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Exhaust Gas Recirculation (EGR)

The introduction of exhaust gas into the engine intake: EGR Valve
4
v
Air —= p— Engine Exhaust

EGR Valve

f v EGR
Cooler

EGR Coolers

EGR:
* Inert combustion products

 Not participate in combustion
» Reduces flame temperature

« Most current diesel engines have a single
EGR cooler

« Engine coolant (80-90°C) to cool EGR

* Presence of cold surfaces causes soot

- Effective way of reducing e _
nitrogen oxides (NOXx) formation deposition and HC condensation
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What are deposits?
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— Elemental carbon ranging from 10 nm to 300 d
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— Majority of deposit is dry fluffy soot particles %% \ I
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from EGR cooler deposit (Hoard et. al. DEER 2007)
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Motivation

The buildup of deposits (fouling) in EGR coolers:

Significant degradation in heat transfer (20-30%)
Increases pressure drop (about twice)

Current EGR coolers are not appropriate for future
emission standards

Future low-emission systems have more fouling
issues (Lower cooler-out temperature, Higher EGR

flow) A fouled cooler in an engine test
(200 hours)

Coolers are currently oversized to compensate
deposition effects
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1D Model

Most EGR coolers are shell & tube heat exchangers, limited this study to tube flows

« The deposit layer properties function of gas-deposit interface temperature
 (Gas properties vary along the length

« Diffusion in addition to thermophoresis

Potentials
 Variable sticking and removal coefficient can potentially be added

e Radiation heat transfer can be added

0 L=300mm X

1 ID-2A D 5

O  ha(lD-20)Ax 2z k,Ax 27 Ky Ax f
- o V\\_o¢ NM_o_ NN e 2,
R i R conduction R () D G

T convection T re

‘metal
m w TC

Deposited Layer

Stainless Steel

A schematic of the surrogate tube and the heat transfer model
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Governing Equations — 1D Model

« A second order differencing method developed in MATLAB to solve governing equations

Bulk Gas Flow 5
. Iy
d(po.UA p+——Ax
Mass: (pguA) _d(m) _, %xA
dx dx p L
P 1p, fU* < du 4 4 aax
Momentum: —=--—"——-m— Ou_
omentu dx 2 D dx u P
P > P
T P+6—Ax
) « d(c.T . 2 T-T o
Energy: H4©T) - dt/2) (T-T.) 5 o
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Deposit Thermal Conductivity

Deposit is treated as a cluster made of a fluid and a solid constituents.
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kcluster — (1_¢) kSoIid +¢ kFIuid Trapped Gas

Solid phase: Graphite
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el Axi-Symmetric Model in FLUENT

« ANSYS-FLUENT commercial software

« Atwo zone model (Solid/Fluid) with subroutines for moving the mesh as layer
grows

* RANS turbulence modeling
* RSM to model the Reynolds stress terms
« SIMPLE Algorithm for pressure correction

« Second order up-winding method

Tube wall
L=300 mm A Interface
< > /
Solid zone - Deposit { 7\
N

Fluid zone — Gas — r=D/2| R=ID/2

r

L I I IS S SN N U U N N N O IO O N N G O I O B\ A 4
X
Gas Inlet AXIis Gas outlet
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Bulk Gas Flow
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Profiles Comparison

» \elocity, temperature, and particle mass fraction profiles are normalized and compared at
x=L/2 (Exp. 8)

L] 1
m=9x10"kg/s,T, =653K,T, =363K, P, =196kPa,Y, =28.9x10°°
0.8}
» Turbulence makes the velocity and U — U 0.6
temperature profiles flat U ‘
r=0 0.4'
» Particle mass fraction profile is T _ T-T, 0.2+
almost flat except at a large gradient = T‘ T -—-Normalized Velocity
. N &~ OF|—Normalized Temperature| -
region near the wall r=0 " Normalize Mass Fraction
? _ Y -0.2
Y ‘r:O -0.4r-
— r -0.6[-
[ = ——
ID/2 ~0.8F
_10
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Deposition Flux

|
N

Deposition Flux:

1D Model prediction
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—Thermophoresis
--Diffusion

Results for x=L/2

1

Scale change

 Particle mass fraction and gas temperature gradient near the wall are calculated in UDFs.
They are used to estimate the deposited mass.

I
Y/dr., =206.11

—Thermophoresis

--Diffusion

0

N -

1

Particle Mass Fraction (Y)

m=9x10"“kg/s,T, =653K,T, =363K, P, =196kPa,Y, = 28.9x10°°

ldYIdrth=56*dY/er

dY/dr=3.71

1

Particle Mass Fraction (Y)

x10~
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OAK

ORNL Experiments %rd> | ¥RIDGE

National Laboratory

 Orthogonal experiments to vary boundary conditions

* In selected experiments, inlet pressure :196 kPa, coolant temperature: 90°C (avoid water
condensation) , low HC level

 Surrogate tubes were employed instead of EGR coolers
w o Experiment Initial Inlet Particle Inlet

/.(/;L | TE. § No. Reynolds Concentration | Temperature
. " Number (mg/m3) (K)

. g (Re @ t=0)
'~ - 1 =| 4500 7.5 | 493
s 2 < | ao00 75 | 653
(@k -
3 —| 4500 30 493
A snapshot of the experimental set up (ORNL) 4 | 4000 30 653
5 =| 9000 7.5 493
C C : Particle Concentration 6 o 2000 . 653
C .
Y=—— Y : Particle Mass Fraction =
T
P ‘P,Tin,et P : Gas Density / 9000 =t —
8 | 8000 30 653
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CFD Models-Experiments Comparisons §&
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5 10 15
Effectiveness drop (%) [experiment]
Effectiveness drop (3 hours exposure)

 Better estimation of mass deposited by the axi-symmetric model (14% compared to 1D)

» Overall, closer estimation of heat transfer reduction by the axi-symmetric model

(2% compared to 1D)
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Longer Exposure Comparison

« Significantly better estimation of mass gain 70 ' ' ' |
by the axi-symmetric model 60, e ettic Model |
9'\:50:. ‘ ---One Dimensional Model
» 1D model deviates from experiment sooner ¢
Q
c 40
« Estimated thickness by axi-symmetric model 2 30l
. - . [&]
IS closer to experimental images — more %20
uniform
10_ | | | | | i
0 2 4 T ¢(5H ) 8 10 12
ime our
,..100 T I T I ’_\700 I T | T
o ~E . t o 3
E go- -w-A);?sE;;’:_rrlnr:;tri_c Model e 'g 600r. .
@ | L[xOne Dimensional Model e Esool e B
€ el @ T e
= 90 - @ 400- T
@ 3
- 40~ = 300_——Axisymmetric Model N
2 : 200_---0ne Dimensional Model - -
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) 2100 .
o o
GO I I I l | GO 065 OI1 0|15 0|2 0|25 0.3
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m=9x10"*kg/s,T, =653K, T, =363K, P, =196kPa,Y, = 28.9x10"°
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Conclusions

Eulerian approaches to predict thermophoretic deposition on cooled surfaces in
tube flows

Taking into account the effect of the layer growth on heat and mass transfer

More accurate compared to our previous analytical work (gas and deposit
properties variation)

1D model
v Fast and cheap for new investigations

Axi-symmetric model:
v’ Better prediction of deposited mass gain especially at longer exposure tests
v More realistic deposit thickness prediction — consistent with experiments

v Only way to simulate real EGR coolers with wavy channels and winglets
(possible extension to 3D modeling)
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