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1. Scope—The methods presented in this SAE Recommended Practice apply to the controlled testing of low-
temperature charge, air-cooled, heavy-duty diesel engines. This document encompasses the following main
sections:

a. Definitions of pertinent parameters

b. Vehicle testing to determine typical values for these parameters
c. Description of the setup and operation of the test cell system

d. Validation testing of the test cell system

While not covered in this document, computer modeling of the vehicle engine cooler system is recognized as a
valid tool to determine cooler system performance and could be utilized to supplement the testing described.
HOWEVGF, gdequate In-venicle testing srnoula pe periormed 1o valldate the moael belfore |1 is used for the
purposes optlined.

The procequre makes references to test cycles that are prescribed by the United" Statgs Environmental
Protection Agency (US EPA) and are contained in the Code of Federal Regulations. The eixistence of other
international test cycles, which can be used for validation testing, is acknowledged:

1.1  Purpose—{The primary purpose of this document is to aid in the setup and evaluation of allow-temperature
charge air-¢ooler system for use with heavy-duty diesel engines (HDDE) in dynamometer fest cells. These
charge air-pooler systems typically provide cooled, charge air temperatures lower than jacket water after
cooled sysfems but above ambient temperature. Examples ofjlow-temperature charge aif cooler systems
include airqto-air after-cooled and low-flow coolant after-cooled systems. While this docyment addresses
emissions gvaluation of such engines, it is not limited to thatwse.
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2, References

2.1 Applicable Publication—The following publication forms a part of this specification to the extent specified
herein.

2.1.1 CFR PusBLIcCATION—AVvailable from The Superintendent of Documents, U.S. Government Printing Office,

Washington, DC 20402.
CFR Title 40, Part 86—Control of Air Pollution from New Motor Vehicles and New Motor Vehicle Engines:
Certification and Test Procedures

3. Definitions

3.1 Heated Charge Air—Engine charge air that has been heated by compression in @ iyrbocharger(s) or
supercharggr(s).

3.2 Cooling Médium— The fluid, usually air or water, used to cool the heated engine charge air.

3.3 Cooled Chparge Air Temperature—The temperature of the cooled charge ‘air‘entering the gngine (commonly
referred to s "intake manifold" temperature). This temperature may differ significantly betyveen the test cell
and the veljicle due to underhood heating. Engine inlet air temperaturéyrise of 8 to 10 °C frgm the air cleaner
to the turbgcharger(s) or supercharger(s) and cooled charge air temperature rise of 3 to 5 °C from the engine
charge air ¢ooler to the engine inlet are typical in the vehicle. Riping length should be minimjzed and properly
routed to minimize this temperature rise.

3.4 Engine Ch(rrge Air Cooler—The heat exchanger located in the charge air path between the engine
turbocharggr(s) or supercharger(s) and the engine ‘eylinders. It reduces the charge aif temperature by
transferring| heat from the charge air to a cooling medium.

3.5 Cooled Chparge Air—Engine charge air that has been cooled by passing through the engine gharge air cooler.

3.6 Engine Rafliator—The heat exchangerused for engine cooling. In some systems, the engine radiator(s) also
provides cdolant to the engine charge\air cooler.

3.7 Engine Charge Air-cooler System Volume—The volume of the intake air system from [the turbocharger
outlet to th¢ engine inlet. This-volume includes the piping to and from the engine charge gir cooler and the
charge air gooler itself.

3.8 Test Cell Jooler System—The system of heat exchangers and related hardware in the tesf cell used to cool
the charge pir to theengine.

3.9 Rated Loa1i Set Point Temperature—The cooled charge air temperature with the engine operating and
stabilized at rated speed and load at a 25 °C ambieni temperafure. This sef point can be established through
vehicle on-road testing, full load vehicle testing on a chassis dyno, from engine manufacturer specification for
the intended application, or from computer modeling of the cooler system.

3.10 Engine Charge Air-cooler System Thermal Response Time—Time to reach 85% of the cooled charge air

temperature difference between low idle and rated engine speed and load following a rapid acceleration
between these two operating conditions.
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3.11 Engine Charge Air-cooler System Pressure Drop—The charge air pressure differential measured between
the turbocharger or supercharger outlet and the engine inlet. These pressure measurements are taken with
the engine operating at rated engine speed and load. A static-pressure measurement taken at each location
will normally provide an adequate measurement of pressure differential and is a much simpler measurement
than the total pressure at each location. Care should be taken to make the measurement in a location without
bends and piping size changes.

3.12 Transient Emissions Test—The test procedure prescribed by the US EPA for emissions testing of HDDE.
The test is performed in an engine test cell and requires the use of a dynamometer with motoring capability.
The test procedures are described in the Code of Federal Regulations (CFR) Title 40, Part 86, Subpart N.
3.13 Transient Test Cycle—The 20 min test cycle consisting of second-by-second listings of normalized speed and
torque valtIs. ATisting of the individual points is contained in CFR Title 40, Part 86, Appendix! (f)(2).

3.14 Federal S

test is perfd

oke Test—The test procedure prescribed by the US EPA for smoke opacity testing of HDDE. This
rmed in an engine test cell and is described in CFR Title 40, Part 86, Subpart I.
3.15 y Chassis Cycle—The test cycle prescribed by the US EPA for chassis dynam
vehicles. The test schedule is contained in CFR Title 40, Part 86, )Appendix | (d).

Heavy-dut bmeter testing of

heavy-duty

Important Engine Charge Air-Cooler System Parameters

4.1 Cooled Chprge Air Temperature—The most important parameter to be controlled by the test cell cooler
system dur|ng engine testing is the cooled charge air temperature. The cooled charge air t¢mperature has a
strong effe¢t on engine performance and emission levelsiso this temperature must be cgntrolled to levels
typical of vehicle operation. This document describes.@procedure to define the typical gqooled charge air
temperaturg¢ levels (4.1) and to set up the test cell Cooler system to achieve those levelg during the EPA

Transient Emission Test and Federal Smoke Test (5.2).

4.2 Engine Charge Air-Cooler System Pressure'Drop—The pressure drop in the engine ¢harge air-cooler
system affdcts the pressure of the cooled charge air when it reaches the cylinders. This pregsure drop affects
the air/fuel fatio and could affect performance and emissions. Therefore, the test cell cooler §ystem must have

a charge aif-pressure drop representative of typical, installed vehicle charge air-cooler systems.

4.3

4.4

Engine Charge Air-Cooler System Thermal Response Time—Due to the highly transient
Transient Test Cycle and the/éffect of the cooled charge air temperature on emissions, itis ne
that the thermal responserof the test cell cooler system is representative of the vehicle
system. Cgution must be.exercised when using an air-to-water test cell cooler system to simu

nature of the EPA
Cessary to ensure
Charge air-cooler
late a vehicle air-
esentative of the

Engine Charge Air-Cooler System Volume—During transient engine operation, the charge

air-cooler system

volume affects the instantaneous air/fuel ratio and could affect performance and emissions
necessary to ensure that the test cell cooler system volume is representative of vehicle instal

. ltis, therefore,
lations.
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Vehicle Testing—Actual vehicle testing (or computer modeling of the vehicle cooler system using a valid
model) should be conducted to determine values for the important engine charge air-cooler system
parameters. The vehicle used should be representative of a typical installation for the engine size and output
being tested. The values generated for these charge air-cooler system parameters are needed to validate the
performance of the test cell cooler system. Generalized descriptions of typical vehicle charge air-cooler
systems are included in Section A.1.

During this vehicle testing, attention should be given to the temperature rise of the engine inlet air and cooled
charge air due to underhood heating to ensure that they are not excessive.

5.1 Cooled Charge Air Temperature

511

51.3

5.2

5.3

in the vaghicle.

This testing can be done on the road and/or on a chassis dynamo

The rate%aload set point temperature should be determined during operation at rated engin

represen
cooling f3
guideline

tive of on-the-road operation can be provided. The hardware used (charge ai
n, etc.) should be representative of a typical installation meeting engipe. manufa
5. The engine cooling fan drive should be fully engaged when determining the ra

temperatlire. The engine cooling medium used in the test cell should be the same as us

testing (i.

On-road

operating
EPA Hea
listed as f

b., water or antifreeze).

ehicle operation should also be performed to define a codled, charge air temp
conditions typical of the transient cycle. Operating conditions should follow the ti
yy-Duty Chassis Cycle or be characteristic of the thre€ modes of the 20 min EPA T
ollows:

a. Ve

icle speeds averaging 13 km/h—New York Nanfreeway

b. Vehicle speeds averaging 24 km/h—Los Angeles Nonfreeway

C.

Low idle
EPA Tran

Vehicle speeds averaging 72 km/h—Los Angeles Freeway

eriods of up to 2 min duration shouldalso be included to duplicate the idle period
sient Test Cycle. The cooling fan should operate in the normal mode for this t

Heavy-Duyty Chassis and Transient Tesi cycles are different from each other but shoulg

ranges of

It is recor
25 °C an
adequate

cooled charge air temperature.

hmended that these tests be run at an ambient temperature of 25 ° +5 °C and re
bient. In this range,/cooled charge air temperature can be corrected 1 °C per 1
accuracy. Operation at ambient temperatures outside of this range should be

temperatlires whose restilts can be accurately extrapolated to 25 °C ambient.

Engine Ch

rge Air-Cooler System Pressure Drop—Pressure drop across the engine (¢

system should bedmeasured at rated engine speed and load in a variety of vehicles. This meg
made at thg same time that the rated load set point is being measured.

b speed and load
meter if ram air
cooler, radiator,
Cturer application
ed load set-point
ed in the vehicle

brature range for
me records of the
ransient Cycle as

5 contained in the
besting. The EPA
produce similar

sults corrected to
°C ambient with
limited to those

harge air-cooler
surement can be

Engine Charge Air-Cooler System Thermal Response Time—Thermal response data can be obtained on a
chassis dynamometer, during on-the-road testing with a loaded trailer or a dynamometer trailer, or from
computer modeling of the vehicle cooler system. If on-the-road testing is performed, the trailer or dyno trailer
used should provide a load that is typical for the vehicle being used. The engine cooling fan drive should be
fully engaged for this testing.

The thermal response of the engine charge air-cooler system is determined by a rapid acceleration from low
idle to rated engine speed and load, until the cooled charge air temperature stabilizes. Gearing should be
selected (or ram air provided) to result in road speeds in the vicinity of 48 to 72 km/h when the engine is at
rated speed and load. The cooled charge air temperature history should be recorded over this time period for
later comparison to test cell cooler system response.
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If possible, this test should be run twice to establish the effect of a "cold" versus "hot" charge air cooler on
thermal response. This can easily accomplished by running back-to-back tests without allowing the engine to
remain at alow idle between tests.

Initial Test Cell Cooler System Set Points—This section describes the initial adjustment of the test cell
cooler system parameters to approximate values obtained from vehicle testing. The same test cell cooler
system should be used for both EPA Transient Emissions Test and Federal Smoke Test. The location of the
cooled charge air pressure and temperature transducers should be the same for both the in-vehicle and the
test cell dynamometer testing.

6.1 Various test cell systems are used by manufacturers to simulate vehicle charge air cooler systems. These can
be classified into two general types depending on the cooling medium used to cool the heated charge air. A
brief descriplion of each type of test cell system is included in Section A Z.

6.2 Before EPA rated speed and
A\t the same time,

to +2 kPa of the

Transient Emissions or Federal Smoke testing is performed, operate the engine a
load and adjust the cooled charge air temperature to the rated load set point +3 °C(4.1.1).
the test cell cooler system pressure drop should be measured and adjusted, if neCessary,
pressure drop representative of vehicle charge air cooler systems.

6.2.1

6.2.2

6.2.3

71

For EPA Transient Emissions testing, these settings should be adjusted prior to running the

curve and §
Smoke test

For test g
water, or

temperatdire.

30 °C rarn
considerd

For test g
driven or
the lack d
point. Th
the charg

represenfative charge air tempetature at low idle with consideration given to underhood hegj

inlet air a

For test g
pressure

need means tosadjust the engine charge air-cooler system pressure drop.

Evaluation

hould be used for transient emissions testing following forced or natural cool dq
ng, these adjustments should be made during the 10 min{warm-up prior to the firg

ell cooler systems using water as the charge air coeling medium (i.e., air-to-air (w

It is recommended that the water température used as the cooling mediun
ge. This will more easily provide a representative cooled charge air temperatur
tion given to underhood heating of the gngine inlet air the cooled charge air.

auxiliary cooling fans), airflow-is_controlled to obtain the rated load set point tem
f vehicle ram air in the test.gell, the cooled charge air temperature may exceed

erefore, efforts should be made to maximize cooling airflow. It is recommended th
e air cooling medium, be controlled to 20 to 30 °C. Again, this will more

nd cooled chargeair:

ell cooler systems using the actual vehicle charge air cooler and piping, charge
drop will be representative of that found in vehicle installations. Other test cell co

maximum torque
wn. For Federal
t smoke cycle.

ater bath), air-to-

water-to-water systems), the water flow and/ori{evel is adjusted to obtain the rafed load set point

h be in the 20 to
e at low idle with

erature. Due to
he rated load set
at the air used as
easily provide a
ting of the engine

ell cooler systems using air as the;gcharge air cooling medium (i.e., air-to-air syst})ms using engine

air cooler system
bler systems may

of Test Cell Cooler System Performance

Rated Engine Speed and Load—A check of rated load set point temperature and engine charge air cooler
pressure drop should be made immediately following EPA Transient Emissions and Federal Smoke testing.
With the engine operating at rated engine speed and load, cooled charge air temperature should match the
rated load set point +3 °C and test cell cooler system pressure drop should match the pressure drop
representative of vehicle charge air coolers within £2 kPa.
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7.2 Transient Emissions Test—The range of cooled charge air temperatures of the test cell cooler system
observed during the EPA Transient Emissions test should fall within the range of cooled charge air
temperatures observed during vehicle operation described in 4.1.2. In addition, the cooled charge air

temperature during the low test shall not fall below 20 °C.

If the range of cooled charge air temperatures of the test cell cooler system does not fall within the temperature
range from vehicle testing, adjustment or modification to the test cell cooler system control should be made.

7.3 Federal Smoke Test—Cooled charge air temperature at low idle should meet the idle criteria in 6.2.

7.4 Thermal Response Test—The time to reach 85% of the temperature difference between low idle and rated
speed and load should reasonably duplicate the response time observed from vehicle thermal response testing
or from co T T y i ~3) obtained from a
variety of manufacturers using several vehicles and types of test cell cooler systems show-thaf the 85% point is
typically regched in 1.5 to 3.5 min. Agreement within 1 min between the vehicle and test cell cooler system

9.1

thermal res

Sensitivity
sensitive to
pressure dr

onse times should be used as a goal for developing a test cell cooler system.

Testing—Transient emissions and smoke levels of low temperaturé charge air-cg
rated load set-point temperature, cooling medium temperatufe;~and charge g
bp. To minimize the effect of the test cell cooler system on test-to-test variability

oled engines are
ir cooler system
pf emissions and

smoke, limifs are placed on these cooler system parameters (5.2 and 6.1)> These limits are based on emission

sensitivity t

test cell cog
engines, the

results of te

The data in
parameters

resulting fro
When testin

was determ

parameter v

It should be

results. In 4

General Cd

Engines tes
devices ins

bsting conducted by various manufacturers on low température charge air-coole
ler systems. Since the data were obtained from a limited number of test cell co
effects shown as follows should be considered general in nature and should not b
5ts run outside of the suggested limits. A summiary of this testing is included in S

Tables 1 to 2 summarize the effects that changes have on emissions and smoke
The percent of effect was calculated by:dividing the change in measured emiss
m the change in the parameter, by the“mean of the initial and final emissions ar
g was performed at more than two-evels for each parameter, the change in emis
ned from a least-squares-fit of the-data. An average effect was calculated for eq
hen data was provided from.more than one test cell cooler system or engine.

noted that no effort was made to separate engine and instrument variability out of
ddition, no work was dohe to investigate the combined effect of changes in these

mments

ted for exhaust emissions using a test cell cooler system should be tested with al
falled ,and functioning. This includes any temperature-controlled device ope

ambient temperattre range of 20 to 30 °C or any other device that affects charge air-cooler pg

vehicle.

d engines using
bler systems and
e used to correct
bction A4,

in cooler system
ions and smoke,
d smoke values.
ions and smoke
ich cooler system

the following test
parameters.

emission control
rational over an
rformance in the
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TABLE 1—SUMMARY OF EMISSIONS AND SMOKE SENSITIVITY

Average Effect

of 3°C Effect of Average Effect
Increase in 2 kPa Increase of 5 °C Increase
Range of Rated Load in Cooler in Cooling
Emission Test Data Set Point Pressure Drop Medium Temperature
HC 0.32-0.89 g/bhp h -0.7% -2.0% -1.8%
NO, 3.8-8.9 g/bhp h +0.6% —-0.8% +0.6%
PART 0.24-0.67 g/bhp h -0.6% +2.2% +0.1
ACC SMOKE 9.9-17.5% opacity +0.2% +3.3% +3.0%
LUG SMOKE 0.7-13.6% opacity +0.1% +1.1% -0.7%
PEAK SMOKE 13.8-43.5% opacity +0.4% +3.0% +3.3%
Manufacturers may w|sh to determine the emission sensitivity of their test cell cooler systems. Suggested sensitivity test mg¢thods are included in
Section A.4 for this pyrpose.
TABLE 2—TEST CELL DATA
Cold Charge Rated Load Thermal
Engine Test Cell Cooling Air Temperature Set Point Response
Rating Cooler System Medium @ Idle Temperature Time
317 Kw Airto H,O 30 °C H,0 35°C 48 °C 2.4 min
298 Kw Airto H,O 25°C H,0 33°C 46 °C 3.5 min
261 Kw Air to H,0 30 °C H,0 30¢<C 44 °C 2.2 min
231 Kw Airto H,O 30 °C H,0 321C 41 °C 3.0 min
168 Kw Airto H,O 32°CH,0 34 °C 45 °C 4.0 min
179 Kw Water bath 25°C H,0 29 °C 47 °C 2.5 min
179 Kw Water bath 25 °C H,0 29 °C 43 °C 5.0 min
224 Kw Air to H,0 27 °C H,0 29 °C 43 °C 2.3 min
TABLE 3—VEHICLE DATA
Cold Charge Rated Load Thermal
Engine Cooling Air Temperature Set Point Response
Rating Vehicle System Medium @ Ildle Temperature Time
224 Kw Air-to-air 25°C air 31°C 38°C 3.0 min
179 Kw Air-to-air 13°C air 20 °C 39°C 1.4 min
298 Kw Low flow -3 °C air 69 °C 47 °C 1.5 min
298 Kw Alr-to-air 23°C air 26 °C 35°C 3.0 min
9.2 If an engine|driven fan is used in the test cell cooler system, the fan drive should be fully engaged during all
testing. Appropfiate safety precautions, including fan guards, should be followed

9.3 Care should be taken to avoid water leaks into the combustion air system when water is used as the charge
air-cooling medium. In addition, care should be taken to avoid condensation in the charge air system during
conditions of high humidity and low-cooling water temperature.

STABILIZED BY THE SAE IC POWERTRAIN STEERING COMMITTEE

PREPARED BY THE MOTOR VEHICLE COUNCIL
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APPENDIX A

A.1 Vehicle Charge Air-Cooling Systems—Two types of charge air-cooler systems currently used in heavy-duty
vehicles are described as follows:

A.1.1 "Air-to-Air" Vehicle Charge Air-Cooler System—(See Figure A1.) An air-to-air charge air-cooler system is
mounted in the flow path of the vehicle cooling air either upstream of (as shown) or alongside the engine
radiator. Heated, charge air enters the charge air cooler, is cooled by vehicle cooling air, and is directed to the
engine inlet. The temperature and flow rate of the cooling air depends on the ambient temperature, vehicle
speed, and cooling fan speed.

[ CHARGE |
et~ AIR
ENGINE - 1
et COOUER
FAN \g\o J /
\
COCLING
= -
AIR
e
_L_J...- \ —J—
Y X
HEATED RADIATOR
CHARGE
AIR THERMOSTAT

TURBOCHARGER l

— — —-ENGINE COOLANT

FIGURE A1—"AIR-TQ=AIR" VEHICLE CHARGE AIR COOLER SYSTEM
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A.1.2 "Low-Flow Coolant” Vehicle Charge Air-Cooler System—(See Figure A2.) The charge air cooler is
typically located in close proximity to the engine intake manifold. The heated charge air enters the charge air
cooler, is cooled by low-temperature coolant from the low-flow engine radiator, and enters directly into the
engine intake manifold. The temperature of the coolant is controlled by a system thermostat.

ENGINE

\ FAN
AN
N oo ||
abge 1At 3
= ' COOLING
] e
' | f AIR
C HU T
0 i -
CHARGE [ B RN
AIR M W
COOLER S et
HEATED
CHARGE gl
TURBOCHARGER AIR RADIATOR
THERMOSTAT

— — — —ENGINE COOLANT

FIGURE A2—"LOW-FLOW COOLANT” VEHICLE CHARGE AIR-COOLER SYSTEM

A.2 Test Cell Gharge Air Cooler Systems—Five types of test.cell charge air-cooler systems that are currently in
use are depcribed as follows. For test cell systems where 'the engine coolant is cooled by a test cell heat-
exchanger pystem, the engine coolant lines are not shown.

A.2.1 "Water-to-Water"” Test Cell Charge Air-Cooler,System—(See Figure A3.) This system is|used to simulate
the “low-flojv coolant” vehicle charge air-cooler system. A water-to-water heat exchanger id used in place of
the low-floy radiator to control the engine coolant inlet and outlet temperatures. The engine coolant and
cooled chdrge air temperatures are adjusted to the rated load set-point values. During EPA Transient
Emissions and Federal Smoke testing, the temperature of the coolant to the charge air coolgr is controlled by

the engine thermostat.

ENGINE\ = .
COOLED 4 COOLING
N CHARGE | AIR '
: WATER
- !
N |
[}
! ' l- e e
i
CHARGE | b : RN
COOLER -
HEATED WATER TO
C:Q:GE WATER HEAT
TURBOCHARGER EXCHANGER
THERMOSTAT

— — — —ENGINE COOLANT

FIGURE A3—"WATER-TO-WATER” TEST CELL CHARGE AIR-COOLER SYSTEM
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A.2.2 "Air-to-Water" Test Cell Charge Air-Cooler System—(See Figure A4.) This system uses an air-to-water
heat exchanger to cool the heated charge air in place of the “air-to-air” vehicle charge air-cooler system. The
heat exchanger is sized to handle the required charge air heat load and the charge air-cooler system volume is
sized to approximate the vehicle charge air-cooler system volume. The cooling water flow is adjusted to obtain
the rated load set-point temperature.

ENGINE, COOLED CHARGE AIR

N CODLING
WATER

T \ e

\AIR TO

{_
Y

HEATED WATER HEAT
CHARGE EXCHANGER
TURBOCHARGER AIR

FIGURE A4—"AIR-TO-WATER" TEST CELL CHARGE AIR-COOLER SYSTEM

A.2.3 "Air-to-Air (Water Bath)" Test Cell Charge Air-Cooler System—(See Figure A5.) This slystem uses the
vehicle charg@e air cooler submerged in a water tank in place of the “air-to-air” vehicle charge ajr-cooler system.
The heated [charge air is cooled by the surrounding water as the charge air passes through the charge air
cooler. The|temperature and/or flow of the water through the tank are adjusted to obtain th¢ rated load set-
point tempenature. In some cases, the water levekis also adjusted to control the cooled chargg air temperature
at low idle.

WATER

\\\\\x COOLED CHARGE AIR TANK
' [

N COOL ING
WATER

ENGINE

2 ——

N\

CHARGE
CHARGE AIR

AIR COOLER

TURBOCHARGER

FIGURE A5—"AIR-TO-AIR (WATER BATH)” TEST CELL CHARGE AIR-COOLER SYSTEM
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