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3. EXHAUST GAS RECIRCULATION (EGR) COOLER NOMENCLATURE
3.1 EGRininternal combustion engines

EGR is a combustion strategy of adding exhaust gas to the intake charge air, cooling the mixture to achieve a desired
inlet manifold temperature (IMT) of charge air to the cylinder, thereby increasing the specific heat of the charge air mixture
entering the cylinder. As a result, for a given fuel energy released by the burned fuel, the peak combustion gas
temperature in the cylinder is reduced with the desired effect of reducing NOx output. The higher the percentage mass of
EGR, the lower the peak combustion gas temperature, and the lower the NOx produced. Since the heat removed from
the EGR flow is transferred into the engine coolant, the downside is a corresponding increase in jacket water (JW) heat
rejection and required external cooling system capacity.

3.1.1  IMPLICATIQNS ON ENGINE DESIGN

The addition of EGR into combustion intake flow requires a larger pressure differential acress the ¢ylinder to force that
mass flow. This differential isn’'t significant in engine air system design in IC engines at'|ower poyer density or brake
mean effective pregsure (BMEP). But higher BMEP ratings, especially heavy duty (HD) diesels|with turbochargers,
higher pressure rati¢ turbo charging is required than without EGR flow. Increased EGR heat rejectipn often requires an

increase in JW pump capacity to maintain the same desired AT across the radiator at'design point hept load.
All the following applications of EGR coolers are illustrated with turbocharged EGR air system arghitectures, and are
shown with air to air after-cooling (ATAAC) in the external cooling system)" Only the charge air c¢oling (CAC) related
system componenty are shown. For simplified illustration, other heat{exchangers in the coolant|circuits (JW or low
temperature circuits] are not shown, nor are components of the external‘cooling system (fans, radiatorfs, etc.).
3.2 EGR System Architecture Types

3.2.1  Low Pressure Loop EGR
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FIGURE 1 - LOW PRESSURE LOOP EGR SCHEMATIC
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Low pressure loop (LPL) EGR is differentiated by its source of exhaust gas taken from the downstream low pressure side
of the turbocharger. Less thermal energy removal (cooling system heat load) is required to reach the desired IMT, since
the exhaust gas has already lost some energy after exiting the turbine. Although not required, the gas may also be drawn
downstream of the exhaust particulate filter (as shown in Figure 1), resulting in less particulate matter entering the
cylinder before combustion. Both have the added benefit of even lower temperature exhaust to be cooled. The pre-
cooler shown in both the LPL and high pressure loop (HPL) figures is optional, and only used if high enough pressure
ratio turbo charging requires cooling of the charge air ahead of the ATAAC to stay below material temperature fatigue
limits of the ATAAC core.

Advantages over other Architecture

1.

, with reduced vulnerability to piston, ring, and liner wegd

hat cleaned exhaust
r related to abrasive

2. The risk of pbrasive wear on the thin walled tubes of the EGR cooler and fouling'ef the wall surface are also
reduced. If the exhaust gas is taken upstream of the PM trap then these two advantages disgppear.

3. Because thg exhaust gas enters the EGR cooler at a temperature lowerthan the following high pressure loop
(HPL) configuration, the risk of boiling failure modes is decreased. Sufficient JW flow entering the cooler is still
required to prevent boiling on the tubes and tube-header joints at the inlet, but to a lesser de};ree. Thermal cycle
fatigue is still a major issue, and not considered a major reduction infisk with LPL architecture.

4. Turbo charger speed and efficiency is less affected by EGR rate.than the HPL configuration.

5. Mixing of fresh air and EGR flow is very complete.

the ATAAC flow. In
re the required IMT allows operating conditions where the ATAAC temperature falls below dew point,
condensatioh occurs within the core at an.acidic level. This drives more expensive material choices or coatings
in the ATAAC design. When the charge ‘air is cooled below the dew point, the condensation liquid must also be
eliminated before it enters the cylinder. to prevent acidic corrosion in cylinder.

Since the exhaust temperature enters the EGR cooler at a lower temperature than the HPL system, the EGR heat

transfer surflace area required-is increased due to the lower entering temperature differenc
being equal
localized bolling), or larger space required for the core matrix.

Longer EGR piping.is required, with more connections and associated reliability risk. Surfac
the piping t¢ thel engine enclosure is also increased, driving up engine compartment temp

This resultstin either very closely spaced tubes (adding coolant side restrig

b all other variables
tion and the risk of

b heat rejection from
bratures or requiring

insulated pipes-
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3.2.2 High Pressu

re Loop EGR
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FIGURE 2 - HIGH PRESSURE LOOP ERG SCHEMATIC

HPL) EGR is differentiated by(its source of exhaust gas taken from the exhaust manifold ahead of the

thermal energy removal is required to reach the desired IMT than LPL archite]
downstream at a cooléer. temperature. The cooled gas also contains all cor
after treatment is applied. The pre-cooler is again optional, depending on the ch
and the temperature’limitations of the ATAAC material.

er Architecture

piping<is:simpler, with fewer connections, and associated reliability.

cture which extracts
rosive and abrasive
arge air temperature

meet the cos

haust temperature source is at its higher temperature, the heat transfer surfac

b area is reduced to

coolersize-beirg-edual.
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Disadvantages over other Architecture

1. Because the exhaust gas enters the EGR cooler at higher temperature, the risk of boiling failure modes is
increased. More JW flow is required to prevent boiling on the tubes and tube-header joint at the inlet. This drives
increased flow-capacity required from the JW pump.

2. Thermal cycle fatigue within the EGR core matrix is also a greater risk with the higher differential between hot and
cold fluid temperatures.

3. Because the exhaust gas contains abrasive particulate matter, risk of abrasive wear is increased inside the core
matrix in areas of high velocity, which may drive material selection of the thin walled EGR cooler tubes or plates.

4. A third risk |related to unfiltered particles in the cylinder intake stream occurs as the exhgust flow enters the
cylinder, incfeasing piston, ring, and liner wear.

Finally, fouling of the exhaust side passages will occur to a greater degree than the LPLfiltered circuit. Fouling factor,
or degradatipn from new, must be factored in to the design related to heat transfer performgnce as well as gas
side pressure drop. Provisions for cleaning a fouled cooler are also a serviceability issue.

3.2.3 Two Stage EGR Coolant Circuits
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FIGURE 3 - TWO STAGE EGR COOLANT SCHEMATIC

This third variation illustrates a difference in the coolant side of the EGR architecture. It is applicable to both LPL and
HPL configurations, and is independent of the presence of a charge air pre-cooler upstream of the ATAAC. The
differentiating feature is that the EGR cooler is a single pass gas side design, but with two separate coolant circuits
passing through the liquid side. The first stage cools the gas in the JW circuit, as in earlier diagrams. But a second,
lower temperature coolant circuit, with temperature available below JW thermostat controlled temperature, is used to
further lower the exhaust gas, thereby increasing its density and decreasing exhaust port NOx.
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Advantages over Single Stage EGR Cooling

1.

The lower temperature of the exhaust at the intake manifold lowers the mixed IMT, and the increased density

increases the ratio of EGR flow. Both reduce the NOx content at the exhaust port and reduce the need for further

downstream

after-treatment.

If the IMT goal is equal to the single stage configuration, the lower temperature coolant in the second stage

increases the overall entering temperature difference AT available to the cooler, allowing less surface area and
space required for a given heat load removal.

—

Disadvantages over

1. If the overal
small penalt
is the only h
pump, low t
risk.

The design
temperature

Another form of two
for the second sta
disadvantage of this
coolers. Pressure (
sizes. The alternatiy
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cooling system already includes a low temperature circuit with other auxiliary co
y for increased flow capacity for the addition of the EGR cooler second(stage. H
eat exchanger in the low temperature circuit, then the penalties for the addition
bmperature radiator, and associated water lines add cost, space requirements, V

of the cooler itself is structurally more challenging since thermal gradients be
sections of the cooler are higher than a single stage coaler.-

stage EGR cooling utilizes a gas-liquid heat exchanger for the first stage, folloy
pe. Advantages and disadvantages are similar to those already mentione
type of system would be the added cost and space for piping of exhaust g
rop limitations on the exhaust gas side wauld drive up both pipe sizes as wel
e to large line sizes would be higher pressure ratio turbocharging.

blers, then there is a
ut if the EGR cooler
of a second coolant
veight, and reliability

tween high and low

by a gas-air cooler
d. One additional
bs between the two
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3.3 Types of EGR
3.3.1

3.3.1.1

Coolers

Coolant Cooled EGR Coolers

Shell and Tube EGR Cooler

Gas to coolant shell and tube coolers construction is well documented in other standards. This type includes both round
and rectangular tubes, and is probably the most common choice for EGR coolers, with the gas passing inside the tubes
and coolant around the tubes. Several illustrations are provided below in Figures 4 and 5.

The round tube des
But depending on b
on small areas of th

The rectangular tube
non-uniform coolant
tubes will be deter
streamline will distri
from inlet to outlet.
the risk of boiling.

gn in Figure 4 with baffles givessa.better distribution of coolant flow over the tul

. ‘l Comland inler
- Coolant outlet :

‘:f;; EG vuthet

FIGURE 4 - ROUND TUBE WITHCOOLANT SIDE BAFFLE DESIGN

ffle design, eddy currents and\lew velocity coolant zones within the shell do pre
tubes (discussed further in"\Failure Modes). This risk can be mitigated in the des

-shell design in Figure\b, although it is usually designed without baffles, has the s
flow and localizedboiling anywhere in the cooler. A major factor in the distriby
ined by the coolant inlet piping and manifold geometry. But from inlet to
ute itself to flow. the path of least resistance until each streamline has the sams
Again, CFR is*a useful tool to design away from tube surface with low coolant

A\

es at a macro level.
sent a risk of boiling
ign using CFD.

same inherent risk of
tion of flow over the
pbutlet, each coolant
pressure difference
elocity and mitigate

FIGURE 5 - RECTANGULAR TUBES WITHOUT COOLANT BAFFLES
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The tubes may be a stacked design of multiple tubes running the width of the cooler, or a tube matrix of multiple tubes
within the height and width of the shell providing more heat transfer surface density. lllustrations of both are shown in
Figure 6. In both cases the tubes are closely spaced with limited distance for coolant flow between tubes. The driver for
this is limited space for mounted components outside the engine block, so high surface area density helps meet this
constraint. This further exacerbates the concern of having sufficient velocity over the entire core’s surface area to avoid
boiling. An extreme example of temperature difference may be a coolant temperature of 90°C and 500 °C exhaust gas.
Not only does this present a potential for boiling, but the temperature gradient across these tubes, usually less than 1 mm
thick, results in a very high thermal gradient across the wall thickness, and resulting thermal stress.

" T P R

FIGURE 6 {RECTANGULAR TUBES IN STACKED.©R TUBE MATRIX INTERNAL CONFIGURATIONS
Special design cons|derations apply to both designs.

1. The flow orientation is preferably in paratlel flow; e.g. both gas and coolant inlets are at the same end of the
cooler. Thig is not the most efficient configuration for heat transfer. But the entering temperature difference is so
large that hjgh coolant velocity at the”hot gas inlet for boiling mitigation, and avoidance |of tube-header joint
expansion and thermal fatigue, make parallel flow the preferred choice.

2. The mountirl]g and coolant plumbing of the cooler must have the coolant entering the bottom $ide of the shell, and
exiting the tpp side. Thisthéelps insure that any vapor bubbles that do form on the tubes, which will rise upward
due to buoypncy, will be{carried to the exit on the high side of the cooler. The same rationdle applies to filling a
dry system and venting-air.

3. Further proVisions-for venting air during filling are critical to insure that no air is entrapped wjithin the cooler after
the system [s filled and the engine is run with hot EGR flow inside of a tube surface with o coolant coverage.
This can be accomplished with vent lines, as illustrated in Figure 4, or by proper orientation of the cooler
mounting relative to the coolant lines.

3.3.1.2 Bar and Plate EGR Cooler

Bar plate cooler construction is also well documented in other standards, with an EGR illustration shown in Figure 6.
While there many design options for hot and cold side inlet and outlet orientations, the same system and component
design considerations mentioned above still apply. Attention to flow distribution providing sufficient coolant velocity over
the entire internal heat transfer area is also still a key design consideration.
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3.3.1.3 Layer Cor
Layered core const
surface heat exchan
transfer. The coole
surface area density

Again, there many dlesign options for hot and cold side inlet and outlet orientations, the same sys

design consideratior
the entire internal hq
both hot and cold sid

e EGR Cooler

gers clamped together with bolts commonly used in marineg applications for cools
Ir functions with alternating layers of hot gas and liquid/coolant between each

uction is not as well documented in other standards. Buttitvis similar to gas

is much higher than tube-shell coolers, so this design‘is/space efficient.

s mentioned above still apply. Attention to flow ‘distribution providing sufficient
at transfer area is also still a key design censideration. Attention to inlet and out
es, and its affect on internal flow distribution is a key design consideration.

Exploqw\\}éew - Assembly
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fem and component
coolant velocity over
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FIGURE 7 - LAYERED CORE EGR COOLER
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3.4 EGR Cooler D

3.4.1 Boiling

efinitions

Boiling can occur anywhere on the exhaust tube coolant surface where the wall temperature exceeds the bulk coolant

flow temperature (outside the boundary layer), the temperature difference designated as super heat.

superheat required for nucleate boiling to begin to occur on the tube depends on other variables:

coolant absolute

heat flux at the tube surface,

pressure,

bulk coolant veld

the wall materig
density.

A typical superheat

from 5°C to 40°C, {
Consider that althou

e flow is not even

turbulence over
the coolant is ab

and as coolant f
fluid.

3.4.2 Condensatiq
Water vapor, a by-p
point is a function of
sulfur and other elen
3.4.3 Coolant Inle

The line connection
inlet tubes/plates, d¢

city and incidence angle relative to the wall surface,

I, and surface finish parameters related to surface finish:

alue to initiate nucleate boiling on a smooth EGR cooler tubewould be around 2

gh the gas side temperature is dropping from inlet to outlet:
distributed over the tubes,

rows of tubes changes incidence angles,

ow goes from inlet to outlet it is losing static pressure, thereby lowering the boi

n

roduct of combustion, ‘changed to liquid phase as its temperature is lowered be
saturation temperature and absolute pressure. One condensed, the water chem
hents creating anlacidic fluid which may attack the tube material.

wherg coolant enters the cooler. The flow direction may be parallel or perpendi
pending on the cooler construction type, and is likely not evenly distributed. Floy

The value of

crater angle, crateér depth, and crater

0°C, but may range

epending on the other variables. Boiling may not necessarily“occur at the hotest end of the tube.

sorbing energy as it moves downstream, thereby raising the bulk coolant temperature,

ing point of the bulk

ow dew point. Dew
cally reacts with fuel

cular to the gas side
v direction relative to

each tube depends

bn’the intake manifolding and outside wall geometry and determines incidence

angle relative to the

tube, which is a key variable determining boiling.

3.4.4 Coolant Inlet Pressure

Bulk coolant pressure entering the inlet manifold of the cooler. Boiling point is a function of absolute pressure, so given
that this pressure drops as the coolant passes downstream due to viscous losses, entering pressure is a critical design
parameter. Areas of even lower absolute pressure can occur in coolant eddy currents passing sharp corners inside the

tube matrix.

3.4.5

Coolant Inlet Temperature

Bulk coolant temperature entering the inlet manifold of the cooler.
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3.4.6 Coolant Out

let Temperature

Bulk coolant temperature at the exit manifold of the cooler.

3.4.7

Cooled EGR

Exhaust gas drawn downstream of the exhaust port and cooled by a cooler fluid in the cooling system inside a heat

exchanger.
3.4.8 Cooled Gas

Cooled exhaust gas

Injection

mivaedwith tha amhiant filtarad intaka charaa air aithar ot tha intalca manifald Ar
HhEe W HH—tHe—arHpte Rt Hrtere e e-chatrge—aH—eRRe—ar—eHteheahHora-ot

charger. The amou

the engine’s electronic combustion control algorithm as a function of speed, torque, and other petent

fraction of cooled g
exhaust port emissi
number-spray angle
angles, piston crater

3.4.9 Cooler Exhd

Structural component which receives the bulk exhaust gas flow from an intake pipe and distributes

passages (in tubes ¢
3.4.10 Diesel Partiq

Part of a complete
from incomplete co

3.4.11 Exhaust Ga

Structural componer
inside the heat exch

3.4.12 Fouling

A term used to desc

ht injected, or mixed with clean air, is determined by an EGR valve with the, floy
bs injection used in combustion is part of a recipe of other variables gontrolleq
bns including IMT, fuel injection timing, multiple injections and rates, injector no
5, injection pressure, turbocharger boost pressure, intake and exhaust valve inta
geometry, and potentially others.

ust Gas Inlet Manifold

r between plates) leading into the heat exchanger portion of the EGR cooler.
ulate Filter

fter-treatment system designed to remove-particulate matter, unburned hydroc
bustion, and are an EPA regulated tail pipe emission.

5 Outlet Manifold

t which receives the exhaust.gas flow exiting multiple smaller passages (in tube
bnger portion of the EGR ¢odler, and collects the bulk flow for connection to the ¢

upstream of a turbo
rate determined by
al inputs. The mass
to achieve desired
yzle hole diameters-
e and closing crank

t to multiple smaller

Arbons, which result

5 or between plates)
poler outlet pipe.

fibe the effect éxhaust deposits accumulating on the gas side of the heat exchan

er tube and header.

Fouling results in a feduction indieat transfer coefficient at this surface, as well as increasing the pregdsure drop of the gas

from the inlet to outl
when the cooler is fi
the cooler. Fouled

bt of the codler. These in turn result in higher cooled gas outlet temperatures an

S. clean’'tubes are illustrated in Figure 8 below.

lower flow rates vs.

rst produced. Some degree of fouling, or fouling factor, is built into the design specification for sizing
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FIGURE 8 - VISUAL ILLUSTRATION OF FOULED EGR COOLER INLET/AND TU

3.4.13 Gas Inlet Tegmperature

Bulk exhaust gas temperature entering the inlet manifold of the cooler.
3.4.14 Gas Outlet Temperature

Bulk exhaust gas temperature exiting the outlet manifold of the cooler.

3.4.15 Nitrogen Ox|de

NOx is a natural ch¢mical by product of combustion. A he nitrogen and oxygen are both elements 1
the atmospheric air entering the cylinder. It is formed non-uniformly in the cylinder, produced at an
rate in areas of higher temperature during combustion. These high temperature areas are generall
crater rim and the otyitside diameter of the piston'near the crevice volume during the beginning of the
is an EPA regulated |tail pipe emission.

3.4.16 Series EGR|Cooler
In this heat exchangger applicationythe exhaust gas makes a single pass through a single cooler. Th
that the tubes first pass through @ higher temperature coolant section (normally JW), separated from

coolant circuit section for further cooling of the gas in the same tubes.

3.4.17 Thermophoresis

aturally occurring in
exponentially faster
found at the piston
power stroke. This

b series term implies
a lower temperature

A force resulting from a temperature gradient established in the gas medium. An aerosol in that temperature gradient
experiences a force in the direction of decreasing temperature. The layer is usually thinner than 1 mm and has a clear
boundary. In the EGR cooler application the gas side would force particles towards the cooler tube surface, thereby

becoming a contributing factor to fouling.
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