eliminates or minimizes the presence of unmetered fuel in the combustion chamber and reduces the tendency for

deposit formation at €
fuel pressure, injectqr temperature, and any heat-soak duration and may result in an imprecise AlF.ra
and elevated levels ¢f unburned hydrocarbons (UBHCs).

Over the past decades, both gaseous and hydraulic test methods have been developed forimeasurin
widely used gaseols test methods are the bubble-rise, pressure-decay, and heliuht) methods. T

ehicle will vary with
io, injector deposits,

g tip leakage. Three
'he bubble-rise and

pressure-decay metiods both use dry nitrogen as the test medium. With increasingly/stringent leak spegcifications, ensuring

that the internal sealjng surfaces are dry is difficult. Not having total dryness can jncrease the uncertai
test methods, and tHey are generally not recommended for GDI tip leakage measurements. Hydraulig
eliminate the need for drying these internal surfaces, and they do provide{a direct correlation to fu
measurement using ja flame ionization detector (FID) provides the capability of measuring the very sm
commonly encountdred in contemporary GDI injectors. Therefore, this<document recommends the
analyzer for GDI injgctor tip leakage measurement.

The SAE J2713 seaf tip leakage is defined as the leakage at PsgxHowever, the loading on the injector
varies, and the needje can change accordingly, resulting in a nonlinear leak rate as a function of press
optional test pressurgs may be utilized (such as low-pressurezelectric pump pressure, idle fuel pressure

5.4.2 Seat Tip Leakage Measurement using the FID Method

This document defings the test method that is te-be utilized to determine the seat tip leakage of a GDI
to be tested is filled With n-heptane and pressurized. It is to be mounted in a special test fixture, as is il
with a known flow rdte of nitrogen passed over the injector tip. The flow path around the injector tip i
all leaking fuel is evaporated. The resuftant HC concentration of the flow stream is then measured W
The analyzer is calilyrated prior to.the: test with a calibration gas (propane) spanning the appropriate
as shown in Figure §. The sampling' stream flow rate is maintained constant during the measurement.
between the injectof and the FID is required to avoid possible HC condensation within the systen

nty of these gaseous
-test measurements
el leakage. Further,
bll leak rates that are
use of an HC FID

heedle/seat interface
Ure. Therefore, other
and/or fuel pressure

injector. The injector
ustrated in Figure 6,
5 designed such that
ith an FID analyzer.
measurement range
\ heated sample line
n. The FID analyzer

measures the parts ger milliohrof hydrocarbons in the nitrogen stream, and, knowing the nitrogen flow rdte and the measured

HC concentration, this value' may then be converted into the equivalent cubic millimeters per minute o

f fuel leakage.

The FID tip leak test may be conducte esmallqu

antities of n-heptane

required. Typically, the injector is filled with n-heptane at a separate station in an explosion-proof environment. It is then
brought to the leak test stand and pressurized to the correct measurement pressure with nitrogen above the n-heptane.
Therefore, only the internal injector volume is filled with n-heptane. The measured value is the average HC concentration.

NOTE: An HC FID analyzer is recommended in SAE J2713 for GDI injector leakage measurement. However, if an FID
analyzer is not available for testing, then one of the seven archival, alternative test procedures described in
Section A.5 may be utilized. If this is done, the type of archival test utilized should be clearly indicated on the
data-reporting sheet in the comments area. The use of one of these archival tests would not be considered as a
test deviation.


https://saenorm.com/api/?name=66576530f024429741a7a10fd8b6df38

SAE INTERNATIONAL J2713™ SEP2024 Page 28 of 113

5.4.3 Requirements of the FID Analyzer Used for the Tip Leakage Test
a. Analyzer type: Commercial FID analyzer.

b. Measurement repeatability: 1% of the instrument full scale.

c. Response time: Within 1.5 seconds.

d. Zero drift: Within £1% of the instrument full scale per 8 hours.

e. Calibration drift: Within +1% of the instrument full scale per 8 hours.

f.  Linearity: Within £1% of the instrument full scale.

FID
Injector Leakage Stand T ; Fuel Pressure
| Exhaust
H2 Generator
1 —
) — ]
_= ¢ Flow %
o — ..
F Divider
5= \ =
o '
== H, T Injector |, Flow Rate
a— I I_ Line heated Nest 22 Nl/min
— Flow Controller P to 150°C
— ¥ : Flow Controller
— e e
Air jaiaiaiaiaiaiieieiebuiaatain, . i S IS , ,,,,,,,,,,,,,,,,,,,
‘, Carrier Gas
3-Way Valve & !
) Calibration Qases |
[e] 1 ;
5 Flame Fuel Source
N
i
g 2-Way
— X X Valve
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Figure 5 - Schematic diagram of FID test stand for tip leakage test



https://saenorm.com/api/?name=66576530f024429741a7a10fd8b6df38

SAE INTERNATIONAL

J2713™ SEP2024

Page 29 of 113

5.4.4 Procedure f¢r the FID Tip Leakage Test

a.

Injector Clamp
& Locking Pin

Fuel Inlet

High Pressure Interface

N, Line

(Simulates Fuel Pressure)

Injector Tip

Flow Pressure Gage

FID calibration:
test stand and H
the injector to th
2 normal liters p
that for GDI tip

calibration gas r
should be 1/3 of
follow.

Calibration step

Calibration step
nitrogen.

Calibration step
in nitrogen.

\%} in Fixture Nest

0

Carrier Gas Supply Line

(N, from Flow Meter)

Figure 6 - Diagram of the FID test fixture-for tip leakage

First, conduct a three-point calibration of the F1ID instrument. See Figure 5 for the
igure 6 for the FID injector test fixture that is in that stand. Note in Figure 5 that
e FID must be heated to 150 °C. The flow lines within the FID must be heated a
er minute (NL/min) of carrier gas (nitrogen) flow rate past the injector is requireg
eakage measurements the FID analyzer should be calibrated with propane usin
hnges: 0 ppm; 1 to 300 ppm; and-300 to 2400 ppm. The propane concentrations

the maximum value being-calibrated. Those concentrations are noted in tsteps

1: Calibrate using @ ppm (use pure nitrogen).

P: Calibrate farthe 1 to 300 ppm range using the calibration gas bottle containing

B: Calibrate for the 300 to 2400 ppm range using the calibration gas bottle containi

Heatedline to FID
(Nfand n-Heptane Vapor)

Inlet Pressure Gage

schematic of the FID
the sample line from
b well. A minimum of
. It is recommended
g the following three
vithin the test bottles
(b), (c), and (d) that

100 ppm propane in

ng 800 ppm propane

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 is to be
tested. If the injectors are obtained from other than serial production, the source and selection method shall be entered
in the comments section of the data-reporting sheet. Precondition each of these injectors according to the procedures
in 4.2. Discard the purged fluid that exits the injector, but leave the injector filled with test fluid.

Set the test conditions to comply with those recommended in Table 4 (also shown in Table 6 for convenience) and on
the data-reporting sheet for tip leakage. Note any deviations in the comments section of the data-reporting sheet.
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When removing the injector from the preconditioning 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.

The injector is then mounted in an FID injector nest fixture, which is depicted in Figure 7. This is, in turn, mounted in the
overall FID test fixture that is shown in Figure 6. A close-up view of the downstream portion of the nest fixture is shown
in Figure 8. When installed as illustrated, pressurized nitrogen may be later applied to the injector fuel inlet at the
designated test pressure to pressurize the test fuel and to initiate the process of tip leakage. Once the injector is
installed, and without fuel pressurization, obtain a verification of zero indicated leakage. The nest is designed to have
the nitrogen gas flow around the tip of the injector such that any and all leaking fuel evaporates and is carried to the
analyzer in a vapor form. The tip of the injector protrudes into the nitrogen flow stream to aid in the evaporation of

liquid fuel.

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

The three possil]
O-ring or bake th
a gross leak. To
Third, the injectd
HC concentratio
with compresseq

Once areading
gas or air. Pres;
to Pso.

Let the FID mea
should take less
that the carrier ¢

If the carrier gas
Record at a data

installed on the stand and filled with n-heptane as the test fluid, allow the nitrege
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: first, the sealing O-ring is/permeating fuel.
e fuel off the surfaces by placing the O-ring into an oven for a short period. Second
verify the leak, test with an alternate method (non-FID) to, determine if the injec
r was not completely dry of exterior fuel when being insetted into the FID stand. |

air or nitrogen.
bf less than 1 ppm is verified with no fuel pressure applied, pressurize the injector

surize from the fuel inlet side. The pressure(rise must occur quickly, ideally with

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 injectortip 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 1 per second (1 Hz).

Table 6 { Standard test conditions for the FID tip leakage test

n scavenging gas to
llow the FID reading
hot less than 1 ppm,
ng the FID detector.

Install a new sealing
, the injector exhibits
or is a gross leaker.
) this case, allow the

h to drop over time as the external fuel evaporates or remove the injector and dry the external surfaces

to Pso using nitrogen
n 100 ms from start

15%. Typically, this
tes, check to ensure

(within £5%) or not.

Test Parameter Standard Value
Test fluid n-heptane
Ambient pressure (kPa) 1005
Ambient temperature (°C) 212
Fluid temperature (°C) 21+ 2
Injector temperature (°C) 212
Fluid pressure (MPa) Pso + 0.5%
Injector axis orientation Vertical; tip down
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Figure 8 - Details of the nest fixture downstream of the tip
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5.4.5 Data Reduction and Analysis for FID Tip Leakage

a. Determine the average of the 20 FID readings that were made at 1 per second.

b. For HC analyzers that report in carbon parts per million, use the FID ppm measurement and Equation 10 to convert the
carbon ppm reading to an equivalent 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.

_ 1000 mL 1 mol < 3carbon 1nhept 100.204 g 1mL 1000 puL
dueak = qc X 1L 22400 mL X 106 Carbon x 1 propane 7 carbon 1 mol 0.68376 g 1mL (Eq 10)
where:

Qc = carrier gas frowrate Nt min

¢ = concentratio
qLeak = leak rate
5.4.6 Data Report
Record the resultant
the readings were st

record the result at t

in the comments se
SAE J2713 FID tip lg

n of carbon in ppm
in mm3/min (note: this is the same as microliters/minute)

ng for FID Tip Leakage

Able to within £5%, and if there were no deviations in thether parameters on the

ction. The observed leak rate with deviations willbe the measured leak rate,
akage rate.

leakage rate on the FID tip leakage data-reporting sheet inTable 7. The units arg

he bottom right of the sheet. This will be the SAE J2743 FID tip leakage rate. If th
or any deviations in the standard test parameters, record the results at thebottom left and note any inst

to be in mm3/min. If
Hata-reporting sheet,
ere were instabilities
hbilities or deviations
put it will not be the
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Table 7 - GDI injector FID tip leakage test: data-reporting sheet

SAE Data-Reporting Sheet for FID Tip Leakage Measurements for GDI
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 opening P1o00
Injector part number
Injector serial numbe

Additional informatior

Part 3: Test Conditipns Specific Test Conditions Standard Test Cpnditions
Test fluid n-heptange
Ambient temperature|(°C) 212

Ambient pressure (kHa) 1005

Fluid temperature (°Q) 2112

Fuel test pressure (MPa) Pso £ 0.5V6

Test pressure tolerance 1+0.5%

Injector temperature {°C) 212

Data sampling rate 1Hz
Pressurization medium Air or nitrogen

Part 4: Specific Instftument Information and Test Parameters

Additional info/comments

Deviations and instalilities
Part 5: Test Results

Recording of the measured average tip leakage rate for the final 20 seconds of data

If there are no test deviations, record the measured FiD-leakage rate here: | For any test deviations or for
non-stable data, record the

measured FID leakage rate here: mm?3/min

This is the: SAE J2713 FID Tip Leakage Rate: mm?3/min

5.5 Overview of Static and Dynamic Flow Testing

The metered fuel flow delivered’by the injector is the most important and influential of the performange parameters; thus,
the fuel flow calibrafions are: perhaps the most critical of all of the tests. Since the introduction of djrect fuel injection, a
significant number of fuelflow test parameters have been formulated, with specific test procedures dgveloped to measure
them. This includes guch critical tests as those for the maximum flow capacity of an injector, the ranfje 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.

5.5.1 Test Fluid Specified for Static and Dynamic Flow Testing

n-heptane is the preferred standard test fluid for the fuel flow tests in this 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 safely with actual hydrocarbons as the test fluid. However, most of the industry now utilizes n-heptane as the flow
test fluid of choice, and the majority of tests within SAE J2713 specify this. In those cases where n-heptane is specified and
cannot be utilized, another fluid may be used that is compatible with the flow test equipment, and this can be specified as a
test deviation on the data-reporting sheet.
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5.6 Static Flow Measurement

The static flow, Qs, is an important GDI injector flow parameter that quantifies the maximum flow capacity of the injector. It
is a key parameter in determining the applicability of a particular injector model to a specified engine application. The static
flow is reported in grams per second.

5.6.1  Procedure for the Static Flow Measurement Test

This test procedure is for a single injector rather than for a population of injectors. If the injectors are from preproduction,
this shall be stated in the comments section of the data-reporting sheet.

a. A minimum set of five new injectors of the same make and model from serial production is to be tested. The test may
be optionally repeated for additional injectors of the same model. Precondition each injector to be tested according to
the procedure in[4.Z.

b. Use n-heptane gt a temperature of 21.0 °C £+ 2.0 °C as the test fluid, with a fuel pressure of\Pso.

c. Energize the injector to a continuously open state. This will yield a continuous steady’ flow of fthe test fuel without
pulsations.

d. Measure the deljvered fuel mass flow over a test period of 30 seconds.

e. Repeat step (d) fwice more for a total of three times for the same injector @and record the three stati¢ flow rates that were
obtained.

f. Repeat steps (b} through (e) for the next injector to be tested.

5.6.2 Data Reduction and Analysis for the Static Flow Test

Compute the average of the three independent static flow rates that were measured for each of the tgst injectors to obtain

its individual static flgw. Then compute the average of all the individual computed static flow values (one per tested injector)

to obtain the single, final static flow value to be reported: The units of the reported Qs are to be in grams per second (g/s).

5.6.3 Data Reportjng for the Static Flow Test

The general informa

flow data-reporting sheet in Table 9. This includes the serial number of that injector. Also, record on the
in Part 5-D the injector serial number.and the three static flow rate values that were measured, as
static flow value, whjch is the average of the three. The units are to be in grams per second. Repeat
using a new copy of the data-reporting sheet. Leave the row titled “Average of the Averages SAE J27
for all but the last tepted injector. For that last tested injector, if n-heptane at a fuel pressure of Pso W
test and there are nq other test deviations, this will be the SAE J2713 static flow that was determined f
injector, and that value. i$t0 be entered in that box in Part 5-D of the data-reporting sheet in Table 9.
deviations, these shall"be noted in the test comments area of the datasheet, and the data is reported i

ion on the test conditions and the injector that is tested are to be reported on P4

rts 1, 2, and 3 of the
data-reporting sheet
well as the resultant
for each test injector
3 Static Flow” blank
as employed for the
or that particular test
If there are any test

n the box in Part 5-D

for data with test deviations.

5.7

Dynamic Verification Flow Measurement

The dynamic verification flow, Qvr, is a key parameter that indicates the fuel flow rate at a specified pulse width. This is an
important GDI parameter for determining the suitability of a specific injector design to a particular engine application. The
dynamic verification flow is normally reported in milligrams per injection or in milligrams per pulse.
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5.7.1

Procedure for Dynamic Verification Flow Measurement

This test procedure is for a single injector rather than for a population of injectors. If the injectors are from preproduction,
this shall be stated in the comments section of the data-reporting sheet

A minimum set of five new injectors of the same make and model from serial production is to be tested. The test may

be optionally repeated for additional injectors of the same model. Precondition each injector to be tested according to
the procedure described in 4.2.

t a temperature of 21.0 °C £ 2.0 °C as the test fluid with a fuel pressure of Pso.

Operate the test injector using a specified dynamic verification flow pulse width of 1.0 ms and a period (P) of 10.0 ms

(100 Hz). The use of a pulse width other than 1.0 ms is considered a test deviation and should be clearly noted in the

a.
b. Use n-heptane a
C.
specific test con
d. Measure the del
e. Repeat step (d)
were obtained.
f. Repeat steps (b
5.7.2 Data Reduc
a. Convert the mas
of fuel delivered
delivered in 20 s
b. With each inject
each tested inje
this for each inje
to obtain the sin
c. Ifusing STS me
5.7.3 Data Report

fitions section of the data-reporting sheet.

vered fuel mass flow over a test period of 20 seconds (2000 pulses).

wice more for a total of three times for the same injector and record the three dyn

through (e) for the next injector to be tested.

ion and Analysis for Dynamic Verification Flow Measurement
s of fuel that was delivered for each of the three runs of 2000 injections for each
econds by 2000 injection events.
on event considered as a “pulse,” average the three independent values of mill
ctor. This average yields the value of:the dynamic verification flow for the injecto
ctor tested. Also, average all of the_individual dynamic verification flow values (on
gle, final value to be reported.

hsurement equipment, average the results from the 2000 injection events.

ng for Dynamic Verification Flow Measurement

The general informa

flow data-reporting sheet in Table 9.\Fhis includes the serial number of that injector. Also, record on the
in Part 5-D the injegtor serial aumber and the three flow values that were measured, as well as th
verification flow valug, whichuis-the average of the three. The units are to be in milligrams per pulse.
injector using a new|copy«of'the data-reporting sheet. Leave the row titled “Average of the Averages
Verification Flow” blank‘for all but the last tested injector. For reporting on the last tested injector, i
pressure of Pso wag employed for the test and there are no other test deviations, this will be the

ion on the test cenditions and the injector that is tested are to be reported on Pa

bmic flow values that

injector into a mass

per injection event. If using a bulk collection method, this is achieved by dividing {he total mass of fuel

grams per pulse for
that was tested. Do
e per tested injector)

rts 1, 2, and 3 of the
data-reporting sheet
e resultant dynamic
Repeat for each test
SAE J2713 Dynamic

n-heptane at a fuel

SAE J2713 dynamic

verification flow for that particular test injector, and that value is to be entered in that box in Part 5-D of the data-reporting
sheet in Table 9. If there are any test deviations, these shall be noted in the test comments area of the datasheet, and the

data is reported in th

e box in Part 5-D for data with test deviations.
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5.8 Overview of Operating Flow Range Tests for LFR, DLFR, WFR, and DWFR

Ideally, the flow from a particular injector should be linear over the full flow range of the injector. This is not the actual case,
however, as significant deviations from linearity normally occur at the low-flow extremity of the GDI flow curve. Ideally, a
vehicle calibration utilizing a linear flow curve that also has an extensive working flow range is desired. Typically, a
commanded fuel quantity will be more precise and repeatable when operating within the linear portion of the flow curve. It
should be noted that most newer engine control modules do have the ability to model non-linear flow curves, usually in the
low-pulse-width regions. For these applications, the linearity of the flow curve is not quite as important, as long as the
deviation from linearity is repeatable and can be described mathematically. It should be noted that in many applications it
has been determined experimentally that the repeatability is also often degraded along with the linearity. Therefore, in
engine calibration work it is important to understand the range of linearity of the injector flow curve, the variation of the flow
in the linear region, the range and predictability of the non-linear flow, the variation within the non-linear flow region, and
the variation that is inherent in a large population of similar production injectors. The knowledge of this information will permit
the prediction of the

As is shown in Table|8, there are four basic flow ranges that are commonly measured for a GDI injector. These are the LFR,
DLFR, WFR, and th¢ DWFR. The tests to determine all four of these ranges are described in this flow section. The usable
operating flow range of a GDI injector, or a population of GDI injectors, at a single application pressure is normally
represented by two main parameters, the LFR and the WFR. Both of these ranges represént a dimgnsionless ratio of a
particular maximum| operational flow rate in milligrams of fuel per injection divided by the corresponding minimum
operational flow rate| The LFR is a performance parameter associated with a single injector, whereas the WFR is associated
with a population of fdentical injectors. Thus, the WFR inherently includes the effects of part-to-part yariations in fuel flow
characteristics, whefeas the LFR does not. The LFR defines a range of lineaf,fuel delivery, whereas the WFR quantifies a
fuel flow range withir] which any single injector or subset of injectors from th€ total population of identicgl injectors will deliver
a metered flow that Will be acceptably accurate.

Regarding the LFR, & more precise terminology than “linear range” would be the “near-linear range,” as|the linear regression
line through the flow|data does not necessarily pass through each.of the individual flow points. The tWo key parameters of
LFR and WFR, as well as the associated key parameter of WEkmin, are obtained by performing statisti¢al operations on the
flow test data that gre obtained from the flow testing of. either a single injector or a fairly large pgpulation of identical
test injectors.

As illustrated in Table 8, many of the testing procedires are identical for both LFR and WFR evaluatign, although the data
reduction details differ. The two additional ranges:of DLFR and the DWFR are for the complete fuel préssure spectrum that
the GDI injector may| utilize in service.

Table 8 - Types of GDI injector flow-range tests

Test Quantity. of Parts Pressure Comments
LFR 5 (or optionally more) Pso Has a +5% acceptance bandwidth on flow.
Has a +5% acceptance bandwidth on flow.
Accounts for the GDI fuel pressure rarjge.
WFR 24v(er’optionally more) Pso Has a +10% part-to-part flow variability limit.
DWER 24 (or-optionally-meoro) P P Has a +10% part-to-part flow variability limit.

- Accounts for the GDI fuel pressure range.

DLFR 5 (or eptionally more) P20, P1oo

Another very important characteristic of a GDI fuel injector is the usable minimum and maximum fuel flow rates. The WFR
and DWFR tests provide a measure of these flow rate limits. Depending on the system, the minimum and maximum flows
may be measured at several different fuel pressures.

LFR and WFR are carryover tests from the characterization of port fuel injectors. These tests can be applied to GDl injectors,
and their methodology forms the basis for the DLFR and the DWFR tests for a range of fuel pressures. This recognizes that
direct injection fuel systems are variable pressure systems, as opposed to port fuel injection systems, which typically utilize
a fixed, lower fuel pressure. DLFR is the primarily method for evaluating single injectors, whereas DWFR is the primary
method for evaluating the flow performance of a population of GDI injectors that use a variable fuel pressure.
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5.9

5.91

Linear Flow Range Test

Procedure for Measuring the Linear Flow Range

The test to determine the linear flow range of an injector is to be conducted using new injectors of the model of interest.

a.

A minimum set of five new injectors of the same make and model from serial production is to be tested. Additional

injectors of the same model may optionally be tested. Each injector shall be preconditioned according to the procedures
and test conditions in 4.2.

The injector for LFR determination is to be flow tested in a flow measurement test stand at a pressure of Pso. The flow

rate of the standard test fluid of n-heptane at a temperature of 21.0 °C £ 2.0 °C is to be measured at a series of midrange

to long IPW test

points, all using an injection period (P) of 10.0 ms. These pulse width values are:

Midrange to long

In addition to the
fully described ir

To permit an ad
resolution in the

Therefore, it is réquired that the injector flow be measured in finer increments of IPW in this regior).

The low-flow reg
just slightly high
a fuel pressure @
0.025 ms. The ¢
point, measure t
an IPW of 0.475

Short IPW test p

e. Repeat steps (b

5.9.2 Data Reduc
As discussed in 5.8
performance betwegq
rate within the linear
injector. Within this i

the two subsequent steps.

curate determination of the LFR following the testing, it is impQrtant to have e
areas of injector flow non-linearity, which occurs in the regions,of short pulse w

br than the injector OT and extending to an IPW valué.of 0.475 ms. For the short |
f Pso, start with an IPW value that is the measured,injector opening time rounded

oints: 0.2, 0.225, 0.25, 0.275, 0.3, 0.325, 0.35, 0.375, 0.4, 0.425, 0.45, and 0.475
through (d) for the next injector:being tested for an LFR measurement.

ion and Analysis for the Linear Flow Range

n injectors of different design or manufacture. The LFR is the ratio of the maxi

discussed in 5.8, a nore precisé terminology than “linear range” would be the “near-linear range.”

LFR, there is, in fact
5% tolerance band @

to within a maximum

1+5% deviation when operating within the LFR.

IPW values: 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.9, 1.0, 2.0, 3.0, 4.0, and 5.0\n§.

ion of the flow curve is normally characterized by flowtesting at a range of shorf

rocedure for measuring the OT is described jn 5.3. Subsequent to measuring th
he flow using IPW increments that are obtained by adding 0.025 ms to the previo
ms is attained. For example, for a measured OT of 0.195 ms, the low-flow test pqg

, the LFR for a single injector is a key performance parameter that is used tg

se 13 midrange to long test points, a number of short IPW values shall. also’be flgw tested. These are

mhanced pulse-width
dths (very low flow).

IPW values starting
PW test points using
Lp to the next higher
e initial low-flow test
s IPW. Repeat until
ints would be:

ms.

compare the linear
um operational flow

range at a fuel pressure of Pso to the minimum operational flow rate within the lingar range for a single
Bnge there is‘a'linear relationship between the commanded pulse width and the delivered fuel flow. As

ithin the limits of the

a near-linear relationship between the pulse width and the resultant flow, as the|LFR test specifies a
n either side of the true linear curve. Thus, it is more accurate to state that the d¢livered flow is linear
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5.9.3 Regression Analysis for the Linear Flow Range

All of the flow data obtained is to be plotted as the measured dynamic flow rate, Qq, versus the commanded 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 midrange flow points, which are at IPW values of 1.0, 2.0, 3.0, 4.0, and 5.0 ms. Qq and IPW are, respectively,
the dependent and independent variables for the regression analysis. As illustrated in Figure 9A, this linear regression
analysis will generate a best-fit linear line that passes among the five measured points. The linear regression line will pass
below the origin of the plot, generating a slope for the line, as well as two offsets that are denoted as the “time offset” and
the “flow offset.” 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, Q4, and the second is the flow rate computed by using the line that was
generated by the regression analysis, Qdc. The actual flow data will generally track the straight line of the linear flow curve
quite well over the m

The slope (m) of thel resultant linear regression curve is the change in Qqc per unit of pulse width<based on the calculated
linear regression flgw curve (mg/ms). The time offset of the linear curve is the displacement of {he 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 regfession flow curve from the origin along the ordinate, or flow axis. The values of the slope, flow offset,
and time offset will bp obtained from the regression analysis. It should be noted that the actual flow data are denoted by Qu,
whereas the flows cpbmputed from the linear regression line are designated as Quc.|The resultant best-fit line for the LFR
may be expressed ih terms of the flow offset as shown in Equation 11 or may alternatively be exprgssed in terms of the
time offset as shown in Equation 12.

Linear flow rate = Qdc = Slope*IPW < Flow offset (Eq. 11)
Linear flow rate = Quc = Slope?(lPW - Time offset) (Eq. 12)
30 20
10
70
] e S —— st b 4

@ Flow Curve

Dynamic Flow (mg/pulse)
Deviation from Linear Regression (%)

= Regression Line - 60
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Figure 9A - LFR regression and the percentage flow deviation
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5.9.4 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 25+ measurement test point values of IPW are to be calculated using either Equation 11 or 12. Following that, the
percentage differences between the actual measured flow rate, Qq, and the linear flow rate, Qdc, are to be computed
individually for all of the 25+ pulse width test values. The percentage deviation from linearity (LD) is determined from
Equation 13 as the percent difference between the measured dynamic flow, Qq, and the calculated linear dynamic flow, Qdc
(determined using the linear curve), divided by the calculated dynamic flow, and then multiplied by 100. It should be noted
that each of the 25+ measured test points will likely have a different percentage deviation. When plotted, this will yield a

curve of percentage deviation of the actual delivered flow from the idealized, linear flow.

LD (%) = 100*(Qq - Quc)/Quc (Eq. 13)

er portion contains
ntage flow deviation
br most GDI injectors
lues, as is illustrated
normally differ from
efined as near-linear
bng with the value of
vo limiting linear Quc
n for the test injector.

percentage deviation curve Is provided In the upper portion of Figure 9A. The.l

and the limiting bandwidths, and the upper portion contains the curve of the pere
ressure. It may be noted that the percentage deviation from linearity is nearzéro f
pf the IPW range but normally deviates significantly from zero at very shortyIPW v3
also be noted in Figure 9B that at some very short IPW values the actuat flow wil
or more. Injector operation within the limits of -5% and +5% of true linear flow is d
of IPW where the flow deviation from linearity first exceeds either -5% or +5%, al
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5.9.5 Determination of the Limits of Linearity

Using the data from the Pso flow pressure test, review the linear-deviation plot. First, examine the short-pulse-width
portion of the measured curve, using Figure 9B. Starting at 1.0 ms IPW, move left down the curve and identify the first
test-point pulse width where the percentage deviation exceeds +5.0%. Then identify the next longer test-point pulse
width for which the deviation is within £5.0%. These are the two IPW values to be used as the end points for a simple
linear interpolation. The interpolation is to determine the precise IPW value at which the exact deviation is either +5%
or -5.0%. Using the known test-point IPW values and the corresponding values of the percentage deviation from linearity
at those IPW values, conduct a straight-line interpolation between these two test points to determine the IPWmin for
linear flow. Once the value of IPWmin has been determined, the expected minimum linear fuel flow rate may be computed
by inserting the IPWnmin value into either Equation 11 or 12 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 particular injector
can deliver within the linear range.

a.

For a GDI systerln, the maximum IPW available to actuate an injector is approximately 5 ms. Fhis|is determined as the

available actuat
Operating at 60(
equals 5ms. Th
The expected m

12 using the vallies for slope and offsets that were determined earlier. This value\of'the linear floy

will be the highe
Once the values

The LFR is calcu
flow point, LFmin,

5.9.6 Data Report

The general information on the test conditions and the-tested injector is to be reported on Parts

data-reporting sheet
linearity, and the se
These data are to be
flow deviation for ea

on time of an injector being 180 degrees out of 720 degrees of crank angle r
0 rpm provides a total of 20 ms of time per cycle. Therefore, 180/720 degreés is
s, the LFmax value for a GDI injector is chosen as the computed linear flow rate v
bximum linear fuel flow rate may be computed by inserting the IPWhix value into §

5t flow that the injector can deliver in the linear range.

for LFmax and LFmin have been determined for an individgal injector, the LFR valu

LFR = LFmax/LEmin

ng for the Linear Flow Range

in Table 9. As part of the LFR détermination, the measured flows, the computed
ial number of the tested injectar-are to be reported on the Part 5-A data-reporti
for a fuel pressure of Pso andfor each specified test IPW. Also, the curves of flow,
Ch tested injector are to be-generated and attached to the data-reporting sheet. T

ptation at 6000 rpm.
P5% of 20 ms, which
alue, Quc, at 5.0 ms.
bither Equation 11 or
will be LFmax, which

e may be computed.

lated from Equation 14 as the maximum linearized flow point, LFmax, divided by thg minimum linearized

(Eq. 14)

1, 2, and 3 of the
flow deviations from
hg sheet in Table 9.
rate and percentage
he locations of LFmin

and LFmax are to b

clearly indicated on ‘the flow curves. The computed slope, flow offset, and

ime offset (injection

pulse-width offset) df the linear regression curve for the test injector are to be reported at the botton of Part 5-A of the
data-reporting sheetl The computed Yalues for LFmin, LFmax, and LFR for the test injector are to be reported on the bottom
of Part 5-A of the dafasheet and alsg on the data summary sheet in Part 5-D. Repeat for each test injegtor using a new copy
of the data-reportind sheet. If néheptane at a fuel pressure of Pso was employed for the test, and thére are no other test
deviations, these wil| be the SAE J2713 values for LFmin and LFR, and those values are to be entered|in the boxes on Part
5-D of the data-repoyting sheet in Table 9. If there are any test deviations, these shall be noted in the|test comments area
of the datasheet, angl the.data is reported in the box in Part 5-D for data with test deviations.

In the box for SAE JZ7T3TFR on the Teft side of 5-D for the Tast tested injector, report the average of all of these measured
LFR values. Then report the average of all of the LFmin values in that appropriate box. If n-heptane at a fuel pressure of Pso
was utilized in the testing, and there are no other test deviations, then the average of all of the individual LFR values is to
be reported in the proper box on the 5-D data-reporting sheet as the SAE J2713 LFR value, and the average of all of the
individual LFmin values is to be reported in the proper 5-D box as the SAE J2713 LFmin value. If there are any test deviations,
these should be noted in the test comments area of the datasheet, and the data is reported in the box in Part 5D for the
data with test deviations.

5.10 Dynamic Linear Flow Range Test

The test to determine the dynamic linear flow range of an injector is to be conducted using new injectors of the model
of interest.
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5.10.1 Procedure for Measuring the Dynamic Linear Flow Range

A minimum set of five new injectors of the same make and model from serial production is to be tested. Additional

injectors of the same model may optionally be tested. Each injector shall be preconditioned according to the procedures
and test conditions described in 4.2. Next, the injector shall be tested at a fuel pressure of P2o, with one high-flow test
point at an IPW of 5.0 ms at a fuel pressure of P1oo.

The injector for DLFR determination is to be flow tested in a flow measurement test stand using a fuel pressure of P2o.

The flow rate of the standard test fluid of n-heptane at a temperature of 21.0 °C £ 2.0 °C is to be measured at a series
of midrange to long IPW test points, all using an injection period (P) of 10.0 ms. These IPW test points are:

Midrange to long IPW values: 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.9, 1.0, 2.0, 3.0, 4.0, and 5.0 ms.

In addition to th¢se TPW test poinis, a number of short TPW values shall also be flow fesied at-a

Therefore, it is r¢quired that the injector flow be measured in finer increments of IPW.in-this region.

a.

b.
These are fully g

c. To permit an ac
resolution in the

d. The low-flow reg
slightly higher th
a fuel pressure ¢
0.025ms. Thep
test point, meas
until an IPW of (
Short IPW value|

e.

f. Repeat steps (b

5.10.2 Data Reduc

As discussed in 5.8,
performance betwee
operational flow rate
the linear range at P

escribed in the two subsequent steps.

curate determination of the DLFR following the testing, it is important t@ have e
areas of injector flow non-linearity, which occurs in this region of very low flow an

ion of the flow curve is normally characterized by flow testing at a range of IPW
an the injector OT and extending to an IPW value of 0.475 ms. For the short-puls
f P2o, start with an IPW value that is the measured injector opening time rounded
ocedure for measuring the OT is described in 5.3. Subsequent to measuring the ini
ire the flow using IPW increments that are obtained by adding 0.025 ms to the p
475 ms is attained. For example, for a measured OT of 0.195 ms, the short IPW

5: 0.2, 0.225, 0.25, 0.275, 0.3, 0.325, 0.35,,0.375, 0.4, 0.425, 0.45, and 0.475 ms

For a fuel pressure of P1oo, measure the fuel flow rate at’an IPW of 5.0 ms.

through (e) for the next injector being tested for a DLFR measurement.
ion and Analysis for the Dynamic Linear Flow Range

the DLFR for an individual injector is a key performance parameter that is used t
n injectors of differéntydesign or manufacture. The DLFR for a single injector is the
within the linear range at P10 (Which is at an IPW of 5.0 ms) to the minimum opera
PO.

fuel pressure of P2o.

hhanced pulse-width
d short pulse widths.

values starting just
b-width test points at
Up to the next higher
fial short-pulse-width
evious IPW. Repeat
fest points would be:

b compare the linear
Fatio of the maximum
tional flow rate within
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Figure 10 - DLFR regression and the associated percentage flow deviation

5.10.3 Regression Analysis for the Dynamic Linear Flow\Range

All of the P2o flow data obtained is to be plotted as the measured dynamic flow rate, Qq, versus the pommanded IPW. In
order to quantify the deviation of the flow from linearity, a simple least-squares, linear regression analygis is to be performed
using five specified midrange and long IPW test points, which are at IPW values of 1.0, 2.0, 3.0, 4.0(and 5.0 ms. Q4 and
IPW are, respectively, the dependent and independent variables for the regression analysis. This lineaf regression analysis
will generate a begft-fit linear line that-passes among the five flow rates obtained at the five specified IPW points.
Representative curves for a GDI injector.are illustrated in Figure 10. The linear regression line will pags below the origin of
the plot, generating & slope for the line;-as well as two offsets that are denoted as the “time offset” and the “flow offset.” The
determination of the|values of the“flow offset and the slope will define the linear flow curve. Although the resultant linear
flow line in Figure 1 may pass-Close to one or more of the measured flow test points, 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 mepsured flow rate, Qq, and the second is the flow rate, Quqc, that is computed by uding the line that was
generated by the regression analysis. The actual row data will generally track the stra|ght I|ne of the lipear flow curve quite
well over the midrarige=tolong low-flow end of the
flow curve.

The slope (m) of the resultant linear regression curve is the change in Qqc per unit of injection 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 injection 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. The values of
the slope, flow offset, and time offset may be obtained from the regression analysis. The resultant best-fit line for the linear
flow rate may be expressed in terms of the flow offset as shown in Equation 11 or may alternatively be expressed in terms
of the time offset as shown in Equation 12.
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5.10.4 Generation of Percentage Difference from Dynamic Linearity

Once the slope and offsets of the best-fit line have been determined from the regression analysis for the P2o fuel pressure,
the linear flow rate values for all 25+ measurement test point values of IPW are to be calculated using either Equation 11
or 12. Following that, the percentage differences between the actual measured flow rate, Qq, and the linear flow rate, Qqc,
are to be computed individually for all of the 25+ IPW test values. The percentage deviation from linearity (LD) is determined
from Equation 13 as the percentage difference between the measured dynamic flow, Qq4, 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 25+ measured test points for each pressure will have a different percentage deviation.
When all of the data are plotted for the P2o fuel pressure, the curve of percentage deviation of the actual delivered flow from

the idealized, linear flow will be obtained.

The percentage flow deviation curve for the P2o fuel pressure is provided in the upper portion of Figure 10, which contains
actual flow data for inj viatl i ity 1 erally near zero for

. y
most GDI injectors ojer a large portion of the IPW range but normally deviates significantly from zero-gt very short injection
pulse widths. The dgtails of this short-pulse-width region of the flow curve are shown in Figure- 11"t may also be noted in

the upper portion of[Figure 11 that at some very short IPW values the absolute difference between the actual measured
flow rate and the indjcated linear flow rate will be outside of the £5% bandwidth limits. Injector operatipn within the limits of
-5% and +5% of trug linear flow is defined as near-linear operation. This value of IPW where the dgviation from linearity
attains either -5% on +5%, along with the Qq value at a fuel pressure of P1oo for an IPW of 5.0 ms, will determine the limits
of near-linear operafion. Further, the ratio of these two limiting flow rates at these two IPW values defines the numerical
value of the DLFR of near-linear operation for the test injector.
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Figure 11 - DLFR regression and the associated percent
flow deviations (short-pulse-width region)
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5.10.5 Determination of the Limits of Dynamic Linearity

a.

Using the data from the P20 test, review the linear-deviation plot. Starting at 1.0 ms IPW, move left down the curve and

identify the first test-point pulse width where the percentage deviation exceeds +5.0%. Then identify the next longer
test-point pulse width for which the deviation is within £5.0%. These are the two IPW values to be used as the end
points for a simple linear interpolation. The interpolation is to determine the precise IPW value at which the exact
deviation is either +5% or -5.0%. Use the known test-point IPW values and the corresponding values of the percentage
deviation from linearity at those IPW values. Use a straight-line interpolation between these two test points to determine
the IPWnmin for linear flow. Once the value of IPWmin has been determined, the expected minimum linear fuel flow rate
may be computed by inserting the IPWmin value into either Equation 11 or 12, using the values for slope and offsets that
were determined earlier. This value of the linear flow will be designated as DLFmin, which will be the lowest flow that the

injector can relia

For a GDI syste
available actuati
engine speed vyi
time of 20 ms ar|
fuel flow rate, Qq

Once the value
computed. The [

bly deliver within the near-linear range.

bn time of an injector being 180 degrees out of 720 degrees of crank angle rotati
blds a total of 20 ms of time per cycle. Thus, 180/720 degrees represents, 25%

d corresponds to an IPW of 5 ms. So, the DLFmax value for a GDI injector,is chos
, at an IPW value of 5.0 ms at P1oo. This value will be DLFmax.

5 for DLFmax and DLFmin have been determined for an individdal injector, the
DLFR is calculated from Equation 15 as the maximum linearized dynamic flow poir

the minimum ling¢arized dynamic flow point, DLFmin.

Each individual

tested, there wil
Equation 15. E3
data-reporting s
to obtain a singl

5.10.6 Data Report

DLFR = DLFmax/DLFmin

hjector will require a full, independent DLFR determination Thus, for the five inje
be five separate regression analyses required“and five individual values of DL

ch of the individual DLFR values shall be.reported in the proper boxes at the t
eet. These individual DLFR values for all.of the tested injectors should then be ari
DLFR value for the test group.

ng for the Dynamic Linear Flow Range

The general information on the test conditions™and the tested injector are to be reported in Parts

data-reporting sheet
linearity, and the se

in Table 9. As part of the DEFR determination, the measured flows, the computed
ial number of the tested injector are to be reported on the Part 5-A data-reporti

These data are to bdg
flow deviation for th
DLFmin and DLFmax
pulse-width offset)

for a fuel pressure(of)P20 and for each specified test IPW. Also, the curves of flow
single tested injector are to be generated and attached to the data-reporting sh
e to be clearly indicated on the flow curves. The computed slope, flow offset, and
f the linear<regression curve for the test injector are to be reported at the botto

data-reporting sheefl The computed values for DLFmin, DLFmax, and DLFR for the test injector are t
bottom of Part 5-A of the datasheet and also on the data summary sheet in Part 5-D. Repeat for each
new copy of the datg-reporting sheet. If n-heptane at a fuel pressure of P20 was employed for the test a
test deviations, thesg¢ will be the SAE J2713 values for DLFmin and DLFR, and those values are to be

is determined as the
bn at 6000 rpm. This
pf the total available
en as the measured

DLFR value may be
t, DLFmax, divided by

(Eq. 15)

ctors that have been
FR computed using
bp of Part 5A of the
thmetically averaged

1, 2, and 3 of the
flow deviations from
hg sheet in Table 9.
rate and percentage
eet. The locations of
time offset (injection
m of Part 5-A of the
be reported on the
test injector using a
nd there are no other
entered in the boxes

on Part 5-D of the dafa-reporting sheef in Table 9. Tf there are any test deviations, these should
comments area of the datasheet, and the data is reported in the box in Part 5-D for data with test deviations.

e noted in the test

In Part 5-D of the last datasheet, the average of all of the individually computed LFR values is to be reported, along with the
individual DLFmin and DLFR values that were calculated for that injector. In the box for SAE J2713 DLFR on the left side of
5-D, report the average of all of these measured DLFR values. Then report the average of all of the DLFmin values in that
appropriate box. If n-heptane at a fuel pressure of P20 was utilized in the testing and there are no other test deviations, then
the average of all of the individual DLFR values is to be recorded in the proper box on the 5-D data-reporting sheet as the
SAE J2713 DLFR value, and the average of all of the individual DLFmin values is to be recorded in the proper 5-D box as
the SAE J2713 DLFmin value. If there are any test deviations, these shall be noted in the test comments area of the datasheet,
and the data is reported in the box in Part 5D for the data with test deviations.
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5.11 Working Flow Range Test
5.11.1 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 information on the statistical variation of flow among
injectors of a given type must be known. The WFR is a dimensionless performance parameter that numerically quantifies
the usable flow range of any subset of a population of identical injectors. In this flow range there is 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 level of flow variability. That limiting level of flow variability is specified within this document as 10.0% of the value
of a variability parameter that is computed from the measured flow rates of the population of 24 or more tested samples.
This variability parameter is computed at each pulse width from the mean value of the 24 or more measured fuel flow rates
and the computed standard deviation of those flow rates. Thus, the WFR may be thought of as a range of flow rates where

the varlablllty of that flow among |dent|cal new |njectors of a particular model is malntamed W|th|n a specified limit. This is

of the flow dellvered by a population of those injectors.

For a sample populafion of 24 or more identical injectors from serial production, the specification of thre
sets a 99.7% statistigal confidence level that the flow delivered at any fuel flow value (andhassociated

will be within £10.0% of the mean flow of the entire population. Inherent in this statistical validity is th
normal distribution of production parts exists. Therefore, the interpretation of the final computed WFR v
account the various riteria that were used to select the test parts, such as serial‘production, various
build sites, or differept tooling.

The WFR defines th
exceeding the limiting flow variability that is specified for the WFR test."The low-flow IPW value that g
defines the lowest plilse width that can be employed in the control.system for that application. Unlike
not based upon a linear regression curve and therefore does not'guarantee a linear relationship betw
delivered fuel flow offa group of injectors from a population. Instead, it is based upon a specified upper
in the mean flow ratg delivered by any subset of injectors incthat population.

5.11.2 Procedure for Measuring the Working Flow Range

The test to determing WFR is to be conducted using a set of at least 24 new, identical injectors from se

injectors can be used for the test set if desired-Af the injectors are obtained from other than serial pr

and selection methof shall be entered in the_ comments section of the data-reporting sheet.

a. All of the sampldg injectors shall bé preconditioned according to the procedures and test conditiong

b. Each injector in
of the standard
period (P) of 10.

he test set is'to be flow tested in a flow measurement test stand at a fuel pressure
test fluidlis)to be measured at a series of midrange to long IPW test points,
D ms./These pulse width values are:

e range of flow values that may be delivered by any<newly manufactured injectof

ow flow rates, nearly
e standard deviation

standard deviations
PW) within the WFR
e assumption that a
alue should take into
build dates, different

of that type without
orresponds to WFmin
the LFR, the WFR is
ben the IPW and the
imit on the variability

rial production. More
pduction, the source

described in 4.2.

of Pso. The flow rate

3ll using an injection

Midrange to long

IPW values: 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.9, 1.0, 2.0, 3.0, 4.0, and 5.0 ms.

In addition to these 13 IPW test points, a number of short-pulse-width IPW values shall also be
pressure of Pso as described in the next steps.

OT and extending to an IPW value of 0.475 ms. For the short-pulse-width test points, start with an

flow tested at a fuel

The low-flow region of the flow curve is specified by a range of IPW values starting just slightly higher than the injector

IPW value that is the

measured injector opening time rounded up to the next higher 0.025 ms. Following that, measure the flow using IPW
increments that are obtained by adding 0.025 ms to the previous IPW. Repeat until an IPW of 0.475 ms is attained. For

example, for an OT of 0.195 ms, the low-flow test points would be:

Short-pulse-width IPW values: 0.2, 0.225, 0.25, 0.275, 0.3, 0.325, 0.35, 0.375, 0.4, 0.425, 0.45, and 0.475 ms.

Repeat steps (b) through (c) for the next injector in the WFR test set. Continue until all injectors
have been flow tested.

in the WFR test set
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ion and Analysis for the Working Flow Range

.1, the WFR and WFmin are key parameters that quantify the limits of variability
al injectors. The WFR is based on the measurement of a minimum sample o
as a representative sample of the'total population of all manufactured injectors of
is the specification in advance: of a number of defined limits that determine b
sultant meaning of the testtesults. For this WFR test, the combination of a minimu
f 10% statistically guarantees that the results of the test will reliably represent th
dence level of 99.7%:

hed by first computing the maximum working flow, WFmax, and the minimum work
v data and the-specified £10.0% variability limits for flow variation. The WFR va
alue by the \WFmin value. WFmax is obtained by determining the mean dynamic flo
tested, s important to note that the WFmin value is an important parameter i
t flowrate that can be reliably calibrated for use in the application.
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-80

in fuel delivery for a
24 injectors that is
that type and model.
pth the detailed test
m of 24 test samples
e total population of

ng flow, WFmin, from
ue is determined by
w, Qq, at the 5.0 ms
h its own right, as it

5.11.4 Generation

f the Percentage Variability Curve

For the set of 24 (or optionally more) injectors being tested, there will be 24 individual measured fuel flow rates for each one
of the IPW values that are tested. Using standard statistical tools, compute the arithmetic mean (average) flow rate and the
standard deviation (sigma) of those flow rates for those 24 measured flow rates at each IPW. These two values are referred
to as the “corresponding” mean flow rate and the “corresponding” standard deviation of that particular set of 24 flow rates
for one particular IPW value. Note that each IPW will have its own corresponding mean flow rate and corresponding

standard deviation.
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Next, for each tested value of IPW, calculate the corresponding percentage flow variability of the set of 24 flow rate values
relative to three times the corresponding standard deviation, sigma. The flow variability of the set of all 24 measured
flow rates at a particular IPW may be expressed as a percentage of three corresponding standard deviations by using
Equation 16A. For convenience, the COV may be computed as the standard deviation divided by the arithmetic mean flow
(see 3.2). This simplifies Equation 16A into Equation 16B. Each of these corresponding percentage flow variabilities (one
for each IPW) is to be computed using either Equation 16A or 16B and is to be tabulated and plotted versus the IPW. The
representative plots that are shown in the remainder of the flow subsection use the percentage 3.0*COV parameter from
Equation 16B for plotting. Representative plots of these GDI data are shown in Figure 12A for the full-flow range and in
Figure 12B for the short-pulse-width region.

Corresponding percentage flow variability =

100.0*(3.0*Corresponding standard deviation)/(Corresponding mean flow rate) (Eq. 16A)
Corresponding percentage flow variability = 100.0%*(3.0*COV) (Eq. 16B)
0.0 - - < 10
A ' LY
Q\\ ’,.-...‘ /s b\
90 J= = - - = I R e o - 10
-“ %-‘ﬁo,& ------ L T N A

8.0 +

7.0 1

IPW for WFmin
6.0 |
5.0 | l‘

4.0 T

2
=
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- = 3'CoV% =10

Dynamic Flow (mg/pulse)

2.0 +
-@= P, 3*COV % Variability

0.0

0.2 03 0.4 0.5 06 0.7 0.8 09 1.0

Injection Pulse Width (ms)

Figure 12B - GDI flow and percentage flow variability for
WFR determination (short-pulse-width region)

5.11.5 Determinatign-ofithe Low and High Limits of the Working Flow Range

a. First, inspect the short-pulse-width (low-flow) region of the percentage flow variability versus pulse-width plot. From the
plot, starting at 1.0 ms PW, move left down the curve and first identify the highest IPW where the 3*COV percentage
flow variability exceeds 10.0%. Then identify the next higher IPW for which that variability is less than 10.0%. These
are the two low-flow IPW test values to be used for two linear interpolations. Identify the two flow variability values that
are associated with these two test point IPW values and use the four values as the end points of a simple, linear
interpolation. This first linear interpolation is to determine the precise low-flow IPW value at which the 3*COV percentage
flow variability is exactly 10.0%. This is designated as IPWnmin for the working flow range.

b. At each of the two short-pulse-width IPW values identified above, use the two associated mean flow rate values for a
second linear interpolation. The second interpolation uses the same two low-flow IPW values along with their associated
mean flow values as the interpolation end points. The purpose of the interpolation is to determine the expected mean
flow delivered at a pulse width of IPWmin. This interpolated mean flow is to be designated as WFmin.
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For a GDI system, the maximum IPW available to actuate an injector is approximately 5 ms. This is determined
assuming that the available actuation time of an injector is 180 degrees out of 720 degrees of crank rotation at 6000 rpm.
This engine speed yields a total of 20 ms of available time per cycle. Thus, 180/720 or 25% of 20 ms corresponds to
an IPW of 5.0 ms. Therefore, the WFmax value for a GDI injector is specified in this document as the measured average
flow rate value, Qu, at an IPW of 5.0 ms.

The WFR for a population of injectors is to be determined using Equation 17. In this equation, WFR is defined as 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 10.0% of the 3*COV percentage variability.

WFR = WF max/WF min (Eq. 17)

The WFR valugl 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~#he distribution of the
sample is not ngrmal, or if a sample of less than 24 parts is used, the statistical confidepce*limif 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 injeftors, the equations to be used are not provided in this document. Instead, it is spiggested that one of
many commerciglly available statistical packages be used to evaluate the WFR resultsfor such cpses. It is also noted

that this would e considered a significant test deviation and that the WFR hat was obtaing
SAE J2713 WFR.

5.11.6 Data Reportjng for the Working Flow Range

The general informa
the data-reporting sh
computed flow stang
for each test injector
sheets. These data 2
the raw flow data for
to report the measu
3*COQOV percentage f
of flow rate and the
attached to the date
variability exceeds t
particular pulse widt
flow, WFmin. The loc

The final computed v
Part 5-D is a summa
fuel pressure of Pso
for WFmin and WFR,
Table 9. If there are

d would not be the

ion on the test conditions and the details of the test injectors are to be reported ip Parts 1, 2, and 3 of

eet in Table 9. As part of the WFR determination,\the measured flows, the comp
ard deviation, and the computed 3*COV percentage flow variability for those flow
at each IPW test point. The raw flow data is(te be reported on copies of Part 5-B
re for a fuel pressure of Pso. Use a copy of the Part 5-B portion of the data-reportir
each eight injectors and record the eight’serial numbers on that copy. Use three to
ed data for all 24 injectors. The computed values for the mean flow, the standa
ow variability are to be reported onthe Part 5-C data-reporting sheet. Also, a plot g
3*COV percentage flow variability for the test set of 24 (or more) injectors is {
-reporting sheet. The plot-isito clearly indicate the low-flow pulse width where
he 10.0% limit of 3*COV percentage variability and also the flow at the 5.0 ms

tions of WFmin and(WFmax are to be clearly indicated on this plot.

reported in the box i

h Part 5D for the data with test deviations.

Ited mean flows, the
s are to be reported
of the data-reporting
g sheet for reporting
al copies of Part 5-B
d deviation, and the
ontaining the curves
0 be generated and
the percentage flow
pulse width. These

s are the IPW values corresponding to the maximum working flow, WFmax, and to the minimum working

alues for WFmin)\ WFmax, and the IPW for WFmin and WFR are to be reported on Part b-D of the datasheet.
ry sheet for feporting all of the values of the flow parameters that were determinged. If n-heptane at a
vas employed for the test and there are no other test deviations, these will be the SAE J2713 values
and those values are to be entered in the indicated boxes on Part 5-D of the dgta-reporting sheet in
anystest deviations, these should be noted in the test comments area of the datasheet, and the data is
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5.12  Dynamic Working Flow Range Test

5.12.1 Overview of the Dynamic Working Flow Range

In order to perform the calibration of a fuel system on an engine, certain information on the statistical variation of flow among
injectors of a given type must be known. The DWFR is a dimensionless performance parameter that numerically quantifies
the usable flow range of any subset of a population of identical injectors but includes flow at high and low fuel pressures. In
this flow range there is 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 level of flow variability. For this GDI document the specified level of
flow variability is 10.0%. The 10.0% value is the limit of a statistical flow-variability parameter that is computed at each pulse
width from the measured mean flow rates of 24 or more injectors and the measured standard deviation of those 24 or more
fuel flow rates. Thus, the DWFR may be thought of as a range of flow rates for a subset of identical injectors where the
corresponding standard deviation of the collection of flow rates is maintained within a specified limit. This is particularly

important at very s
solenoid-energized
of the flows that are

For a sample populg
sets a 99.7% statist
3*COQV limit of 10.09
of production parts
various criteria that v
different tooling.

The DWFR is deter
working flow, DWFmi
by dividing the DWH
value of Qq at the 5.
value is an importar
calibrated for use in

Oft pulSe widins where Tow Tlow rates are to be delivered. At these Tow il
5Dl injectors exhibit not only a loss of linearity but also a significant increase in:th
delivered by a population of injectors.

tion of 24 new, identical injectors from serial production, the specification of threg
cal confidence level that the flow delivered at any flow value within’the' DWFR r
b of the entire population. Inherent in this statistical validity is the’assumption that
bxists. Therefore, the interpretation of the final computed DWHFR value should t
vere used to select the test parts, such as serial production,various build dates, d

mined by first computing the dynamic maximum_warking flow, DWFmax, and th
, from the experimental flow data and the specified\10.0% variability limit. The WFH
max value by the DWFmin value. As is done for.linearity, DWFmax will be set as the
D ms IPW of the samples tested at the maximum fuel pressure. It is important to
t parameter in its own right, as it generally’ represents the lowest fuel flow rate|
the application.

5.12.2 Procedure for Measuring the Dynamic Working.Flow Range

The test to determin
More injectors can b
in the set, the criteria

e DWFR is to be conductedusing a set of at least 24 new, identical injectors frq
e used for the test set if desired. If criteria other than serial production are used t|
should be indicated_inthe comments section of the data-reporting sheet.

nore) new injectors being tested shall be preconditioned according to the procedurg
Each injector.shall be tested at P20, with one high flow test point at an IPW of 5.0

he standard test fluid is to be measured at a series of midrange to long IPW test p

bw rates, nearly all
e standard deviation

standard deviations
ange will be within a
a normal distribution
bke into account the
fferent build sites, or

e dynamic minimum
 value is determined
mean dynamic flow
note that the DWFmin
that can be reliably

m serial production.

b select the injectors

s and test conditions
ms at a fuel pressure

oints, all using a fuel

pressure of P2o Tnd anvihjection period (P) of 10.0 ms. These IPW values are:

Midrange to long TPW values: 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.9, 1.0, 2.0, 3.0, 4.0, and 5.0 ms.

In addition to these 13 IPW test points, a number of short-pulse-width (low-flow) IPW values shall also be flow tested
using a fuel pressure of P20 and an injection period (P) of 10.0 ms as described in the following step.

a. Allofthe 24 (orn
described in 4.2
of P1oo.

b. The flow rate of

C.

The short-pulse-width (low-flow) region of the flow curve is normally specified by a range of IPW values starting just

slightly higher than the injector OT and extending to an IPW value of 0.475 ms. For the short-pulse-width test points,
start with an IPW value that is the measured injector opening time rounded up to the next higher 0.025 ms. Following
that, measure the flow using IPW increments that are obtained by adding 0.025 ms to the previous IPW. Repeat until
an IPW of 0.475 ms is attained. For example, for a measured OT of 0.195 ms, the low-flow test points would be:

Short-pulse-width IPW values: 0.2, 0.225, 0.25, 0.275, 0.3, 0.325, 0.35, 0.375, 0.4, 0.425, 0.45, and 0.475 ms.
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d. Measure the fuel flow rate for the sample injector for a fuel pressure of P1o0 and a period (P) of 10.0 ms. Only one test
point is required at this fuel pressure. That test point is for an IPW of 5.0 ms.

e. Repeat steps (a) through (d) for the next injector in the DWFR test set. Continue until all injectors in the DWFR test set
have been flow tested.

5.12.3 Data Reduction and Analysis for the Dynamic Working Flow Range

As discussed in 5.12.1, the DWFR and DWFmin are key parameters that quantify the limits of the variability of fuel delivery
for a population of identical injectors. The DWFR is based on the measurement of a minimum 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 DWFR test, a limiting mean flow variability limit of 10% at

om ly guarantee that the
results of the test will reliably represent the total population of injectors with a confidence level of 99:7s.

The DWFR defines the range of flow values that may be delivered by any new injector of that type without exceeding the
limiting flow variability that was specified for the DWFR test. That is 10% for this recommended praftice document. The
low-flow limit of DWHmin that was determined from the test and used to compute the DWFR also define$ the lowest flow rate
that can be reliably delivered by any subset of the entire population of these injectors/Thus, the IPW vglue that corresponds
to DWFmin defines the shortest pulse width that can be employed in the control systenyfor that applicatipn. Unlike the DLFR,
the DWFR is not baged upon a linear regression curve and therefore does not guarantee a linear relationship between the
IPW and the deliveried fuel flow of a group of injectors from a population.dnstead, it is based upon a specified limiting
variability in the fuel flow rate delivered by any injector in that particular population.
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Figure 13 - GDI mean flow rate and the associated
flow variability for a DWFR analysis
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optionally more) injectors being-tested, there will be 24 measured fuel flow rateg
Jsing standard statistical tools; compute the arithmetic average flow rate and th
w rates for these 24 measured flow rates at each IPW. These two values ar|
n flow rate and the “carresponding” standard deviation of that particular set of 24
W value. Note that~each IPW will have its own corresponding mean flow ratg

Next, for each tested value of IPW; calculate the corresponding percentage variability of the set of 2

values relative to thr
flow rates at a parti
Equation 16A. For c

be times the) corresponding standard deviation, sigma. The flow variability of the s
cular IPYW-may be expressed as a percentage of three corresponding standard
bnvenience, the COV may be computed as the standard deviation divided by the
fies,Equation 16A into Equation 16B. Both Equations 16A and 16B are listed prev

for each one of the
b standard deviation
b referred to as the
(or more) flow rates
and corresponding

1 (or more) flow rate
bt of all 24 measured
deviations by using
brithmetic mean flow
iously in the working

(see 3.2). This simpl

flow range section.
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use the percentage

3.0*COV parameter from Equation 16B for plotting. Each of these 24 percentage variabilities is to be tabulated using either
Equation 16A or 16B and then plotted versus the IPW. Representative plots of these data are shown in Figures 13 and 14
for the full-flow range and for the short-pulse-width (low-flow) region, respectively.

5.12.5 Determination of the Low and High Limits of the Dynamic Working Flow Range

a.

First, inspect the short-pulse-width (low-flow) region of the 3*COV percentage variability versus pulse-width plot of the

data for P2o fuel pressure. From the plot in Figure 14, starting at 1.0 ms PW, move left down the curve and first identify
the longest IPW duration where the 3*COV percentage variability exceeds 10.0%. Then identify the next longest IPW
(to the right of the first IPW just determined) for which the variability is less than 10.0%. These are the two
short-pulse-width IPW test values to be used for two linear interpolations. Identify the two flow variability values that are
associated with these two test point IPW values and use these four values as the end points of a simple linear
interpolation. This first linear interpolation is to determine the precise low-flow IPW value at which the percentage
variability is exactly 10.0%. This is designated as IPWmin for the dynamic working flow range.
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b. Ateach of the two short-pulse-width IPWs determined above, use the two associated mean flow rate values for a second
linear interpolation. The second interpolation uses the same two low-flow IPW values along with their associated mean
flow values as the interpolation end points. The purpose of the interpolation is to determine the expected mean flow
delivered at a pulse width of IPWmin. This interpolated mean flow is to be designated as DWFmin.

c. For a GDI system, the maximum IPW available to fire an injector is approximately 5 ms. This is determined assuming
that the available firing time of an injector is 180 degrees out of 720 degrees of crank angle rotation at 6000 rpm. This
engine speed gives a total of 20 ms of time per cycle. Therefore, 180/720 or 25% of 20 ms corresponds to an IPW of
5 ms. Thus, the DWFmax value for a GDI injector is chosen as the average flow rate Qq value at the 5.0 ms flow from
the P1oo0 fuel pressure data.

d. The DWEFR for a population of injectors is to be determined using Equation 18. In this equation, DWFR is defined to be
the delivered fuel rate at the maximum working flow point, DWFmax, divided by the delivered fuel rate at the minimum
working flow poifit, min. W W WO values, allinj will deliver metered

fuel rates that vgry less than the 10.0% limiting value of the 3*COV variability.

DWFR = DWF max/DWFmin (Eq. 18)

e. The DWFR valdye may also have interpretive value for prototype parts; however, iDmust be realized that prototype
assembly may npt be representative of the level of variation that may exist in mass production. If the distribution of the
sample is not ngrmal, or if a sample of less than 24 parts is used, the statistical confidence limif would be less than
99.7%, perhaps|significantly less. Because of the number of possibilities fof\non-normal distributions and using less
than 24 test injeftors, the equations to be used are not provided in this decument. Instead, it is spiggested that one of
many commercially available statistical packages be used to evaluate-the DWFR results for such gases. It is also noted
that this would ke considered as a significant test deviation and that.the DWFR that was obtained would not be the
SAE J2713 DWER.

5.12.6 Data Reportjng for the Dynamic Working Flow Range

The general informagion on the test conditions and the details of the test injectors are to be reported in Parts 1, 2, and 3 of
the data-reporting sheet in Table 9. As part of the DWFR determination, the measured flows, computed mean flows,
computed flow standard deviation, and computed 3* GOV percentage flow variability for those flows gre to be reported for
each test injector ateach IPW test point. The raw flow data are to be reported on copies of Part 5-B jof the data-reporting
sheet. These data afe to be for a fuel pressure-0f.P20, with one data point taken at P100. Use a copy of the Part 5-B portion
of the data-reporting sheet for reporting the raw“flow data for each eight injectors and record the eight serial numbers on

variability are to be reported on the Part)5-C data-reporting sheet. Also, a plot containing the curves of flow rate and 3*COV
percentage flow varjability for the.test set of 24 (or more) injectors is to be generated and attached [o the data-reporting
sheet. The plot is to ¢learly indicate-the two key pulse widths for DWFR determination; one at low flow where the percentage
flow variability equals the 10!{0% limit of 3*COV and the other at the high-flow pulse-width point ($.0 ms IPW). These
particular pulse widths are ‘the IPW values corresponding to the maximum dynamic working flow, [DWFmax, and to the
minimum dynamic workingflow, DWFmin. The locations of DWFmin and DWFmax are to be clearly indicated on this plot.

—

The final computed values for DWFmin, DWFmax, the TPW for DWFmin, and DWFR are to be reported on Part 5-D of the
datasheet. Part 5-D is a summary sheet for reporting all of the values of the flow parameters that were determined. If
n-heptane at a fuel pressure of P20 was employed for the test and there are no other test deviations, these will be the
SAE J2713 values for DWFmin and DWFR, and those values are to be entered in the indicated boxes on Part 5-D of the
data-reporting sheet in Table 9. If there are any test deviations, these should be noted in the test comments area of the
datasheet, and the data is reported in the box in Part 5D for the data with test deviations.
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Table 9 - GDI injector flow test: data-reporting sheets

SAE J2713 - Data-Reporting Sheets for GDI Flow Measurements for Static Flow, Verification Flow,
and for the LFR, DLFR, WFR, and DWFR Flow Range Tests

Page 1

Part 1: General Test

Logistics

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

)

j iV

Injector manufacturer

and design type

Injector description

Injector part number

Injector serial numbe

Injector driver type

Injector driver chargel

delay time (if any) (ms)

Additional informatior

Part 3: Test Conditi

pns

Specific Test Conditions

Standarnd Test Conditions

Test fluid

n-heptane

Ambient temperature

21.0+2.0

Ambient pressure (kH

100.0 £ 5.0

Fluid temperature (°Q

21.0+£20

Fluid test pressures (MPa)

Note: There are threq
are determined by th

different test pressures that
 particular test.

P20
Pso
P1oo

Initial injector temp (°C)

21.0+x20

Injection pulse widths

(ms)

Various;
IPW =

see test procedure
LPW - driver delay

Injection period (ms)

10.0 + 0.05

Injection pulses per tg¢st point

1000

Injector preconditioning

As per 4.2

Additional information

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

Instrument details

Test deviations

Part 5-A: Test Resultsfor-LFR-and/for-DLER

Note: Use a new copy of this Part 5-A datasheet for each injector

S/N of the Tested Inj

ector:

P50 Pressure:

(MPa)

LFR DATA

P20 Pressure:

(MPa)

DLFR DATA

IPW

Point (ms)

Fuel Mass per

Pulse (mg)

% Difference from

Linear Flow

IPW

Point (ms)

Fuel Mass
per Pulse

(mg)

%
Difference
from Linear Flow

0.200

0.200

0.225

0.225

0.250

0.250

0.275

0.275

0.300

0.300

0.325

0.325

0.350

0.350

0N |O A [WIN [~

0.375

0N |O ™ [WIN|[—

0.375
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9 0.400 9 0.400

10 0.425 10 0.425
11 0.450 11 0.450

12 0.475 12 0.475
13 0.500 13 0.500
14 0.55 14 0.55
15 0.60 15 0.60
16 0.65 16 0.65
17 0.70 17 0.70
18 0.75 18 0.75
19 0.80 19 0.80
20 0.90 20 0.90
21 1.00 24 +66
22 2.00 22 2.00
23 3.00 23 3.00
24 4.00 24 4.00
25 5.00 25 5.00
26* 5.00

* Note: For the DLF}

R P1oo test at 5.0 ms IPW.

For the test injector]

LFR Parame]

ters

Results

DLFR Parameters

Results

Computed slope m (mg/ms)

Computed slope m
(mg/ms)

Computed flow offsef] (mg)

Computed flow offset (mg)

Computed time offse

(ms)

Computed time offset (ms)

Minimum linear flow point, LFmin

Minimum;dynamic LF

(mg/pulse) point, DLFmin (Mmg/pulse)
Maximum linear flow point, LFmax Maximum DLF flow point,
(mg/pulse) DLFmax (mg/pulse)

LFR = LFmax/LFmin

DLFR = DLFmax/DLFmin

Part 5-B: Tabulation

of Raw Flow Data for: ot WFR OR t-DWFR (check one)

Pressure:
Specify Pso or P20 —

(MP3a)
- WFR uses Pso and DWFR gdseés P20 and 1 IPW using P1oo

Note: Use a copy of t

his Part 5-B datasheet for each 8 of the 24 (or more) injectors (three copies). Use three co

bies for WFR results and

three copies for DWHR.
Reporting of the Measured Mass of Fuel per Pulse (mg) for each 8 Injectors
(ms) Measured Flow (mg/pulse)
Point | IPW S/IN SIN SIN SIN SIN S/IN S/N S/IN
1 0.200
2 0.225
3 0.250
4 0.275
5 0.300
6 0.325
7 0.350
8 0.375
9 0.400
10 0.425
11 0.450
12 0.475
13 0.500
14 0.55
15 0.60
16 0.65
17 0.70
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18 0.75
19 0.80
20 0.90
21 1.00
22 2.00
23 3.00
24 4.00
25 5.00
26* 5.00

* Note: Point 26 is for the single P100 point for DWFR at 5.0 ms IPW.

Part 5-C: Tabulation of Computations for Mean Flow and Standard Deviation

These results for: o WFR or o DWFR (check one)

Pressure: (MP=)
Specify Pso or P20 | WFR uses Pso and DWFR uses P20 and 1 IPW using P1oo
Note: Use a copy of this Part 5-C datasheet for each test set of 24 injectors. Use one copy for WFR results.and janother copy for DWFR
results.
Reporting of the Mean Flow (per pulse in mg) and the Standard Deyiation
3*Cov
%
IPW Mean 3*COV % PW Mean Std Variabil
(ms) Flow Std Dev Variability (ms) Flow Dev ity
.0.150 0.500
0.175 0.550
0.200 0.600
0.225 0.650
0.250 0:700
0.275 0.750
0.300 0.800
0.325 0.900
0.350 1.000
0.375 2.000
0.400 3.000
0.425 4.000
0.450 5.000
0.475 5.000@P100
Part 5-D: Summary Sheet for All GDI Flow'Parameters
Note: Use a new copy of this Part 5-Didatasheet for each injector.
Value Being
Reported for
No Test Values Being Reported if There are
Parametefr Reported Deviations Units Known Test Deviations

Verification flow test (mg/pulse)
Verification flow test {mglpuise)
Verification flow test 3 (mg/pulse)
SAE J2713 Dynamic Verification Flow Dynamic Verification Flow
(Average of the 3 individual flow values) if there are known test
(mg/pulse) deviation(s) (mg/pulse)
Average of the averages for all tested Average of the averages
injectors (5 or more) SAE J2713 Dynamic for Dynamic Verification
Verification Flow Value (mg/pulse) Flow Value if there are

known test deviation(s)

(mg/pulse)
Static flow test 1 (g/s)
Static flow test 2 (g/s)
Static flow test 3 (g/s)
SAE J2713 Static Flow (Average of the 3 Static Flow Value if there
individual flow values) (g/s) are known test

deviation(s) (g/s)
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Flow Value (g/s)

Average of the averages for all tested
injectors (5 or more) SAE J2713 Static

Average of the averages
for Static Flow Value if
there are known test
deviation(s) (g/s)

parts)

SAE J2713 LFR (Average of all the tested

Average of the averages
for LFR if there are known
test deviations

parts) (mg/pulse)

SAE J2713 LFmin (Average of all the tested

Average of all the tested
parts for LFmin, if there are
known test deviation
(mg/pulse)

parts)

SAE J2713 DLFR (Average of all tested

Average of the averages
for DLFR, if there are
known test deviations

SAE J2713 DLFmin (A
tested parts) (mg/pul

verage of all the
e)

Average of all the tested
parts for DLFmin, if there
are known test deviations

SAE J2713 WFR

WER if there are known
test deviations

SAE J2713 WFmin (]

g/pulse)

WFmin if there are known

test deviations

SAE J2713 WFmin IPYV (ms) WFmin IPW (ms) if there

are known test deviations

SAE J2713 DWFR DWER if there are Kmown

test deviations

SAE J2713 DWFnmin (Ing/pulse) DWFmin if there<are known

test deviations

SAE J2713 DWFmin IPW (ms) DWFRmip IPW if there are

known~test deviations

Test comments, including any deviations

Data plots: Attach thg required curves that are indicated,in the data-reporting subsection of each test.

5.13 Minimum Timg Between Injections (MTBI)

This is a test for dgtermining the minimum acceptable time between two identical, closely spaced
injector. The test is used to determine how closely these pulses can be spaced before their interaction ¢
than 5% in the total [delivered mass:of fuel from that of two independent pulses. This MTBI value is

purposes only. Itis acknowledged that it may be desirable to operate with a shorter time between inject
by the MTBI value fqr other. reasons.

A 0.5 ms fixed pulsg widthis favored over a fixed mass quantity because it automatically approximat

injections for a GDI
auses a shift greater
lised for comparison
ons than is indicated

bs a typical standard

engine load point, s
similarly for their application.

5t injectors are sized

As is illustrated in Figure 15, this test consists of injecting twice using two identical IPW values of 0.5 ms each while varying
the time interval between the end of the first IPW and the beginning of the second. These two IPWs and the time between

them constitute one injection set. For test purposes, the time between each two-pulse injection set

is fixed at 50.0 ms,

regardless of the time between IPWs. This means that the injection set frequency of 20.0 Hz does not change throughout
the test. Each test point consists of the average of at least 1000 flow rate measurements of the two-pulse set.
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Minimum Time Between Injections
Timing Diagram, (0.5 ms IPW, Injection Set Period = 50.0 ms)

Injection Pulse (on or off)

‘ - <= -logic ‘
1st test pulse 2nd test pulse 1st test pulse 2nd test pulse
(0.5 ms) (0.5 ms) (0.5 ms) (0.5 ms)
" " " "
i h 2nd pulse i d closer to 1st i i
:: 4_:: pulse is moved closer to 1s N —

pulse resulting in flow interaction H "

] ] ]

] . . .

|': I % H] Time between injections (ms) :' ¢ « »
] varieg Detweemn 24 1ms (o0 U. 1 ms J !

H] " A

First Injection Set

Injection Set Period (50 ms) i i

Time (ms)

Figure 15 - Timing diagram for the MTBI test

5.13.1 Procedure for the MTBI Test

A minimum test set @
may be optionally te
method shall be ents
test without deviatior
be preconditioned ag

a. Install atestinje
to provide two id
shown in the M
variable, control
end of the first p

f five new injectors, of the same make and model, from serial production shall be t

sted if desired. If the injectors @re obtained from other than serial production, the

bred in the comments section of the data-reporting sheet. Preproduction injectors
if this is clearly noted in the’comments section of the data-reporting sheet. All of t
described in 4.2.

tor on a fuel flow stand having the measurement capabilities that are indicated in 1
entical IPW pulses of 0.5 ms each, with an injection period, P, for the two-pulse
Bl timing-diagram in Figure 15, the individual pulses in the two-pulse set sha
able timelinterval that can be varied from 24.0 ms down to 0.1 ms. This time inte
Lilse inthe set to the start of the second pulse.

b. Using n-heptang

psted. More injectors
source and selection
may be used in this
ne test injectors shall

D.2. Set the controller
et of 50.0 ms. As is
| be separated by a
rval (TBI) is from the

at.a fuel pressure of Psp and a period (P) for the two-pulse set of 50.0 ms, measy

re the total delivered

fuel flow rate for the two-pulse set for a series of TBI values. Measure at least 1000 occurrences of the two-pulse set.
These TBI values are: 24.0, 15.0, 10.0, 5.0, 4.5, 4.0, 3.5, and 3.0 ms, followed by a short-TBI set from 2.5 t0 0.1 ms in
0.1 ms increments. The order of testing shall be from the longest TBI to the shortest.

c. Repeat the test for a fuel pressure of Pzo.

d. Repeat steps (a) through (c) for the next injector in the test set.
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5.13.2 Data Reduction and Analysis for MTBI Testing

For each of the tested injectors, the fuel flow rates for each TBI test point are to be averaged over a minimum of 1000
injection-set cycles and computed and reported as that average in mg/pulse. For informational purposes, a representative
set of actual GDI flow data is tabulated in Table 10 and is plotted in Figure 16. This illustrates that the longer the time interval
between the two injection pulses, the lower the deviation in fuel mass delivery is expected to be. Therefore, fuel mass
delivery deviations are expected to be near the lowest at TBI values of 24.0, 15.0, and 10.0 ms. The reference (ideal) mass
flow for the fuel mass deviation calculation is determined by averaging the individual average mass delivered for each of
the first three TBI test points (24.0, 15.0, and 10.0 ms). As may be seen from the tabulated data and the graph, as the time
between injections becomes significantly shorter (less than 5.0 ms for the GDI injector in this illustration), the mass of fuel
delivered by the two injection events begins to deviate significantly. This is normally due to an encroachment of the second
pulse on the first pulse while the first is still in the ballistic range. As the TBI value is reduced, the total flow rate delivered
by the two-pulse set decreases by a few percent until the TBI is reduced to about 3.0 ms. Beyond that point, a further
decrease in TBI yielfisam increase M the foet mass defivered. T e detivered mass ffow rate them mcheases rapidly as the
TBI is decreased to 2.0 ms and further yet to 1.0 ms. For the P20 plot, the deviation in fuel masscdelivery may be seen to
exceed the +5.0% [imit (relative to the ideal mass delivery value) at a TBI value of approximately 1.45 ms. For the
representative GDI ipjector that was used to obtain the sample data, this 1.45 ms value would-be the P20 SAE J2713 MTBI
that is obtained. Simijlarly, the Pso SAE J2713 MTBI is 1.66 ms.
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Table 10 - Sample data set for minimum time between injections

P20 Pso
0.5 ms test IPW 0.5 ms test IPW
Deviation Deviation
Test order |Time Between Injections (ms)|Mass/set (mg) from Ideal Mass/set (mg) from Ideal
Flow (%) Flow (%)
1 24.0 4.725 0.02% 10.500 0.33%
2 15.0 4.722 -0.05% 10.493 0.26%
3 10.0 4.725 0.02% 10.405 -0.58%
4 5.0 4.722 -0.05% 10.498 0.31%
5 4.5 4.682 -0.89% 10.479 0.13%
6 4.0 4.724 0.01% 10.339 -1.21%
7 3.5 4.716 -0.17% 10.200 -2.54%
B 3-6 4655 =+51% 407470 =2-83%
9 2.5 4.590 -2.83% 10.200 -2.649
10 2.4 4.577 -3.12% 10.300 -1.589
11 2.3 4.590 -2.83% 10.350 “1.119
12 2.2 4.635 -1.88% 10.400 -0.63Y
13 2.1 4.658 -1.41% 10.450 -0.159
14 2.0 4.680 -0.93% 10.500 0.33%
15 1.9 4.703 -0.45% 10:600 1.28%
16 1.8 4.725 0.02% 10.800 3.19%
17 1.7 4.770 0.98% 10.900 4.15%
18 1.6 4.860 2.88% 11.150 6.54%
19 1.5 4.905 3.83% 11.300 7.97%
20 1.4 5.018 6.21% 11.320 8.16%
21 1.3 5.085 7.64% 11.390 8.83%
22 1.2 5.094 7.83% 11.400 8.93%
23 1.1 5.126 8:50% 11.420 9.12%
24 1.0 5.130 8.60% 11.435 9.26%
25 0.9 5.139 8.79% 11.500 9.88%
26 0.8 5.146 8.93% 11.700 11.79%
27 0.7 5.175 9.55% 12.100 15.61%
28 0.6 5,265 11.45% 12.400 18.48%
29 0.5 5.445 15.26% 12.500 19.44%
30 0.4 5.580 18.12% 11.000 5.10%
31 0.3 5.625 19.07% 10.940 4.53%
32 0.2 4.950 4.79% 10.850 3.67%
33 0.1 4.875 3.20% 10.750 2.72%
Ideal IYIass Flow (a\./erage 4724 10.466
of first 3 test points)
SAE;743 MTBI 145  |(ms) 1.66  |(ms)
Dypamic Flow @ MTBI 4.96 (mg/set) 10.99 (mg/set)
Maximum Deviation 19.07 (%) 19.44 (%)
TBI @ max deviation 0.3 (ms) 0.5 (ms)
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Minimum Time Between Injections
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< o | —&— Total Mass Flow @ P 1
2 7 |I[% Sl
2 o
L A | Band of acceptable deviation c
7] | X.” __ ____ _  _ —_a—T—m——m——— e _ o
@ 5% g It 250 2
g T 3
= £
[} % | = = | S
§ 0% 20.0 2
o 3
= o
g 5% """~ — T e SR —4-150 L
.0 ®
5 £
>
8 -10% | - B 94 1100 5
P
-15% S —— - = = s |50
-20% — 0.0
of 1 2 3 4 5 6 7 8 9 10 11 12 13 14 186\16 17 18 19 20 21 22 23 24 25
Time Between Injection. Events (ms)
Figure 16 - Typical dataset for MTBI flow variation
5.13.3 Data Reportjng for MTBI Testing
The SAE J2713 MTBI test values to be reported will,be the largest value of TBI and the associated mepn mass delivery per
two-pulse injection st for which the TBI deviation‘exceeds 5% with respect to the ideal reference mass flow. For any larger
TBI, the mass flow geviation will be less than 5%. This defines the SAE J2713 MTBI indicator of the operational lower
boundary for the time between injections:-A theoretically perfect injection system would have an MBI of 0.1 ms, which

could be approachalple by piezoelectric ' GDI injectors but not likely by solenoid-actuated GDI injectors.
not exceed the 5% limit for any value 'of TBI during the test, then the SAE J2713 MTBI is to be reporte

The MTBI value and the associated value of fuel mass delivery at that MTBI are to be determined
data-reporting sheet|in Table\1¥, Part 5-B for each of the five tested injectors. The five values of MTB
of the associated fugl mass’delivery are then each to be averaged to obtain the final values of MTBI an
on data-reporting sheet Part 5- A These final values will be the SAE J2713 MTBI test value and the 3

If the deviation does
d as 0.1 ms.

and reported on the
| and the five values
d mass flow to report
ssociated fuel mass

delivery. If there are lnode

pver, if there are test

deviations, the values are to be recorded in the boxes beIow the SAE J2713 MTBI boxes, leaving the SAE J2713 MTBI

boxes blank.

For each injector tested, the measured and tabulated mass flow data for the individual values of TBI th

at were tested are to

be recorded on the data-reporting sheet Part 5-B. The serial number of each injector is to be recorded at the indicated
position on the Part 5-B data-reporting sheet. Plots of the fuel mass delivered and the percentage deviation from ideal fuel
mass delivery are to be prepared for each injector. These plots are to be generated for both the Pso and P2o fuel pressures

and are to be attached to the data-reporting sheet.
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Table 11 - GDI MTBI: data-reporting sheet

SAE J2713 - Data-Reporting Sheet for GDI Minimum Time Between Injections (MTBI)

Part 1: General Test

Logistics

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 Injector Driver Module

Injector manufacturer
and design type

Injector description

Injector part number

Injector serial numbe

Injector driver type
(attach plot of current

waveform to datashegt)

Injector driver charge
delay time (if any) (m

U7
—

Additional informatior

Part 3: Test Conditipns

Specific Test Conditions

Standard Test Conditiong

time

Test fluid n-heptane
,(Aorg;)lent temperature 210 +2.0
Ambient pressure (kHa) 100+ 5
Fluid temperature (°Q) 21.0+£2.0
Fluid pressure (MPa) Pso and P20 both to within +0.5%
Initial injector

temperature (°C) 21.0£2.0
Injection pulse width pf

an individual injection 1.0+ 0.01
(ms)

Number of injection 2
pulses in an injection|set

.InJect'lon period betwgen 50.00 + 0.05
injection sets (ms)

Number of injection sgts

measured for each test 1000
point

Injector preconditioning As per 4.2

Additional informatior

Part 4: Description and C

omments on Instruments or Test Deviations

Instrument details

Test deviations

Part 5-A: Reporting of Final Test Results for GDI Minimum Time Between Injections (MTBI)

Reporting of the
measured minimum time
between injections for no
test deviations: Average
of the five individual
values for each of the
five tested injectors that
are listed on the Part 5-B
datasheet.

SAE J2713 minimum time between SAE J2713 dynamic flow at MTBI Other
injections (ms) (mg/pulse) info
MTBI for Pso: Flow for Pso:

MTBI for P2o: Flow for Pao:

Minimum time between injections (ms)

Minimum fuel delivery (mg/pulse)
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Measured minimum time
between injections: For
non-standard test
conditions or IPW:

If there are known test
deviations, enter the
results here and indicate
deviations above in

Part 4.

Additional information

Data plots

Attach plots of measured fuel mass delivered per two-pulse injection set and % deviation

from ideal flow versus TBI for both P2o and Pso. Also attach plots of representative driver

current waveform to datasheets.

Part 5-B: Reporting of Detailed Mass Flow Data

Note: Use a new copy of this Part 5-D datasheet for each injector

Injector S/N

Measured Mass Flow Values

TBI Value (ms)

P20 Mass Flow

P20 Deviation from
Ideal Flow (%)

Pso Mass Flow

Pso Deviation from
Ideal Flow (%

24.0

15.0

10.0

5.0

4.5

4.0

3.5

3.0

2.5

2.4

23

2.2

21

2.0

1.9

1.8

1.7

1.6

1.5

1.4

1.3

1.2

1.1

1.0
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0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Additional Informatjon

Data Plots Attach plots of Measured Fuel Mass Delivered per two-pulsg‘injection set gnd %
Deviation from ideal flow versus TBI for both P2¢ and Psy.

Also attach plots of representative driver current waveform to datasheets.

5.14 Shot-to-Shot (BTS) Mass Flow Variation

5.14.1 Overview of|the STS Variability Parameter

This document provi
flow variability amor
achieved before the

des a test for the minimum fuel mass flow deliyery for a GDI injector that has a spg
g many injection events. The test is used:te determine the minimum mass fuel
shot-to-shot mass flow variation equals 5% of 3*COV. At that value of fuel mass

ecified limiting mass
delivery that can be
flow variability there

is a corresponding mean value of the delivered mass of fugkper pulse, and there is also a specific valfie of the IPW. These
are the values that are to be reported as the test results.

The test consists of
of test points of incre

measuring and documenting.the'changes in the COV in mass flow for a single GOl injector for a series
asing injection pulse width- A'sample dataset is presented in Table 12 and is plotted in Figure 17.

The SAE STS test ip for a single injection)\per cycle. It is recognized that multiple injections are commonly used in GDI
systems; however, the basic case of the mass variation among many single injections must ideally be pnderstood first. The
SAE STS test is als¢ defined for a single injector, not a population of injectors. It should be noted thgt this recommended
practice document does not define.an STS test procedure and data reduction for testing a population of injectors nor for
multiple injections pgr pulse.

5.14.2 Test Equipment for STS Testing

There are currently three types of STS flow meters in common use. These are the rate tube, the positive displacement type,
and the constant volume type. The SAE J2713 Recommended Practice test fluid to be used for STS testing is n-heptane

5.14.3 Procedure for the STS Test

A minimum test set of five new GDI injectors of the same make and model from serial production shall be tested. Additional
injectors may be tested as desired. If the injectors are obtained from other than serial production, the source and selection
method shall be entered in the comments section of the data-reporting sheet. As noted in 5.14.1, the basic STS test is
performed on a single injector, and the results that are obtained are for that injector. The individual STS results for each of
the five injectors are averaged to obtain the final numbers that are reported. More than five injectors may be tested if
required, with the STS results for all tested injectors averaged. Preproduction injectors may be used in this test without
deviation if this is clearly noted in the comments section of the data-reporting sheet. The possible use of a charge delay in
the GDI driver must be addressed in the establishment of the pulse width that is used for testing. IPW is to be used, not
LPW. These terms are defined in 3.2.
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r shall be preconditioned as described in 4.2.

Use n-heptane at a temperature of 21 °C £ 2 °C as the test fluid unless it is precluded by the particular flow meter being

used. If other than n-heptane is used, it shall be reported in the comments section of the data-reporting sheet.

Install one of the test injectors on a fuel flow stand that has one of the STS-capable flow measurement instruments

The test fluid pressure is to be set to Pso, as specified by the GDI application. If required, other fuel pressures can be

tested to determine the STS results for other fluid pressures, but only Pso is to be used for reporting the SAE J2713

period (P) to 50 ms, which is a 20 Hz injection frequency.

a. Each testinjecto

b.

C.
connected.

d.

STS values.

e. Set the injection

f.

g. Determine the fi
a noticeable res
200 injection pul

h. After the first flo
IPW values that

i. Add test points
previous step.

j-  Finally, measurg

k. Using the testp

remaining inject

5.14.4 Data Reduction and Analysis for STS Testing

For each of the five
delivered mass flow
delivered mass poin
deviation of the mas
that data are to be ¢
each of the IPW vald

Prepare a plot for th
the IPW values as t
Then, using this 1PV

All testing shall ll)e performed in the direction of increasing pulse widths (from low to high).

st-fuel pulse width: Start with an IPW of 0.150 ms and then increment the'test IP
bonse is observed on the flow measurement instrument. Measure the delivered f
ses at that initial IPW.

are each incremented by +0.050 ms above the first-fuel IP\W(see Table 11 for an

at IPW values of 0.600, 0.700, 0.800, and 0.900 ms._if those values were no

bints determined in steps (g) through (j) on the first injector in the test set, comple
brs by repeating steps (a) through (f) for'the next injector in the test set.

(or more) injectors, the fuelflow COV for each pulse width is to be computed
data over 200 (or more) injection pulses. The mean and standard deviation of
s are to be computed.for each IPW value. The CQOV for this test is defined as the
5 injected per pulse(to the mean of the mass injected per pulse. Next, the percent
pbmputed, as the 3*COV (%) parameter will be used to plot the data. This data red
es for each of.the other test injectors.

e data frem-each test injector, with the delivered mass flow and percentage 3*CO

value’and its associated 3*COV (%) value, as well as the next longer IPW valy

V by +0.025 ms until
uel mass for at least

ving pulse width, measure the delivered fuel mass for at least.200 injection puls¢s each for ten more

example dataset).

already part of the

the delivered fuel mass for at least 200 injection‘events for IPW values of 1.000 ms and 2.000 ms.

te the testing on the

for the accumulated
each set of the 200
ratio of the standard
ge 3*COV values of
ction is repeated for

V (%) as Y-axes and

ne X-axis. For an injector, identify the longest IPW that yields a 3*COV (%) vallie that exceeds 5%.

e and its associated

3*COV (%) value (

his)value will be less than 5%), perform a linear interpolation to obtain the

IPW value and the

corresponding mean value of the delivered mass flow for which the 3*COV (%) value of fuel mass flow variability is exactly
5%. Then prepare plots and perform the linear interpolations for the other injectors in the test set. Determine the one injector
in the test set that has the highest computed IPW for which the value of fuel mass flow variability is exactly 5%.
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Table 12 - GDI shot-to-shot sample dataset

Test Order|  IPW Mass/Pulse | Standard Dev. 3*COV%
(mg) (mg)
1 0.425 2.34 0.04 5.13
2 0.475 3.30 0.06 5.45
3 0.525 3.05 0.05 4.92
4 0.575 4.64 0.07 4.53
5 0.6 5.13 0.09 5.26
6 0.625 5.46 0.05 2.75
7 0.675 5.97 0.03 1.51
8 0.7 6.22 0.06 2.89
9 0.725 6.47 0.08 3.71
10 0.775 7.23 0.08 3.32
11 0.8 7.60 0.08 3.16
12 0.9 8.95 0.08 2.68
13 1 9.78 0.07 245
14 2 20.58 0.05 0.73

Shot To Shot Indicated Flow Variation (SAE(2713)
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Figure 17 - Measured STS flow variation for a GDI injector
5.14.5 Data Reporting for STS Testing

Record the computed STS mean mass flow values, the standard deviation of those values, and the percentage 3*COV
values for each IPW value on the STS data-reporting sheet, Part 5-B. Use a blank copy of Part 5-B for each test injector,
with the injector serial number indicated at the top of each sheet. In Part 5-A of the data-reporting sheet, report the mean
value of the delivered mass flow and the IPW for the one tested injector having the maximum IPW value. These are the
SAE J2713 STS values if there are no test deviations.
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Table 13 - GDI STS variability tests: data-reporting sheet

SAE J2713 - Data-Reporting Sheet for Shot-to-Shot Fuel Mass Delivery Variation

(Use one copy of this datasheet per injector)

Part 1: General Test Logistics

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

Injector Driver Module

Injector manufacturer and design type

Injector description

Injector part number

Injector serial numbe

Injector driver type:

Driver charge delay time (if any)

(ms)

Additional informatior

Part 3: Test Conditipns Specific Test Conditions Standard Test Jonditions
Test fluid n-heptane

Ambient temperature|(°C) 21.0£2)0

Ambient pressure (kHa) 100% 5

Fluid temperature (°d) 210+ 2.0

Fluid pressure (MPa) Rso to within £0.5%
Initial injector temperature (°C) 21.0+£2.0

Pulses per injection set 200

Period between inject sets (ms) 50 + 0.05

Injector axis orientatipn (degrees) Vertical unless specified
Injector preconditionifig time As per 4.2

Additional informatior

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

Instrument details

Test deviations

Part 5-A: Final Test

Results for Shot-to-Shot Fuel)Mass Delivery Variation

Shot-to-shot 3*COV
fuel mass delivered:

For no test deviations
the boxes to the right|

ariability of 5% in

, enter results in

SAE J2713 STS IPW (ms)

Mean fuel mass delivered:
SAE J2713 STS fuel flow
(mg/pulse)

Shot-to-Shot 3*COV
fuel mass delivered:

ariability of §%

For nonstandard test
additional fuel pressu
the boxes to the right

conditions or for an
re;enter results in

in STS IPW (ms)

Mean fuel mass delivered
at this STS test point
(mg/pulse)

Fuel pressure = MPa

Additional information

Data plots

Attach curves of computed 3*COV (%) in delivered fuel mass per injection and mean fuel
mass delivered per injection (mg/pulse) as a function of IPW. Also attach a graph of the
injector driver current waveform.

Part 5-B: Tabulation of STS Mass Fuel Delivery and 3*COV%

Number of total pulses measured if greater than 200:

Injector of ; injector s/n:

Use a blank copy of this Part 5-B datasheet for each injector:

Injection Pulse Width (ms)

Mean Mass/Pulse (mg)

Standard Deviation (mg)

3*COV Variability (%)

Lower IPW as needed

0.425
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0.475

0.525

0.575

0.600

0.625

0.675

0.700

0.725

0.775

0.800

0.900

1.000

2.000

6. ENVIRONMENTAL TESTS

6.1 External Fluid

This series of tests d
with various externa

Compatibility Tests

btermines the compatibility of the external surface of a gasoline GDI injector, exclug
liquids and gases. This is to ensure that the external surfaces, can’/withstand o

automotive fluids andgl cleaning procedures. It is not practical to evaluate all variations;of test fluids and

thus, a consensus lig

6.1.1  Common AY
A test fluid is defineq
that shop supplies f
recommended fluids|

t of such common test fluids is specified.
tomotive Fluids for External Compatibility Tests

as a material representative of its particular group, which is sufficiently well defir
om different sources are essentially identical (refer to ASTM D471). The most

are listed in Table 14.

Table 14 - Common automotive fluids for external compatibility tests

ing external O-rings,
ontact with common
Cleaning procedures;

ed in all respects so
commonly used and

Fluid

Description

Automatic transmissipn fluid

Dexron Ill (General Motors'Registered Trademark), Mercon (Ford Registered
equivalent.

Trademark), or

Engine oll Commercially available SAE grades.

E10 ASTM Reference-Fuel C with 10% ethanol shall be 10% by volume reagent-gfade ethanol added
to Fuel C.0V

E85 ASTM Reference Fuel C with 85% ethanol (E85) shall be 85% by volume reagent-grade ethanol
addedto;Fuel C

M15 ASTM Reference Fuel C and 15% methanol shall be 15% by volume reagentigrade methanol
added to Fuel C("

Diesel fuel Diesel fuel (No. 2) as described by SAE J313. The fluid shall have an aniline point of 60 to 70 °C. It

is preferred that emissions-grade diesel fuel conforming to 40 CFR 86.113 beTused.

Axle and manual transmission® | Gear oil API-GL-5 as described in SAE J308. (Viscosity as defined in SAE J3()6 may be specified
lubricants at the option of the test engineer.)

Battery electrolyte Reagent-grade sulfuric acid diluted with water to a specific gravity of 1.25 to 1}28.

Antifreeze Ethylene glycol/water mixture in equal portions.

Brake fluid Polyglycols and cellosolves per SAE J1703 and 49 CFR 571.116.

Engine cleaner

Commercially available engine cleaning solvent such as ethylene glycol monobutyl ether (Dow

Butylcellosolve™ solvent), technical grade.

Windshield washer fluid

Commercially available washer fluid containing methanol or equivalent.

™

6.1.2

a.

Refer to ASTM D4814 for Reference Fuel C and ASTM D4806 for ethanol.

Procedure for the Common Automotive Fluid Compatibility Test

A minimum set of five new, identical injectors from serial production shall be tested for each fluid. More injectors can be

optionally tested for any particular fluid if required. The testing of an injector with one fluid followed by another fluid is
to be avoided. If the injectors are obtained from other than serial production, the source and selection method shall be
entered in the comments section of the data-reporting sheet. Each of the five (or more) injectors shall be tested for Qs,
Qvr, IR, R, and tip leakage both prior to and after completion of the compatibility tests.
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b. Each of the test injectors shall have the inlet and outlet suitably sealed. The injector is to have the electrical connector
fitted; however, it is not to be energized.

c. For battery acid exposure, the injector shall have its exposed surfaces dampened either by spraying or brush application
and allowed to stand for 24 hours.

d. For all other test fluids, the five (or more) injectors shall be submerged together in the test fluid at standard ambient
conditions for 24 hours.

e. Upon completion of the 24-hour period, the injector shall be degreased using a mild, citrus-based cleaner and then
washed gently in water not warmer than 38 °C and then dried by blotting with an absorbent cloth.

6.1.3 Data Reduction and Analysis for the External Fluid Compatibility Test

Each tested injector ghall be examined immediately after testing. The external surface condition shall-ye visually assessed.
The surface of any nonmetallic part shall not be cracked, melted, or the markings defaced. Special attgntion should be paid
to welded joints, crgvices, and other areas that may be especially susceptible to corrosion“of damage. The parameter
deviations from pretgst values to post-test values for Qs, Qvr, IR, R, and tip leakage are to be computed|for each test injector

and test fluid. The Qs and Qvr deviations are to be computed as percentage changes.

6.1.4 Data Reportjng for the External Fluid Compatibility Test

Record observationg of the visual appearance of the test samples on the data-reporting sheet in Table 15. The parameter

values and the com
recorded on the dats
the blank data-repor
sheets.

6.2 Water Jet Tes

In this test the injectq
hand-operated car w

6.2.1

uted deviations for Qs, Qvr, IR, R, and tip leakage foereach tested injector and tgst fluid shall also be

-reporting sheet. The Qs and Qvr deviations shall be‘reported as a percentage ch
fing sheet for each tested injector and test fluid. Photographs are to be attached

ris exposed to a water jet from a high=pressure spray nozzle that is typical of that p
ash facilities. This nozzle should*deliver a water jet pressure of approximately 10

Procedure for the Water Jet Test

ange. Use a copy of
to the data-reporting

Fesent in commercial
MPa.

a.

A minimum set ¢f five new, identical injectors from serial production shall be tested. More injectprs can be optionally
tested if required. If the injectors aré obtained from other than serial production, the source and sglection method shall
be entered in th¢ comments section of the data-reporting sheet. Each of the five (or more) injectors shall be tested for
Qs, Qvr, IR, R, gnd tip leakage-prior to the water jet test.

Each of the testjinjectors.shall have the inlet and outlet suitably sealed. The injector is to have thg electrical connector
fitted; however, it is notto be energized.

The exterior surface of the injector shall then be exposed to a high-pressure water jet that is typifal of that present in
commercial hand-operated car wash facilities. The water is to have a pressure of 10000 kPa and is to be applied with
the injector being at an approximate distance of 150 mm from the tip of the water jet. The application shall consist of
momentary (1 second) exposures over various surfaces of the injector with a repeat rate of 20 exposures per minute
(1 second on and 2 seconds off). This is to be continued for 10 minutes.

For a simulated lifetime exposure to high-pressure water jets, the procedure in step (c) should be repeated 39 more
times for a total exposure of 40 10-minute spray events.

Upon completion of the water jet test, the five injectors shall be dried by blotting with an absorbent cloth.
Each of the five (or more) injectors shall be retested for Qs, Qvr, IR, R, and tip leakage after completion of the water jet

test. If the optional 400-minute test to simulate a lifetime exposure is performed, also remeasure Qs, Qvr, IR, R, and tip
leakage after the completion of that test.
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6.2.2 Data Reduction and Analysis for the Water Jet Test

Following exposure to the water jet, visually inspect all of the samples and note any negative findings. Specific issues to
look for include, but are not limited to, penetration of water at the electrical connector and any cracking of any external
surfaces. The parameter deviations for Qs, Qvr, IR, R, and tip leakage resulting from the water jet test shall be computed
for each injector. The Qs and Qvr deviations are to be computed as percentage changes. Do this for the 10-minute test and
also for the 400-minute lifetime simulation test if that test was conducted.

6.2.3 Data Reporting for the Water Jet Test

All observations that resulted from the inspection of the test injectors are to be recorded on the data-reporting sheet in

Table 15, with photographs taken of all injectors. All photographs are to be attached to the data-reporting sheets. The pretest
and post-test parameter values, and the associated deviations that were computed for Qs, Qvr, IR, R, and tip leakage, shall

be recorded on the

parameter deviation
reported on the da
data-reporting sheet

6.3 Steam Jet Tes

In this test, the injec

steam jet should del

be entered in th¢ comments section of the data-reporting sthéet. Each of the five (or more) injecto

6.3.1

a. A minimum set
tested if required
Qs, Qv IR, R, g

b. Each of the test
fitted; however,

c. The test shall ¢
repeated for a tq
nozzle tip.

d. For a simulated
exposure of 20
steam jet spray

e.

f. Each of the five

jet test.

Procedure for the Steam Jet Test

Upon completion of the steam jet test, the five injectors shall be dried by blotting with absorbent cl

data-reporting sheetl. The Us and Qvr deviations are 10 be recorded as perce
5 for Qs, Qvr, IR, R, and tip leakage resulting from the 400-minute water jet spra
fa-reporting sheet if that optional test was performed. Indicate in the-comm
whether a 10-minute test or a 400-minute test, or both, were conducted:!

t

ver steam at an upstream pressure of approximately 7 MPa:

bf five new, identical injectors from serial production shall be tested. More injecto
. If the injectors are obtained from other than serial production, the source and s¢

nd tip leakage prior to the steam jet test.

injectors shall have the inlet and outlet suitably sealed. The injector is to have the
t is not to be energized.

bnsist of a 15-second steam.jet exposure to a set of five (or more) closely sp3
tal of four exposures. The“injector set is to be positioned at a distance of 150 m

lifetime exposure to steam jets, the procedure in item (c) should be repeated 1
15-second spray ‘events (300 seconds total). There should be a 1-minute cooli
bvent.

htage changes. The
y test are also to be
ents section of the

for is exposed to a steam jet from a steam-cleaner nozzle, as.is’used in commeicial equipment. This

rs may be optionally
lection method shall
I's shall be tested for

electrical connector

ced injectors that is
m from the steam jet

9 more times for an
ng period after each

oth.

(of2more) injectors shall be retested for Qs, Qvr, IR, R, and tip leakage after conppletion of the steam

6.3.2 Data Reduction and Analysis for the Steam Jet Test

Following exposure to the steam jet, visually inspect all of the samples and note any negative findings. Specific issues to
look for include, but are not limited to, penetration of water at the electrical connector and any cracking of any external
surfaces. The parameter deviations for Qs, Qvr, IR, R, and tip leakage resulting from the water jet test shall be computed.
The Qs and Qvr deviations are to be computed as percentage changes. Do this for the 15-seconds test and also for the
300-second lifetime simulation test if that test was conducted.
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6.3.3 Data Reporting for the Steam Jet Test

All observations that resulted from the inspection of the test injectors are to be recorded on the data-reporting sheet in
Table 15, with photographs taken. All photographs are to be attached to the data-reporting sheets. The pretest and post-test
parameter values and the associated parameter deviations that were computed for Qs, Qvr, IR, R, and tip leakage shall be
recorded on the data-reporting sheet. The Qs and Qvr deviations are to be recorded as percentage changes. The parameter
deviations for Qs, Qvr, IR, R, and tip leakage resulting from the 300-second steam jet test are also to be reported on the
data-reporting sheet if that optional test was performed. Indicate in the comments section of the data-reporting sheet
whether a 15-second test or a 300-second test, or both, were conducted.

Table 15 - External fluid compatibility tests: data-reporting sheet

SAE J2713 - Data-Reporting Sheet for External Fluid Compatibility Tests
Part 1: General TestfLogistics

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

Test being reported (¢heck one): If an external fluid test, designate the test fluid here:
o External fluids

o Water jet o 10 min Test o 400 min-Test

o Steam jet o 15 sec Test o 300'sec Test

Additional informatior

Part 4: Description and Comments on Equipment or Test Deviations
Test equipment detai|s and test any
deviations

Part 5: Test Results
Note: If reporting on gn external fluid test, Use a copy of this data-reporting sheet for each test fluid.

Performancg¢ Parameter Pretest Post-Test Change
Inj #1 (SN):
Qvr (mg/pulse) %
Qs (g/s) %

Insulation resistance R (ohmis)
Coil resistance R (ohins)

Tip leakage (mmS3/mirh)
Visual observations

Inj #2 (SN):
Qvr (mg/pulse) %
Qs (g/s) %

Insulation resistance IR (ohms)
Coil resistance R (ohms)

Tip leakage (mm3/min)

Visual observations

Inj #3 (SN):
Qvr (mg/pulse) %
Qs (g/s) %

Insulation resistance IR (ohms)
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Coil resistance R (ohms)

Tip leakage (mm3/min)

Visual observations

Inj #4 (SN):

Qvr (mg/pulse)

%

Qs (g/s)

%

Insulation resistance

IR (ohms)

Coil resistance R (ohms)

Tip leakage (mm3/min)

Visual observations

Inj #5 (SN):

Qvr (mg/pulse)

%

Qs (g/s)

%

Insulation resistance

R (ohms)

Coil resistance R (oh

ns)

Tip leakage (mm3/min)

Visual observations

Overall Test Commennts

Record test observat
photographs below

ons and attach

6.4 Temperature (

The temperature cy|
exposure to extreme

6.4.1

A minimum set
tested if required
be entered in th
per the procedu
leakage prior to

a.

Procedure for the Temperature Cycling Test

The temperature cycling test shallbe conducted on a test bench that is capable of operating t

Cycling Test

Cle test is designed to evaluate and quantify>any changes in injector performa
temperature cycle test conditions.

. If the injectors are obtained from other than serial production, the source and s¢
e comments section of the"data-reporting sheet. Each of the test injectors shall §
res described in 4.2. In addition, each of the test injectors shall be tested for Qs
hny temperature cycling'\testing.

r at elevated.temperatures. The test cycle is illustrated in Figure 18. The injectors
hly during,segments E through G of the cycle, not during A to E.

p be ASTM Reference Fuel C with 10% by volume reagent-grade ethanol, with 3
start™of every test. The fuel pressure for the test is to be set to Pso, with an IP

nce that result from

bf five new, identical injectors fromserial production shall be tested. More injectors can be optionally

lection method shall
e preconditioned as
, Qur, IR, R, and tip

ne injectors inside a
are to be operational

fresh supply of test
W of 1.20 ms and a

ms

b.
thermal chambe
(injecting fuel) o
c. The test fuel is
fuel used at the
period (P) of 7.0
d.
e.

The designated test cycle shown in Figure 18 is to be repeated for a total of 175 cycles.

IR, R, and tip leakage.

Following the completion of 175 designated temperature cycles, each of the test injectors shall be retested for Qs, Qvr,
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TEMPERATURE CYCLE TEST PROFILE
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Figure 18 - Temperature cycle test profile
6.4.2 Data Reduction and Analysis for the Temperature Cycling Test

For each test injectd
temperature cycling

6.4.3 Data Report

For each test injectd
parameter deviation
sheet in Table 16. T
a percentage chang
6.5 Hot Static Sog

This procedure is d
exposure to an extrg

6.5.1
A minimum set

tested if requireq
be entered in th

a.

Procedure for the Hot Static.Soak Test

r, the changes in Qs, Qvr, IR, R, and tip leakage from:the start to the completion|
fest shall be computed. The changes in Qs and Qg shall each be computed as a

ng for the Temperature Cycling Test

r, the pretest and post-test parameter values of Qs, Qvr, IR, R, and tip leakags
b from the start to the completion of the temperature cycling test shall be recorded
ne deviations in Qs and Qvr for each parameter shall each be recorded on the da

b

P .

k Test

bsigned to evaluate and quantify any changes in injector performance that res
me high-temperature)condition.

of 175 cycles of the
percentage.

and the associated
bn the data-reporting
a-reporting sheet as

Ilt from a prolonged

pf five newy’/identical injectors from serial production shall be tested. More inject
. If thé-injectors are obtained from other than serial production, the source and s
b comments section of the data-reporting sheet. Each of the test injectors shall

per the procedu

reS-described in 4.2. In addition, each of the test injectors shall be tested for Q

leakage prior to any hot static soak testing.

R, and tip leakage.

rs can be optionally
lection method shall
e preconditioned as
, Qvr, IR, R, and tip

Drain and dry each test injector with dry compressed air or nitrogen following the initial measurements for Qs, Qvr, IR,

Insert the test injectors into a heated, stabilized air environment having a temperature of 150 °C + 2 °C. The duration of

this high-temperature exposure is to be 720 hours. In this hot static soak test, the injectors are dry and are not operated.

IR, R, and tip leakage.

Following the 720-hour exposure, allow the injectors to cool to room temperature and remeasure each one for Qs, Qvr,
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6.5.2 Data Reduction and Analysis for the Hot Static Soak Test

For each test injector, the changes in Qs, Qvr, IR, R, and tip leakage from the start to the completion of 720 hours of
high-temperature exposure shall be computed. The changes in Qs and Qvr shall each be computed as a percentage.

6.5.3 Data Reporting for the Hot Static Soak Test
For each test injector, the pretest and post-test parameter values of Qs, Qvr, IR, R, and tip leakage and the associated

parameter deviations from the start to the completion of 720 hours of high-temperature exposure shall be recorded on the
data-reporting sheet in Table 16. The computed deviations in Qs and Qvr shall each be recorded as a percentage change.

6.6 Cold Static So

ak Test

This procedure is dgsigned to evaluate any changes In injector performance that result from a prolo

extreme low-temper

6.6.1

a. A minimum set
tested if requireq
be entered in th
per the procedu
leakage prior to

b. Drain and dry eg
R, and tip leakag

c. Insert the test in
this cold-temper

d. Following the 72
Qvr, IR, R, and

6.6.2 Data Reduc
For each test inject
cold-temperature e
percentage change.

6.6.3 Data Report

For each test injectd
parameter deviation

Procedure for the Cold Static Soak Test

ture condition.

. If the injectors are obtained from other than serial production,.the source and s¢
b comments section of the data-reporting sheet. Each of the test injectors shall &
fes described in 4.2. In addition, each of the test injectorscshall be tested for Qg
ANy cold static soak testing.

ch test injector with dry compressed air or nitrogen _following the initial measuren;
e.

jectors into a cold, stabilized air environment*having a temperature of -40 °C + 2

p leakage.
ion and Analysis for the Cold\Static Soak Test

br, the changes in Qs,\Qvr, IR, R, and tip leakage from the start to the comple

ng for the.Cold Static Soak Test

r, the’ pretest and post-test parameter values of Qs, Qvr, IR, R, and tip leakags
5 fromn-the start to the completion of 720 hours of cold-temperature exposure sha

hged exposure to an

pf five new, identical injectors from serial production shall be tested. More injectors can be optionally

lection method shall
e preconditioned as
, Qvr, IR, R, and tip

ents for Qs, Qvr, IR,

°C. The duration of

hture exposure is to be 720 hours. In this cold static soak test, the injectors are dry and are not operated.

0-hour exposure, allow the injectors*to warm to room temperature and remeasyre each one for Qs,

tion of 720 hours of

posure shall be (computed. The deviations in Qs and Qvr shall each bpe computed as a

and the associated
| be recorded on the

data-reporting sheet

in_Fable 16. The computed deviations in Qs and Qvr shall each be recorded as a

percentage change.

6.7 Thermal Shock Test

This procedure is designed to evaluate any changes in injector performance that result from a series of extreme thermal
shocks that occur when the injector is not operating. This test can be performed with commercially available automatic
thermal shock equipment or by manually moving the test parts between two environmental chambers in close proximity.
The chambers must be of the forced air type to ensure rapid temperate transition of the test parts. The transition time must
be verified through temperature measurements on the first and final cycle. This thermal shock test is performed dry, with no
test fluid or injector actuation.
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6.7.1

a.

Procedure for the Thermal Shock Test

A minimum set of five new, identical injectors from serial production shall be tested. More injectors can be optionally
tested if required. If the injectors are obtained from other than serial production, the source and selection method shall
be entered in the comments section of the data-reporting sheet. Each of the test injectors shall be preconditioned as
per the procedures described in 4.2. In addition, each of the test injectors shall be tested for Qs, Qvr, IR, R, and tip
leakage prior to any thermal shock testing.

Drain and dry each test injector with dry compressed air or nitrogen following the initial measurements for Qs, Qvr, IR,
R, and tip leakage.

Set up the chamber(s) for 130 °C + 2 °C and -40 °C £ 2 °C. The cycle starts in the cold chamber and shall soak for
30 minutes. The transfer between the cold to hot condition shall take place in under 3 minutes. The hot soak period is

30 minutes staring afier the transition period. The hot t0 cold transition shall then be compleied
the end of a single cycle. The transition time is confirmed by measuring the: ai
f the test parts. The air temperature shall achieve at least 90% of the termper.
fransition is 170 °C, so the 90% transition would be when the temperature‘feachps 113 °C or -23 °C,
depending on transition direction). The air temperature shall also reach the +2 °C steady state
15 minutes. The temperature transition data shall be taken with precision data re¢ording equipment at
second or faster. The temperature transition data shall be confirmed for the first arld last full cycles with
in place. In the case of using two separate chambers, the temperature probe shgll be moved with the
he chamber to another, and the physical transfer shall be dene within 3 minutes
ng opened to the door on the second chamber being closed). See Figure 19 for
ature confirmation data.

This transition is
within 300 mm
3 minutes (total

tolerance within
one sample per
the full test load
test parts from o
first chamber be
of typical tempe

in under 3 minutes.

[stream temperature
ure transition within

amber temperature

rom the door on the
a sample illustration
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Figure 19 - lllustration of typical temperature confirmation data
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d. Repeat this thermal shock cycle for a total number of 200 cycles.

e. Following the completion of the 200 cycles, allow the injectors to return to room temperature and remeasure each one
for Qs, Qvr, IR, R, and tip leakage.

6.7.2 Data Reduction and Analysis for the Thermal Shock Test

For each test injector, the changes in Qs, Qvr, IR, R, and tip leakage from the start to the completion of 200 cycles of thermal
shock shall be computed. The deviations in Qs and Qvr shall each be computed as a percentage change.

6.7.3 Data Reporting for the Thermal Shock Test

For each test injector, the pretest and post-test parameter values of Qs, Qvr, IR, R, and tip leakage and the associated
parameter deviationg from the start to the completion of 200 cycles of thermal shock shall be recorded pn the data-reporting
sheet in Table 16. The computed deviations in Qs and Qvr shall each be recorded as a percentage-change. Temperature
confirmation data frgm the first and final full cycle shall be appended to the data-reporting sheet.

Table 16 - Thermal environmental tests: data-reporting sheet

SAE J2713 - Data-Reporting Sheet for Temperature Cycle, Hot and Cold Static Soak, and Theral Shock
Part 1: General Test| Logistics

Test name or log Date of-est
Name of operator Timé 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

Test Being Reported Tested-Temperatures Standard Test Temperatures
o Temperature cycle o See profile in test procedufes
o Hot static soak o0150°C+2°C
o Cold static soak o-40°Cx2°C
o Thermal shock o -40°C+2°Cto130°C 2 °C

Additional informatior

Part 4: Description and Commentsion Equipment or Test Deviations
Test equipment details

Test deviations

Part 5: Test Results|for Temperature Cycle, Hot and Cold Static Soak, and Thermal Shock

Performance Parameter Pretest Value Post-Test Value Change
Inj #1 (SN):
Qvr (mg/pulse) %
Qs (g/s) %

Insulation resistance IR (ohms)
Coil resistance R (ohms)
Tip leakage (mm3/min)

Observations

Inj #2 (SN):

Qvr (mg/pulse) %
Qs (g/s) %

Insulation resistance IR (ohms)
Coil resistance R (ohms)
Tip leakage (mm®min)
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Observations

Inj #3 (SN):

Qvr (mg/pulse)

%

Qs (g/s)

%

Insulation resistance IR (ohms)

Coil resistance R (ohms)

Tip leakage (mm?3/min)

Observations

Inj #4 (SN):

Qur (mg/pulse)

%

Qs (g/s)

%

Insulation resistance R (ohms)

Coil resistance R (ohpns)

Tip leakage (mm3/min)

Observations

Inj #5 (SN):

Qvr (mg/pulse)

%

Qs (g/s)

%

Insulation resistance |R (ohms)

Coil resistance R (ohmns)

Tip leakage (mm3/min)

Observations

Inj #6 (SN):

Qvr (mg/pulse)

%

Qs (g/s)

%

Insulation resistance |R (ohms)

Coil resistance R (ohns)

Tip leakage (mm3/mif)

Observations

Inj #7 (SN):

Qvr (mg/pulse)

%

Qs (g/s)

%

Insulation resistance JR (ohms)

Coil resistance R (ohms)

Tip Leakage (mm®mijn)

Observations

Inj #8 (SN):

Qur (mg/pulse)

%

Qs (9/)

%

Insulation resistance IR (ohms)

Coil resistance R (ohms)

Tip leakage (mm3/min)

Observations

Record test observations and attach

photographs below
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6.8 Salt-Spray External Cyclic Corrosion Test

This test procedure is utilized to determine the degree to which the test injector can withstand the effects of extensive
external salt corrosion. This type of corrosion is likely to occur in geographical locations that employ road salt to melt winter
ice and snow coatings and also on seaside roadways. The main source for the test equipment details, such as the spray
nozzles, corrosion coupons, and the corrosion test chamber, is ASTM B117-19. The salt-spray external cyclic corrosion test
consists of cycles of ambient environment salt-spray mist combined with a high-humidity and high-temperature drying
interval for a set of 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 ideally to be linear with test time throughout the test, and this can be monitored and adjusted if
required. A visual 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 t

corrosion test, wherias the test procedure indicated in ASTM B117-19 is not.

6.8.1 Design and

The cyclic corrosion

conditions. The test
100% RH) and the

24 hours per day, pf
are also required. Va
any chamber and ng
be applied manually
salt spray to thoroug
timings of the salt-s
cycle shall also conf

Corrosion monitoring
provided for the injed

Setup of Test Equipment for the Salt-Spray External Cyclic Corrosion Test

est consists of cycles of ambient temperature, salt mist, high humidity,and elevate
chamber for conducting this test shall be capable (at a minimum),of providing the
plevated drying temperature (60 °C £ 2 °C at <30% RH) required to run the cyq
eferably in an automated cycle. A tank, pump, and specific-spray nozzles for del
luable information on the design of these equipment items may be found in ASTM
zzle design that achieves the proper corrosion rate isipermissible. Although the
it is preferred that the corrosion chamber be capable of automatically applying a
hly wet the parts and rinse away any previous,salt'accumulation in a cyclic mar
pray injection period, the heat-and-humidity period, and the high-temperature-d
brm to the designated test procedure that isidetailed in the subsections below.

coupons of low-carbon steel are utilized'as part of this test to ensure that the c(
tor samples is adequate. The monitoring coupons that are periodically weighed for

are to be constructed of AlSI 1006-1010 steel and aredo’each be 25.4 x 50.8 mm in rectangular size a

either 1.59-mm or 3.
in the chamber is b3

8-mm thick. The expected mass-loss of the coupons that will verify a sufficient deg

50-cycle corrosion t
Coupons shall be
shall be mounted at
be placed a minimu
same corrosive envi

sed upon the thickness chosen and is outlined in ASTM B117-19. Ten coupons
st. The initial mass of each’/coupon shall be recorded on the data sheet prior to|

15-degree angle from'the vertical and should not contact or shadow each other.
of 5 mm apart and-shall be placed adjacent to the parts being tested so that they
onment.

The salt solution usefd to creaté the spray mist in the test chamber has the following composition: It shal
water containing 0.9f% soditint chloride, 0.1% calcium chloride, and 0.25% sodium bicarbonate, with

 is a thermal, cyclic

] drying-temperature
high humidity (up to
lic corrosion test for
vering the salt spray
B117-19. However,
Balt mixture mist can
controlled and timed
ner. The automated
'ying period within a

rrosive environment
corrosion mass loss
nd may optionally be
ree of corrosiveness
are required for this
the start of the test.

unted on a bracket and ‘isolated from the bracket via plastic or nylon studs angl nuts. The coupons

The coupons should
are subjected to the

consist of deionized
h pH that is between

6 and 8. An importat censSideration for the preparation of the salt solution is that either the calcium ¢
bicarbonate shall be|dissolved separately in deionized water and then added to the mixture to avoid th
precipitate that coul i i fOrT
recorded on the data-reporting sheet.

6.8.2 Procedure for the Salt-Spray External Cyclic Corrosion Test

a.

loride or the sodium
formation of a solid
o0 be measured and

A set of five (minimum) new injectors of the same make and model from serial production shall be tested. If the injectors

are obtained from other than serial production, the source and selection method shall be entered in the comments
section of the data-reporting sheet. Preproduction injectors may be utilized in this test without deviation if that information

is clearly listed in the comments section of the data-reporting sheet. Precondition each injector to
to the procedure in 4.2. Photograph each of the five injectors prior to any testing.

values for Qs, Qvr, IR, R, and tip leakage for each test injector that is to be tested in the
test chamber.

be tested according

Characterize the injector performance prior to starting the salt-spray external cyclic corrosion test by measuring the

salt-spray corrosion
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c. Each injector (hereafter 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 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.

f. 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.

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

1. Ambient corjditions phase (25 °C £ 3 °C, 40 to 50% RH) with salt spray mist.
2. Heat and humidity phase (49 °C + 3 °C, 95 to 100% RH).
3. High-tempertature drying phase (60 °C £ 3 °C, <30% RH).

h. 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 sprpy nozzles shall be capable of applying sufficient momentum to rinse away any residual salt from
previous sprays fand shall spray a sufficient amount of salt solution onto_the parts to maintain wetness for 15 minutes.

i. The ramp time hYetween phases 1 and 2 is to be 1 hour. The ramp:time between phases 2 and 3 |s to be 3 hours. The
ramp time betwgen phase 3 and the next repeat cycle of phase.lyis to be 2 hours. The ramp tirhe is included at the
beginning of that cycle’s 8-hour time period. Periodically inspect the samples and the overall operation of the spray
chamber as reqpiired in ASTM B117-19. The opening of thé. chamber shall be limited to the frequency necessary to
carry out the opgrations. Inspections should not be made more than twice a day for a total of 15 m|nutes. The positions
of the samples may be varied during the inspection period if required.

j. Following the first cycle, repeat the test for additional cycles until ten cycles have been complgted. As indicated in
ASTM B117-19 pn the procedure regarding coupons, remove two coupons at the end of the tenth| cycle and sandblast
the corrosion bytproduct off of both until the\surface is again bare. After cleaning with either algohol or acetone and
then drying, weigh each of the two coupons*on a precision scale and compute the decrease from the original mass. The
mass loss shoulfl ideally be approximately linear throughout the test, with a total mass loss per cdupon after 50 cycles
of 4161 to 4825 |mg for a 1.59-mm-thick coupon and 4573 to 5230 mg for a 3.18-mm-thick coupoh. Assuming a linear
mass loss, each| 1.59-mm-thick coupon should be expected to lose 832 to 965 mg during each tg¢n cycles of the test,
and each 3.18-mim-thick couponshould lose 915 to 1046 mg in that same test period. If this mags loss is found to be
either too high |or low during’ each ten-cycle increment, then the spray volume of the salt| solution should be
adjusted accordingly.

k. Also, at the end ¢f thestenth cycle, the test samples are to be removed from the chamber for an early cosmetic inspection
that will provide|arDindication of any early susceptibility to salt corrosion. As part of this early g¢ycle inspection, the
condition of the exterior surfaces shall be visually assessed and any evidence of surface corrosion, surface defects, or
blistering noted. Each injector is to be photographed and the photos clearly labeled as corresponding to the early visual
inspection. No performance test of the injectors is required after ten cycles.

I.  Atthe completion of each of the 20th, 30th, and 40th cycles, remove two additional coupons and sandblast, clean, and
dry them. Weigh the coupons and record the value of the mass loss since the start of the test. Also to be noted, but not
required to be recorded on the data-reporting sheet, are the incremental mass losses of each coupon between the tenth
and 20th cycles, the 20th and 30th cycles, and the 30th and 40th cycles. These values are only for monitoring the
degree of corrosiveness of the test. The injectors are not to be removed from the test chamber, and no performance
test is required after 20, 30, or 40 cycles.


https://saenorm.com/api/?name=66576530f024429741a7a10fd8b6df38

SAE INTERNATIONAL J2713™ SEP2024 Page 79 of 113

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. For each test injector, both a visual examination and a performance test are to be conducted for Qs, Qvr, IR, R, and tip
leakage after the 50th and final cycle.

6.8.3 Data Reduction and Analysis 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 shall
be paid to welded joints and other areas that may be particularly susceptible to corrosion. For the purpose of this salt-spray
test, a “significant” surface is defined as an external surface area of the test part 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 pn all significant surfaces are 1o be noted. The supporting photographs should alsg clearly indicate any
red rust spots, blistefs, and surface defects that were observed.

The expected average mass loss per coupon after 50 cycles should be in the range of 4161 16 4825 mg for a 1.59-mm-thick
coupon and 4573 to 230 mg for a 3.19-mm-thick coupon. This is 41.61 to 48.25 g for all ten coupons. |If the total measured
mass loss for the ter] total coupons does not fall into this range, the actual total mass lgss shall be listgd as a test deviation
in Section 4 of the data-reporting sheet. This deviation is indicative of a corrosive environment during fthe test that is either
too corrosive (excesgive mass loss) or not corrosive enough (insufficient mass loss) for a valid test.

For each test injectpr, the post-test (after 50 cycles) parameter deviationslef Qs, Qvr, IR, R, and fip leakage from the
measured pretest vglues are to be computed. The Qs and Qvr deviations.are to be computed as percgntage changes.

6.8.4 Data Reportjng for the Salt-Spray External Cyclic Corrosion Test
For each test injectqr, the pretest and post-test parameter values of Qs, Qvr, IR, R, and tip leakagg and the associated
parameter deviationg from the measured pretest values are to.be recorded on the data-reporting sheet in Table 17. The Qs
and Qvr deviations jare to be recorded as percentage changes. Use additional blank copies of Pages 2 and 3 of the
data-reporting sheetp if more than five injectors are tested:

Table 17 - Salt-spray external cyclic corrosion test: data-reporting sheet

SAE J2713 - Data-Reporting Sheet for the Salt-Spray External Cyclic Corrosion Test | Page 1 of 3
Part 1: General Tesfl 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 manufacturerjand
design type

Injector description
Injector part number
Additional information

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

Phase 2: 49°C £ 3.0 °C
Phase 3: 60 °C £ 3.0 °C
Relative humidity (%RH) Phase 1: 40 to 50%RH
Phase 2: 95 to 100%RH
Phase 3: <30%RH

Additional information

Part 4: Description and Comments on Equipment or Test Deviations
Test equipment details



https://saenorm.com/api/?name=66576530f024429741a7a10fd8b6df38

SAE INTERNATIONAL

J2713™ SEP2024

Page 80 of 113

Test deviations

Part 5-A: Test Results for Test Coupon Mass in the Functional Salt-Spray External Corrosion Test

Sample Coupon 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

(mg) After 40 cycles

OOIN|O|N|R|W|IN|—~

(mg) After 50 cycles

10

(mg) After 50 cycles

Total mass loss for af ten coupons after all 50 cycles (g):

Part 5-B: Test Results for Performance Parameters in the Salt-Spray External Cyclic Corrosion Test

| Page 2 of 3

Performpnce Parameter

Inj #1 (SN):

Pretest

Post 50 Cycles

Change

Qvr (mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistaphce (ohms)

R - Caoil resistance R [(ohms)

Tip leakage (mm?3/min)

Inj #2 (SN):

Pretest

Post 50 Cycles

Change

Qvr (mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistapce (ohms)

R - Coil resistance R |(ohms)

Tip leakage (mm3/mif)

Inj #3 (SN):

Pretest

Post 50 Cycles

Change

Qur (mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistaphce (ohms)

R - Caoil resistance R [(ohms)

Tip leakage (mm3/min)

Inj #4 (SN):

Pretest

Post 50 Cycles

Change

Qvr (mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistapce (ohms)

R - Coil resistance R (ohms)

Tip leakage (mm3/ min)

Inj #5 (SN):

Pretest

Post 50 Cycles

Change

Qvr (mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistance (ohms)

R - Coil resistance R (ohms)

Tip leakage (mm3/min)

Inj #6 (SN):

Pretest

Post 50 Cycles

Change

Qvr (mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistance (ochms)

R - Coil resistance R (ohms)

Tip leakage (mm®min)

Inj #7 (SN):

Pretest

Post 50 Cycles

Change

Qvr (mg/pulse)

%

Qs (g/s)

%

IR - Insulation resistance (ohms)
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R - Coil resistance R

(ohms)

Tip leakage (mm3/min)

Inj #8 (SN):

Pre-Test Post 50 Cycles

Change

Qvr (mg/pulse)

Qs (g/s)

%

IR - Insulation resistance (ohms)

R - Coil resistance R

(ohms)

Tip leakage (mm®min)

Comments on any of

the performance test results

Part 5-C: Salt-Spray

Test: Injector Serial Numbers and Results of Visual Examinations

| Page 3 of 3

Injector

Number Comments on Cosmetic Exam

Comments on Final Visual

and SerigTNumber

at 10 Cycles (Early Susceptibility) Exam Afte

F 50 Cycles

1- SIN:

2 - S/IN:

3- S/IN:

4 - S/N:

5- SIN:

6 - SIN:

7 - SIN:

8 - S/N:

Record test visual ob

servations above. Attach photographs taken initially and after-1Q cycles and 50 cycles.

7. PHYSICAL TES

7.1 Overview of P
The purpose of phys
parameters after be
classes, which are s

to various mechanical loads during manufacturing, testing, handling, and installation in the vehicle fuel

vehicle service, the i
installed on the engi
degrees of overpres

7.2 Static Mechan
7.2.1  Overview of
During manufacture]

moments. These log
illustrated in Figure 1

TS

hysical Tests

ically testing GDI injectors is to measureithe changes, if any, in a number of key
ng subjected to these defined static and non-static forces. These physical tests
tatic mechanical loading tests and.operational (non-static) physical tests. Fuel inj
hjector is also subjected to various non-static shock and vibrational loads. These Ig
ne or during injector removal;and cleaning. The injector may also be inadvertently|
sure, for which it must maintain body integrity.

ical Testing

Static Mechahical Testing

installation, and servicing, fuel injectors are subjected to various static me
ds take the form of axial compression, axial tension, bending moments, and applig

njector performance
consist of two main
ectors are subjected
ystem. During actual
ads may occur while
subjected to various

chanical forces and
d torsional loads, as
subjected to a series

Q- Tthe purpose of static mechanical testing is to ensure that the injector can be

of defined loadings @

7.2.2 Test Fixture

ind-still perform within acceptable limits that are defined by the OFM and the end |

Mounting Guidelines

user.

Axial load, bending moment, and torsional loads are applied to the injector during installation and removal to overcome the
resistance of seals used for the purpose of sealing, thermal and mechanical isolation, and compensation for part variations.
They are also subjected to loads resulting from mounting the fuel rail and/or retaining the injector.

On most designs, the upper half of the injector contains the electrical connector and the lower half the fuel metering section.
The loads are usually applied to the injector by pushing and twisting the upper half relative to the lower half. One fixture
design will not accommodate all injectors because of the variety of injector designs and mounting methods in use. The
fixture must take into account the specific injector design and application. Therefore, the loads and fixtures used may deviate
from those recommended in the following sections.


https://saenorm.com/api/?name=66576530f024429741a7a10fd8b6df38

SAE INTERNATI

ONAL J2713™ SEP2024

Page 82 of 113

7.2.3 Test Conditions for Physical Tests

All tests are to be conducted at a room and injector body temperature of 21.0 °C + 2.0 °C.

Tension

Compression Torsion

Bending

Ftn

Ftq

]

NN\

1
!m

Fb

7.2.4 Axial Load T

7.2.4.1 Axial Loa

a. A minimum set
tested if required
be entered in th
per the proced

b. Each test injectd
electrical conne

Figure 20 - Mechanical loading modes for physical testing
ension Test

] Tension Test Procedure (Related to Injector Removal)

bf five new, identical injectors from serial production shall be tested. More injectgrs can be optionally

. If the injectors are obtained from other than serial production, the source and sg
e comments section of the data-reporting sheet. Each of the test injectors shall §
ires described in 4.2 and then tested for Qs, Qvr, IR, R, and tip leakage
mechanical tests.

lection method shall
e preconditioned as
prior to any static

r shall*be drained of any test fluid and shall have the fuel inlet port open and the tip uncapped. The
toris not to be installed. Each test injector shall be mounted in a suitable fixture with the body fixed

according to the

appropriate diagram in Figure 20.

c. A tension of 220 N £ 10 N shall be applied to the upper housing via the O-ring groove for 15 minutes along the

longitudinal axis

of the injector.

d. Following the axial load tension test, retest each injector to obtain the post-test values of Qs, Qvr, IR, R, and tip leakage.

7242

Data Reduction and Analysis for Axial Load Tension Test

Inspect each test injector under a microscope and note any cracks or visible plastic deformation on the connector. Also, for
each injector, compute the percentage changes in Qs and Qvr and the change in R, IR, and tip leakage.
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7.2.4.3 Data Reporting for Axial Load Tension Test

On the data-reporting sheet in Table 18, record the values of Qs, Qvr, IR, R, and tip leakage that were measured for each
test injector both before and after the test. Record the percentage changes in Qs and Qvr and the changes in R, IR, and tip
leakage for each injector. Also, record observations of any cracks or visible plastic deformations that occurred during the
test, plus any other relevant observations of the effects of the tests. Use an extra blank copy of Page 2 of the data-reporting
sheet for each injector.

7.2.5 Axial Load Compression Test
7.2.5.1 Axial Load Compression Test Procedure (Related to Injector Installation)

a. A minimum set of five new, identical injectors from serial production shall be tested. More injectors can be optionally
tested if required. Tf the injectors are obtained from other than serial production, the source and-sélection method shall
be entered in the comments section of the data-reporting sheet. Each of the test injectors shall-he preconditioned as
per the procedyres described in 4.2 and then tested for Qs, Qvr, IR, R, and tip leakage| prior to any static
mechanical tests.

b. Each test injectgr shall be drained of any test fluid and shall have the injector inlet port open and the inlet tip uncapped.
The electrical cgnnector is not to be installed. Each test injector shall be mounted ‘in a suitable fixture with the body
fixed according {o the appropriate diagram in Figure 20. The injector shall be resting on a fixture gimilar to the cylinder
head of the appl|cation, with the tip constrained accordingly.

c. A compressive Ipad of 3500 N = 10 N shall be applied to the upper holising via the O-ring groove for 15 minutes along
the longitudinal @xis of the injector.

d. Following the axial load compression test, retest each injector, to obtain the post-test values of|Qs, Qvr, IR, R, and
tip leakage.

7.2.5.2 Data Redyction and Analysis for Axial Load Compression Test

Inspect each test injgctor under a microscope and notelany cracks or visible plastic deformation on the connector. Also, for
each injector, compyte the percentage changes in Qs and Qvr and the change in R, IR, and tip leakade.

7.2.5.3 Data Repgrting for Axial Compression“Tension Test

On the data-reporting sheet in Table 18] record the values of Qs, Qvr, IR, R, and tip leakage that werg measured for each
test injector both befpre and after the test. Record the percentage changes in Qs and Qvr and the changes in R, IR, and tip
leakage for each injg¢ctor. Also, recard observations of any cracks or visible plastic deformations thaf occurred during the
test, plus any other relevant observations of the effects of the tests. Use an extra blank copy of Page 2|of the data-reporting
sheet for each injectpr.

7.2.6 Torsional Mpment-Test

7.2.6.1 Torsional Moment Test Procedure

a. A minimum set of five new, identical injectors from serial production shall be tested. More injectors can be optionally
tested if required. If the injectors are obtained from other than serial production, the source and selection method shall
be entered in the comments section of the data-reporting sheet. Each of the test injectors shall be preconditioned as
per the procedures described in 4.2 and then tested for Qs, Qur, IR, R, and tip leakage prior to any static
mechanical tests.

b. Each test 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. Each test injector shall be mounted in a suitable fixture with
the body fixed according to the appropriate diagram in Figure 20.
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C.

A torsional moment of 4.5 Nm + 0.1 Nm shall be applied to the connector housing using a flat clamp (or by hand). This

torsional moment shall be applied for a duration of 5 seconds about the longitudinal axis of the injector.

d. Following the torsional moment test, retest each injector to obtain the post-test values of Qs, Qvr, IR, R, and tip leakage.

7.2.6.2

Data Reduction and Analysis for Torsional Moment Test

Inspect each test injector under a microscope and note any cracks or visible plastic deformation on the connector. Also, for
each injector, compute the percentage changes in Qs and Qvr and the change in R, IR, and tip leakage

7.2.6.3

Data Reporting for Torsional Moment Test

On the data-reporting sheet in Table 18, record the values of Qs, Qvr, IR, R, and tip leakage that were measured for each

test injector both be
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2, R, and tip leakage.

connector. Also, for
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7.2.7.3

Data Reporting for Torsional Moment Test

On the data-reporting sheet in Table 18, record the values of Qs, Qvr, IR, R, and tip leakage that were measured for each
test injector both before and after the test. Record the percentage changes in Qs and Qvr and the changes in R, IR, and tip
leakage for each injector. Also, record observations of any cracks or visible plastic deformations that occurred during the
test, plus any other relevant observations of the effects of the tests. Use an extra blank copy of Page 2 of the data-reporting
sheet for each injector.
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7.3 Operational Physical Tests

The second class of physical tests deals with the vibration, mechanical shock, and overpressure that a GDI injector may be
subjected to during an operating lifetime. This class of tests addresses the further significant stresses that can be applied
to a GDI injector during a normal lifetime of operation on an engine. Engine vibration can be severe, with significant g-forces,
particularly for a GDI injector that is mounted directly on the cylinder head. In addition, fuel overpressure may possibly occur
due to a system malfunction, and mechanical shock can occur inadvertently due to dropping the injector or striking it with
metal tools.

7.3.1  Overview of Operational Physical Tests

The total class of operational physical tests consists of the vibration, mechanical shock, proof pressure, and burst pressure
tests. In this class of physical tests, all tests are to be performed on a minimum of five new injectors of the same make and
model from serial pfoduction, wi o not apply all four
operational physical tests to a single injector and then measure the flow, resistance, or Ieakage changep. With the exception
of the combined vibfation and mechanical shock tests noted below, use one new injector for, 'each|separate test. If the
injectors are obtainef from other than serial production, the source and selection method shall*bé entdred in the comments
section of the data-r¢porting sheet. In each operational physical test, the injector shall be filled with Stpddard solvent. Note
that it is not to be filled with n-heptane or any EPA gasoline. In some operational physical tests, the imjector is capped but
not pressurized (vibration and mechanical shock), and it is pressurized in other tésts (proof and burst pressure). It is
important to note thaf in none of the four operational physical tests is the injector operated, although the electrical connector
and the wiring harnesss are installed for the vibration and mechanical shock tests:

7.3.2 Vibration Tept

(22

7.3.2.1  Overview pf the Vibration Test

The vibration test méthodology and durations shall follow the IS@16750-3 standard for engine-mounted components. The

vibration schedule is
tone portion of the tg
on the engine of p3
(random spectrum) i
deviation for the 1ISO
these protocols sha
random vibration prg
7.3.2.2 Procedurg
The vibration test fix
injector tip. If both m

to be sine-on-random with the frequency controlled over the range of 5 to 200
st should also follow Table 1 of the ISO,16750-3 standard, which is for compone

n ISO 16750-3. If an application-specific vibration schedule is available, this may b

16750-3 sine-on-random profiles if it is clearly noted on the data-reporting sheet.
| be reported on the data-reporting sheet. The vibration test may be optionally
ctices described in MIL-STD-810D if clearly noted in the comments section of the

for the Vibration Test

ure should duplicate the application mounting and must permit the collection of g
echanical sheck and vibration tests are to be conducted,

mechanical shock t¢sts as combined sequential tests on each of the three individual axes. This W

vibration followed by

longitudinal mechanical shock, then repeating for the lateral axis, and then for th

) Hz. The sinusoidal
nts mounted directly

ssenger vehicles. The combined test schedule should follow Table 2 (sine spgctrum) and Table 3

e substituted without
Any deviations from
accelerated per the
lata-reporting sheet.

ny fluid lost from the

it is recommended to fun the vibration and

ould be longitudinal
b vertical axis.

seb) of five new injectors of the same make and model from serial production s

hall be tested. If the

ained from other than serial production, the source and selection method shall be entered in the

comments section of the data-reporting sheet. Preproduction injectors may be used in this test without deviation if this
is clearly noted in the comments section of the data-reporting sheet. The injectors shall be preconditioned as described

Prior to any vibration testing or combined vibration and shock testing, measure the key performance parameters of Qs,

Qvr, R, IR, and tip leakage according to the procedures outlined in the appropriate subsections of this document.

a. A minimum test
injectors are ob
in4.2.

b.

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 is not to be pressurized. The electrical connector and the wiring harness are to be installed;
however, the injector is not to be operated.
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Next, mount the injector in a vibration-shock test fixture that has an injector mounting that is representative of the
application. The accelerometers on this fixture shall be placed at the same relative location as was utilized for any
vibration data acquisition on the vehicle. Any collection of data on vehicle vibration shall include the extremes that may
be encountered in field use.

Using a controlled vibration test facility, vibrate the injector in each of the three axes (first longitudinal, then lateral, and
then vertical). The vibration test schedule for the sine and random vibrations shall be controlled over the frequency
range of 5 to 2000 Hz according to ISO 16750-3 or customized to the application-specific vibration schedule as
mentioned earlier. The recommended test duration is a minimum of 22 hours per axis.

If a combined vibration-shock test is being conducted, then proceed to 7.3.3.2 (c) to conduct the shock test, and then

return to 7.3.3.2

(g) after the shock test is completed.

g. Following the vi
performance pal

h. Repeat the test
7.3.2.3 Data Redt

For each of the five
pretest values to the
7.3.2.4 Data Repq

For each of the five
and tip leakage on t

number of the inject
7.3.3 Mechanical
7.3.31

Overview

The mechanical sho
in the field. The injeq

pration test (or the combined vibration-snock test), NsSpect the njector body and
ameters of Qs, Qvr, R, IR, and tip leakage.

or the next injector in the set.
ction and Analysis for the Vibration Test

or optionally more) test injectors, compute the deviations in Qsy Qvr, R, IR, and
post-test values. The deviations in Qs and Qvr shall be computed as a percentad

rting for the Vibration Test

br more test injectors, record the pretest and past:test values, and their deviation

remeasure the key

tip leakage from the
e change.

5, for Qs, Qvr, R, IR,

he data-reporting sheet in Table 18. The deviations in Qs and Qvr shall be repoifted as a percentage
change. Use a diffelent Page 2 of the data-reporting sheet for.€ach of the test injectors, and note or

r being reported.
Shock Test
bf the Mechanical Shock Test

Ck test subjects the injector to sudden loads that may be expected to occur during 2
tor is expected to perform as designed after experiencing a defined series of shog

occur, such as thos¢ that may result from dropping the injector on a concrete floor during a cleaning

subjects the injector,
performance paramg
7.3.3.2 Procedure

The mechanical sho

to that defined series of shock loadings and ascertains the amount of change, i
ters.

for the Mechanical Shock Test

tk test-shall consist of a 50-g shock pulse having a half-sine shape with a pulse wid

The number of sho

that page the serial

lifetime of operation
k loadings that could
operation. This test
any, in a set of key

hof11.0to 14.0 ms.

CkZpulses shall be 18 in total and shall be comprised of three pulses in each

of the six mutually

perpendicular axes.

a.

A minimum test set of five new injectors of the same make and model from serial production shall be tested. If the
injectors are obtained from other than serial production, the source and selection method shall be entered in the
comments section of the data-reporting sheet. Preproduction injectors may be used in this test without deviation if this
is clearly noted in the comments section of the data-reporting sheet. The injectors shall be preconditioned as described
in4.2.

Prior to any mechanical shock or combined vibration-shock testing, measure the key performance parameters of Qs,
Qvr, R, IR, and tip leakage according to the procedures outlined in the appropriate subsections of this document.

The injector to be tested shall be filled with Stoddard solvent for mass purposes only and shall have the injector fuel
inlet port and tip capped. The test fluid is not to be pressurized. The electrical connector and the wiring harness are to
be installed; however, the injector is not to be operated.
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g.
7.3.3.3

Mount the injector in a vibration-shock test fixture that has an injector mounting that is representative of the application.
The accelerometers on this fixture should be placed at the same location as was utilized for any vehicle data acquisition.

Perform impacts that provide a series of 50-g acceleration loads, with each impact load lasting for a duration of
11 to 14 ms. Perform this three times with the injector in the vertical position (valve tip pointing downward), three times
in the vertical position (valve tip pointing upward), three times with the injector in the horizontal position (the connector
pointing up), three times with the injector in the horizontal position (the connector pointing down), three times with the
injector horizontal (the connector pointing to the left), and three times with the injector horizontal (the connector pointing
to the right).

Following the mechanical shock test or the combined vibration-shock test, remeasure the key performance parameters
of Qs, Qvr, R, IR, and tip leakage.

Repeat the test {or the next injector in the set.

Data Redyction and Analysis for the Mechanical Shock Test

For each of the five @r more test injectors, compute the deviations in Qs, Qvr, R, IR, and tip leakage frgm the pretest values

to the post-test valug
7.3.3.4 Data Repq

For each of the five
and tip leakage on th

s. The deviations in Qs and Qvr shall be computed as a percentage’change.
rting for the Mechanical Shock Test

br more test injectors, record the pretest and post-test values, and their deviation
e data-reporting sheet. The deviations in Qs and Qve,shall be reported as a percer

s, for Qs, Qvr, R, IR,
tage. Use a different

Page 2 of the data-feporting sheet for each of the test injectors, and note on that page the serial niimber of the injector

being reported.
7.3.4 Proof-Press

7.3.4.1 Overview
The proof pressure i
will operate properly
normally while at the
of this pressure. Th
parameters that res
performing the proo
pressure at a temp
visual leakage.

7.3.4.2 Procedurg

a. A minimum test

ire Test
bf the Proof-Pressure Test

5 an elevated level of fuel pressure-that the fuel injector may be subjected to and
once a lower operating fuel pressure is reestablished. The fuel injector is not
proof pressure but shall function properly after exposure to this pressure and the s
e objective of this test is to ascertain the level of permanent change in select
Llts from the application of the proof pressure. The proof test pressure is P2oo
f-pressure test is t0 Vverify that the fuel injector body is capable of withstanding

for the Proof-Pressure Test

setoffive new injectors of the same make and model from serial production s

for which the injector
bxpected to function
Ibsequent relaxation
ed key performance
Another reason for
the specified proof

erature of 21.0 ¢C)+ 2.0 °C for 5 minutes without structural failure, internal ¢gamage, or external

hall be tested. If the

injectors are ob

ained from other than serial production, the source and selection method sha

Il be entered in the

comments section of the data-reporting sheet. Preproduction injectors may be used in this test without deviation if this
is clearly noted in the comments section of the data-reporting sheet. The injectors shall be preconditioned as described
in 4.2.

Prior to any proof-pressure testing, measure the key performance parameters of Qs, Qvr, R, IR, and tip leakage
according to the procedures outlined in the appropriate subsections of this document.

The injector to be tested shall be filled with the test fluid (Stoddard solvent at 21.0 °C £ 2.0 °C) and shall have the fuel
inlet connected to a pressure vessel containing Stoddard solvent at 21.0 °C + 2.0 °C that is pressurized by means of
nitrogen gas acting on a bladder. The tip of the injector shall be capped. During this test, the injector is not operated as
the electrical connector is not installed.
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Mount the injector onto a fixture that is placed within a safe containment vessel. Next, gradually increase the nitrogen
pressure on the bladder until the fluid pressure within the injector reaches P200. Maintain that pressure level for

5 minutes. Obse

Reduce the fluid

rve and record any visible fluid leakage during that time period.

gauge pressure back to zero, and remove the injector from the fixture.

f. Following the proof-pressure test, remeasure the key performance parameters of Qs, Qvr, R, IR, and tip leakage for the

test injector.

g.
7.34.3

Repeat the test for the next injector in the set.

Data Reduction and Analysis for the Proof-Pressure Test

For each of the five
to the post-test valu
7.3.4.4 Data Repqg
For each of the five

and tip leakage on t
Use a different Page

the injector being reported.

7.3.5 Burst-Pressiire Test

7.3.5.1  Overview

The objective of burs
without bursting or le

should not exhibit a fupture or any external leakage of fuel..To facilitate leak detection during and follo

fluid shall be doped

Ir more test injectors, compute the deviations in Qs, Qvr, R, IR, and tip leakage ird

s. The deviations in Qs and Qvr shall be computed as a percentage change.
rting for the Proof-Pressure Test
or more test injectors, record the pretest and post-test values and, their deviatiorn

e data-reporting sheet in Table 18. The deviations in Qs and Quf shall be reporf
2 of the data-reporting sheet for each of the test injectors, and note on that page

bf the Burst-Pressure Test

bt-pressure testing is to determine that the fuel injector is able to withstand an app
aking. The fuel injector is not expected tofunction normally after exposure to this

vith a dye tracer that fluoresces eithérwet or dry when exposed to an ultraviolet |
for the Burst-Pressure Test

set of five new injectors of'the same make and model from serial production s
ained from other thanserial production, the source and selection method sha
n of the data-reporting sheet. Preproduction injectors may be used in this test wi

h the comments section of the data-reporting sheet. Preconditioning of the injecto

of Stoddard-solvent for detection of liquid leakage by means of an ultraviolet light
esces when' exposed to ultraviolet light.

e tested shall be filled with the test fluid containing the dopant (Stoddard solvent

m the pretest values

s for Qs, Qvr, R, IR,
ed as a percentage.
the serial number of

lied pressure of P3oo
pressure level, but it
ving the test, the test
ght.

hall be tested. If the
Il be entered in the
hout deviation if this
I's is not required.

by adding a suitable

at 21.0 °C £ 2.0 °C)

ne“fuel inlet connected to a pressure vessel containing the same Stoddard solven

tat21.0°C+2.0°C

that is pressurized by means of nitrogen gas acting on a bladder. The tip of the injector shall be capped. During this
test, the injector is not operated as the electrical connector is not installed.

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
reaches Pso0. Maintain that pressure level for 5 minutes.

During the 5-minute dwell at P30, 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 P10 and continue the examination for any damage or

7.3.5.2 Procedursg
a. A minimum test
injectors are ob
comments sectid
is clearly noted i
b. Prepare a quart
dopant that fluon
c. The injector to b
and shall have t
d.
e.
external leakage.
f.

After completing a thorough examination, remove all pressurization of the Stoddard solvent and remove the injector.

Repeat the test for the next injector in the set.
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7.353
None required.

7.3.54

Data Reduction and Analysis for the Burst-Pressure Test

Data Reporting for the Burst-Pressure Test

For each of the five or more injectors that were tested, record on the data-reporting sheet whether or not any external
damage or leakage of any type was detected. 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.

Table 18 - GDI injector physical tests: data-reporting sheet

SAE J2713 - Data

-Reporting Sheet for GDI Injector Physical Tests

| Page10f2

Part 1: General Tesf

Information

Test name or log

Date of test

Name of operator

Time of test

File name of data arc

hive

Location of test

Additional informatior

Part 2: Information ¢n GDI Injector and GDI Injector Driver Type

Injector manufacturer

Injector description

Injector part number

(enter injector S/N on Pa

ge 2 of the

Hatasheet)

Injector driver type

Part 3: Test Conditid

DNS

Force and Moment
Physical Test Types

Operat

Physical T

nal
t Types

** Physical tests bein
(circle all those being

j reported
reported)

Axial Torsional Bending
loading loading moment

Vibration

Proof
pressure

Burst
pressure

Shock

Conditions for Physlical Tests

Specific Test Conditions

Standard Test

Conditions

Ambient temperature

(C)

21+

2

Ambient pressure (kH

a)

100 4

5

Fluid temperature (°C

)

21+

2

Fluid pressure for buist testing

P300 £ 1

5%

Fluid pressure for prg

of testing

P200 + 1

5%

Shock profile

50-g half-sine f

br 11-14 ms

Vibration profile

Sine-on-random p

pr ISO 16750-3

Injector period (P) for
before and after (ms)

flow testing

10.0 +

D.01

Injection pulse width
before and after (ms)

or flow testing

050

010

Part 4: Description and Comments.on

Equipment or Test Deviations

Comments and inforn

hation

Test deviations prese

nt

Part 5: Specific Tes

MeasuUrements fo

r Physical Tests

| Page 20of2

Use New Page 2 for

Each Injector

la Ha-tac rac-Numbaor
Al

Injector serial numbek

H tor + o
e CToO Tt oSt SCrTSTYOTT

Axial Loading Test

Pretest Value Post-Test Value

Deviation

Qvr (mg/pulse)

%

Qs (g/s)

%

R (ohms)

(Ohms

IR (ohms)

(Ohms

Tip leakage rate (mm

3/min)

)
)
)

(mm3/min

Torsional Moment Te

st

Pretest Value Post-Test Value

Deviation

Qvr (mg/pulse)

%

Qs (g/S)

%

R (ohms)

IR (ohms)

(Ohms

Tip leakage rate (mm

3/min)

(Ohms)
)
)

(mm®/min

Bending Moment Test

Pretest Value Post-Test Value

Deviation

Qvr (mg/pulse)

%
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Qs (g/S)

%

R (ohms)

(Ohms

IR (ohms)

Tip leakage rate (mm

3/min)

)
(Ohms)
(mm3/min)

Vibration Test

Pretest Value

Post-Test Value

Deviation

Qvr (mg/pulse)

%

Qs (g/s)

%

R (ohms)

(Ohms

IR (ohms)

Tip leakage rate (mm

3/min)

)
(Ohms)
(mm3/min)

Shock Test

Pretest Value

Post-Test Value

Deviation

Qvr (mg/pulse)

%

Qs (g/S)

%

R (ohms)

(Ohms

IR (ohms)

Tip leakage rate (mm

F/min)

)
(Ohms)
(mm&/min)

Proof Pressure Test

Pretest Value

Post-Test Value

Deviation

Qvr (mg/pulse)

%

Qs (g/s)

%

R (ohms)

(Ohms

IR (ohms)

Tip leakage rate (mm

P/min)

)
(Ohms)
(mm3/min)

Burst Pressure Test

Circle One

Circle One

External leakage obs

brved? (mm®/min)

No leakage

Yes)yleakage observed

Comment:

Additional Test Comrj

hents

Additional informatiorn

test being commente

and test

comments: Indicate the name of the

] upon

Attachments and dat

h plots

None required

8. INJECTOR NOI

8.1 Background o

Direct injection engi

the injectors.

The structure-borne

S5E CHARACTERIZATION

n GDI Injector Noise Generation

es have higher noise levels than port fuel injection engines because the injector
events generate high mechanical and hydraulic forces due to the elevated operating fuel pressure
noticeable during engine idle operation. In almost all types of GDI engines, the fuel injectors are relativ
are inserted deep injo the cylinder head, where they are hardly visible. Therefore, the resultant “injec
result of the structuffe-bornerand fluid-borne excitations caused by the injectors and not the noise r:

opening and closing

This noise is most
ely small in size and
or noise” is mainly a
hdiated directly from

e measured using a

fast-response force transducer. This force exerted by the injector is responsible for exciting various structural resonances
of the engine components, which then indirectly radiate as the airborne noise from the engine. Irrespective of whether the
injector is directly mounted to the cylinder head or directly coupled to the fuel rail through a clamp, the force exerted by the
injector to its mating interface is the same. Therefore, the procedure described in this recommended practice is based on
the premise that the measurement of force using a force transducer between the injector housing and a rigid base is the
critical measure for characterizing the structure-borne noise generated by an injector to the engine structure, irrespective of

its transfer path.

The fluid pressure pulsations generated by the injector are responsible for exciting the fluid modes, also known as acoustic
modes or cavity modes, of the fuel rail and fuel lines. Depending upon the construction of the flow passages inside the
injector and the actuation of the injector needle, the pressure pulsations generated by the injector and transmitted to the
fuel rail cavity will vary substantially. The measurement of fluid pressure using a pressure transducer at the inlet of the

injector will be sufficient to characterize the fluid-borne excitations induced by the injector.
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