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Abstract

This article examines the notion of critical wall shear stress as the key control parameter of the local
fouling removal process. In this study, an experimental setup was developed for measuring fouling on
enhanced surfaces. Specifically, the experimental configuration consists of a forced convection plate heat
exchanger containing a one-pass rectangular channel with two ribbed plates arranged in a symmetrically
staggered manner. The exhaust gases flow by the rib-roughened sides of the plates, and the flat sides can
be cooled with water from the independent external coolant circuit.

As a result of soot particle deposition from exhaust gases, a layer of fouling is deposited over the ribs.
After asymptotic conditions were reached during the tests, detailed fouling thickness measurements were
conducted. The dimensionless particle relaxation time during these tests was determined to be in the
range of 0.3-10. The measurements were then complemented with a numerical analysis. In particular, the
local wall shear stress was calculated using a commercial computational fluid dynamics (CFD) software
package.

The fouling thickness profiles deposited over the ribs and the local critical shear stress values were
compared and discussed for two different geometries. The results obtained clearly support the idea that
critical wall shear stress is an appropriate criterion for facilitating the understanding of the local behaviour

of fouling deposits.
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1. Introduction

The Euro policies are the European automotive antipollution standards. In recent years, more stringent
requirements associated with exhaust gas emissions have led to the development of a series of devices
designed to reduce emissions. These devices must function under extreme conditions and therefore
require a high degree of engineering to successfully address aspects such as material selection, thermal
and mechanical stress, pressure pulses, and heat transfer. One of the biggest challenges that must be
overcome when designing such devices is that of the damage caused by fouling [1].

The fouling in exhaust gas systems is usually associated with particle deposition. There is general
agreement regarding the main consequences of fouling, namely, a reduction in thermal transmission [2]
and an increase in pressure losses [3].

Moreover, increasing the compactness of equipment is always a goal in the automotive industry. It has
been well established that the performance of heat exchangers can be substantially improved by
augmentative techniques that reduce the exchanger size and increase the exchanger power capacity. In
particular, Manglik and Bergles [4] identified 13 such techniques that can be divided into the two main
categories of active techniques, which require an external power supply, and passive techniques, which do
not. Passive heat transfer enhancement technologies have been extensively studied in the past [5-7] as
well as in recent years [8, 9]. The first practical enhancements of heat transfer were developed over 50
years ago [10]. Examples of enhanced surfaces can be found within compact heat exchangers, nuclear
reactors, solar air heater ducts, chemical processing plants, and electronic devices.

The utilisation of ebstacles is a common way of achieving intensification of the heat exchanger. Different
types of obstacles have been developed, including dimples, pin-fins, perforated baffles, winglet vortex
generators, and surface ribs [11]. The placement of repeated ribs periodically spaced along the flow
direction of channel surfaces is one of the most commonly utilised techniques for obstacle-based heat
exchanger intensification [9]. The periodic penetration of the ribs causes the separation and reattachment
of the boundary layer, which promotes turbulent heat transfer and generates large-scale secondary flows.
Moreover, the upstream rib wake region creates the effect known as shading. The wake formation and the
separation point of a heat exchanger are influenced by its Reynolds number and rib shape.

The study of ribbed surfaces is not a new subject. The first studies involving two opposite ribbed walls

were focused on the reattaching effect and the optimisation of all of the geometrical parameters involved



in surface design [6, 12, 13]. Most of these published papers were experimental studies aimed at
determining the best Nusselt number correlation fit.

Geometric parameters, such as the pitch-to-height ratio (p/e), the rib-height-to-plate-spacing ratio (e/H),
and the shape of the rib, play an important role in the system behaviour [6, 9, 12]. If the ribs reach a
considerable height relative to the channel dimensions, the effect of the blockage ratio can also be
important.

Fouling was not usually considered in these studies. In this study, an experimental layout was designed to
measure the thickness of the fouling layer on enhanced surfaces that is produced by exhaust gas systems
under operating conditions. Previous data from the literature [14, 15] and our own analysis [16] suggest
that particle deposition is the primary mechanism controlling the fouling process: In fouling dominated by
particles, several researchers, such as Messerer et al. [17] and Grillot and Icart [14], demonstrated the
asymptotic evolution of deposits.

The growth of the deposited matter is controlled by the equilibrium between deposition and removal.
Deposition mechanisms, such as sedimentation, diffusion, interception, electrostatic attraction, inertial
impaction, gravitational settling, and thermophoresis, strongly depend on the size of the particles. In
diesel exhaust gases, soot particles typically range in size from 10 to 10° m [15].

The particle deposition velocity is usually divided into three regimes, depending on the particle relaxation

timet, . If t; <0.1, the deposition is considered to be controlled by diffusion (and thermophoresis if there

are temperature gradients), whereas the deposition is considered to be governed by inertia if 0.1 <t <10,
with significant potential effects from turbophoresis and lift, and the deposition velocity falls into the
impact regimeif 10< t;, [18].

After being deposited onto walls, particles can be removed and detached, sometimes returning to the main
flow: This erosion process, described by Epstein [19], has not received adequate attention. Removal
processes include mechanisms such as turbulent bursts, impacts, rolling, and scrubbing actions and have
been proposed to be strongly linked to velocity [20].

The importance of wall shear stress as a removal parameter has been clear since the initial analysis by
Kern and Seaton [21] and was later confirmed by Freeman [22]. The notion of critical wall shear stress
was introduced in the filtration literature [23] but is not commonly used in this context.

The critical wall shear stress was proposed as a more local removal control parameter than the critical

velocity by Paz et al. [16]. The critical wall shear stress was evaluated and compared with the fouling



thickness observed on cylindrical probes. In this case, values of dimensionless relaxation time varying
from 0.1 to 1. The probes were well suited for identifying the thermophoretic effect.

In the present paper, the experimental layout conditions led to Re number ranged from 3 x 10* to 4 x 10°,
and the dimensionless particle relaxation time t; ranged from 0.3 to 10, therefore, thermophoretic effects

should be smaller [18]. These ranges were chosen to extend previously obtained results [16]. In addition,
the new test equipment introduces several dynamical features of the flow, thereby creating an
environment more similar to that found in real heat exchangers.

Within the proposed experimental layout, different ribbed plates were fouled under the actual working
conditions of a diesel exhaust device. The local depths of the obtained fouling layers were measured and
were related to the critical wall shear stress concept. The results obtained extend the value of the removal

criteria in the particle deposition field.

2. Experimental set-up

The main components of the bench test device were specifically designed to study the fouling deposition
process on exhaust gas recirculation (EGR) systems. The new layout was integrated into the facility that
was developed in the study discussing the fouling of cylindrical probes [16]. The exhaust gas lines and
measurement section of this layout are shown in Fig. 1.

The gases used in this study were produced with a CGM10DW generator set composed of a Lombardini
LDW 702 and a single pole alternator. In this system, gases were exhausted from a two-cylinder engine of
686¢c working at 3000 rpm loaded with an adjustable resistive load which in this test varied near 6 kVA.
The engine supplied a constant mass flow of roughly 60 kg/h with a temperature at the entrance of the
experimental setup of 650 K that could be controlled through the resistive load.

All of the details regarding the control system, measurement devices, and working conditions can be
found in the study by Paz et al. [16]. The design of the experimental device was based on a one-pass
rectangular channel with two ribbed plates placed in a symmetrically staggered arrangement through
which the exhaust gases flow. The resulting configuration yielded a plate heat exchanger with forced
convection. A schematic of the assembly is shown in Fig. 2.

The main components of this heat exchanger were the two aluminium ribbed plates. The coolant housing
was formed by a one-piece aluminium box. The rest of the components were commercial gaskets, screws,

and thread. The connections with the exhaust lines were composed of stainless steel AISI 316L and



connected the probe to cylindrical shells with an inner diameter of 53 mm. The connections allowed the
assembly to be placed at any angle transverse to the flow direction, thereby enabling the evaluation of the
effects of gravity on fouling.

The exhaust gases flow over the rib-roughened plate sides, and the flat plate sides can be cooled with
water from the coolant circuit. Fig. 2 shows the fouling on the probe in detail.

With the goal of evaluating the value of the critical wall shear stress, two different periodically ribbed
plates were designed. These plates were arranged in a symmetrically staggered manner, as shown in Fig.
3. The two designed ribbed plates had the same total length (L) of 200 mm, width (W) of 50 mm, and
number of ribs (N) of 11. The material for both was aluminium, which was processed by standard milling
machinery using a standard commercial surface finish (IT8), with a conductivity A of 210 W/mK.

The geometrical characteristics of each ribbed plate are shown in Fig. 3 and Table 1. The only difference
between the plates was the rib severity, as the ratio of rib-height-to-plate-spacing was increased by 62.5%
from the lower to the higher rib. These two plates were denoted as plate A and plate B, respectively.

Two different rib severities were used to obtain a better analysis of the results. For a more detailed study
regarding the effects of geometrical rib parameters on the fouling deposited, a wider range of rib
parameters would be necessary.

The layout design was chosen for several reasons. First, the ribbed plates can be mounted with an easily
interchangeable system, thereby allowing the utilisation of any rib geometry with the same conditions. In

addition, each fouled plate can be readily extracted for weighing and measurement. The chosen working

conditions generated the desired range of Reynolds numbers and t; values and reproduced the typical

conditions of the enhanced surfaces that are actually used in heat exchangers. The chose of aluminium
was with the idea of increasing the thermal gradient during the cooled experiments in order to improve
the possibilities of thermophoretic deposition to contribute to the overall fouling rate, therefore the
differences between the cooled and the uncooled tests, if existent, should be more clear. Furthermore, the
recent tendency towards more compact and efficient heat exchangers is leading some applications
towards the use of aluminium in EGR heat exchangers.
Using the 95% confidence level method recommended by Moffat [24], the overall experimental
uncertainty was calculated as follows:

fluid temperatures, +0.35 °C to 100 °C and £0.95 °C to 400 °C [25]

air flow rate, 0.5 +1 % of the measured values



water flow rate, 1.5 % of the measured values
fouling thickness, £2.5 um

fouling mass, +£0.001 g, accuracy balanced

2.1 Experimental procedures
All tests started with a warm-up period, which continued until the engine temperature and rpm were
stabilised. The exhaust gas flows through a bypass circuit in this step. Once uniformity in working
conditions was obtained, the measurement main gas line was opened, and the testing time was properly
began.
Asymptotic evolution was assumed, as is typical in studies of fouling by particle deposition [14, 19, 26-
28]. Under this assumption, each test was conducted until all experimental parameters reached a steady
level to ensure stabilised conditions. Thus, the end of each test:-was determined by the effectiveness loss
of the heat exchanger probe in the system. To ensure that the final conditions were achieved, a minimum
of 100 hours for each test was established.
The process of dismantling was accomplished through the removal of two screws from two threaded
holes on both ends of each plate. This process was performed somewhat delicately, as it was a difficult
operation due to the low consistency of the residue and its tendency to crumble. This observation is
consistent with the hypothesis that fouling is controlled by soot particle deposition.
The procedure followed in each test is listed below:

Before starting the test, clean conditions were ensured, and each plate of the heat exchanger to be

probed was weighed.

The engine was started and ran until the entire system was warm.

The exhaust gas started to flow through the measurement section.

During the test, the temperature, pressure drop and thermal efficiency were monitored.

Once all of the control parameters reached a stable steady state, the test was completed.

The fouled plates of the heat exchanger were then carefully removed and weighed.

The thickness of the residue deposited on the tested plates was measured using an image scanner

system with a resolution of 9800dpi, which is equal to a pixel size of approximately 2.5 um. The

measurement operation was repeated twice over the two ribbed sides of each plate to minimise



the error of the measurement process. Later, all points were numerically smoothed to obtain an

average profile.

At the end of each test, all of the components were cleaned in an ultrasound cleaning bath.
The exhaust gas composition, and general engine behaviour was controlled during the test period with
periodical particles and gas emission control. The measured values during the tests averaged 12.4 %CO,,
168.7 ppmCO, 11.2 ppm THC, 319.6ppm NOx, and a particle concentration of 47.1 mg/m’N which was
derived from an average opacity measurement of 2.0 FSN and calculated through a model proposed by
Magin et al [29].
As mentioned above, the parameter used to determine the end of each experiment was the thermal
efficiency of the probes. In all cases, the efficiency followed the same pattern, and the conventional
definition of efficiency [30], Eq.(1), was used:

T

g9 Gu
T &)

Gn | Cout
The experimental protocol was designed to analyse and compare the fouling on ribbed plates. All of the
probed plates were characterised by a gas mass flow rate of 60 kg/h, a coolant temperature of 90 °C (or

uncooled), and an exhaust gas temperature at the entrance of the test section of approximately 650K.

3. Resaults

A total of 10 plate tests were performed. No significant differences between the upper and lower plates
were observed. Moreover, a test in which the plates were rotated 90 degrees was conducted without
notable changes. Therefore, the effects of gravity on plate results appear to be negligible. This result is in
agreement with previously published fouling studies with small particles (r,<5 pm) [31].

The results obtained for the fouling mass deposited during the experiments are summarised in Table

2.

The typical fouled rib appearance is shown in Fig. 4. In this image, three different areas are clearly
distinguishable. These areas are identified as I, II, and III, in the sense of flow. The profile of fouling
layers over the full length of each plate was measured. To clearly analyse these results, the fouling depth
on each rib was compared. The resultant deposition on each rib, numbered by flow direction, is
summarised in Fig. 5. As shown, the region prior to the rib (Area I) shows a small fouling in its beginning

which gets thicker towards the end of the region. Probably this is due to the creation of a recirculation



flow that reduces the shear stress and allows the arrival of particles (by any of the mechanisms described
carlier) with a low removal counterpart. Area II corresponds to the least fouled zone, which is attributable
to the dominant erosion on the exposed to the flow side of the rib. Also the boundary layer thickness of
this area is reduced and therefore the region is more affected by bulk properties. This effect joined to the
geometry produce an increase of particle impacts by inertia which competes with a strong removal force
Thus in this region, the appearance of the fouling matter was somewhat different. The area III is
associated to stronger turbulent effects which correspond to the rib wake area. Due to the separation of
the main flow, this region is characterized by the arrival of smaller particles mainly due to diffusion and
thermophoresis while the arrival due to inertia should be minimal and the low erosion leads to a higher
overall fouling. Due to the aforementioned differences in the flow between Areal and Area III the
appearance of the residue was smoother in area I and rougher in area III.

The evolution of each fouled rib profile with length was measured, and no notable differences were
found. To reduce the uncertainty of the experiments, the thickness of the fouling layer on each rib was
averaged. The mean value or an equivalent profile of the fouling layer on each probe was then analysed.
The fouling layer thickness measurements for plate A are shown in Fig. 6, and Fig. 7 depicts these
measurements for the more severe ribbed plate B. As shown in these figures, several common features
were observed in all cases. The profiles of the fouling layers appear to follow a similar pattern. When the
profiles are oriented so that the gas flow is from left to right, the region less affected by fouling is clearly

identifiable on the left incident side of the rib. In each case, the back side showed the greatest thickness.

4. Numerical simulation

To evaluate the local critical wall shear stress concept, it was necessary to calculate the wall shear stress
on the two ribbed plates tested.

Many experimental studies of ribbed studies have been performed that focused on obtaining correlations
[9, 12]. These results were obtained through general analyses of mean flow parameters. However, to our
knowledge, there is no detailed experimental measurement or correlation that accurately provides the
flow shear stress on ribbed surfaces, likely because the cost of an experimental apparatus to measure local
wall shear stress data was unacceptably high. These types of results are typically obtained with the

support of computational fluid dynamics (CFD) tools.



4.1 Mesh generation

The simulations were performed with the software Fluent 13.0 (ANSYS, Inc.). The geometry and the
mesh of the tested geometries were generated using GambitTM and TGrid, which are the pre-processing
modules of the Fluent code.

To solve the near-wall viscous region with precision, a 25-cell prismatic boundary layer was created. The
size was adjusted to attain a y* value on the adjacent wall cell of approximately 1, and a linear growth
model was used to achieve a smoother transition to bulk cells.

The solution obtained was analysed for different mesh resolutions to ensure grid independence in
accordance with the CFD Best Practice Guidelines [32]. The transverse, longitudinal, and boundary layer
mesh size parameters were studied separately. The transverse convergence was reached with a cell size
rate (L/Ax) on the order of 10, corresponding with a cell size of 2 mm, so it was not restrictive. The
stability of longitudinal size results was obtained with a cell size rate on the order of 10° (cell size 0.2
mm), as observed in Fig. 8a. For the boundary layer, dimensionless wall distances lower than 2 appear to
be sufficiently accurate, as observed in Fig. 8b. As a result, the final 3D cell number used was

approximately 5 x 10° cells.

4.2 Numerical model

Once the resulting mesh model passed all quality checks, the mesh was exported to Fluent, where the
boundary conditions and physical properties were determined and calibrated.

Both anterior and posterior to the real domain, adiabatic virtual ducts were added to obtain a developed
inlet profile and prevent reverse flow, respectively. The experimental exhaust gas mass flow of 60 kg/h
was imposed as'a mass flow inlet condition and a pressure outlet on the exit section. All of the external
walls were supposed to be adiabatic, corresponding to the isolated configuration employed in the test.
The coolant flow was substituted by an equivalent heat transfer coefficient at the bulk temperature. This
assumption is common in detailed heat exchanger one-sided simulations [33].

Turbulent heat transfer was modelled using the Reynolds analogy to turbulent momentum transfer. Due to
the simple geometry and flow of the turbulent RANS-based modelling approach, the standard k-& model
was used. The viscosity-affected near-wall region was resolved by enhanced near-wall treatment using

the standard k- € two-layer model of Wolfshtein incorporated into the Fluent code [34].



Because of the low Mach numbers associated with the working conditions of typical exhaust gas devices,
the incompressible-ideal-gas law option was used to model density variations with temperature. The
viscosity was computed following the Sutherland formulation, and a segregated solver was adopted.

The software employed allows the utilisation of four different interpolation schemes. After convergence,
first-order upwind schemes were achieved, and the second-order scheme QUICK was then used for all
equations. The results obtained are shown in Fig. 8b, in which the rates with final mean wall shear stress
are compared between both numerical schemes. In addition, all computations were performed.in double
precision.

The convergence was judged by monitoring the scaled residuals, following the Fluent recommendation of
maintaining at least 10 for all variables. Moreover, several key parameters were monitored, such as the
outlet pressure, temperature, and mean and maximum wall shear stresses. The computation was stopped
after all of these criteria were achieved and the second-order flow solution converged. This modelling
strategy has been utilised in previously published studies [35]. An Intel ® Xeon ® Quad-Core E5530 2.4-
GHz cluster with 96 GB of RAM was used for the computation. The average time per simulated case was

approximately 20 h.

5. Discussion

5.1 Mean values

In the tested case of engine exhaust gas passing through heat exchangers, increases in the mean velocity
of the gas resulted in decreases in the amount of fouling deposition. The majority of the removal
mechanisms, such as the impact of particles, turbulent bursts, round stress, and scrubbing action, are
related to the fluid velocity. This relationship was experimentally demonstrated in previously published
studies [36, 37].

The amount of residue deposited on B-type plates was approximately 30% lower than that on A-type
plates. This effect is clearly detectable in Table 2 and is also reflected in the fouling thickness, as shown
in Figs. 6 and 7.

This result is consistent with the conventional concept of critical velocity due to the reduction of the gas-
free section. As a consequence, the mean particle velocity increases from the A- to the B-type plates. The
different shapes of the ribs make difficult to quantify this increase. Using the hydraulic diameter based on

the rib peaks distance, the increase in mean particle velocity could be calculated to be approximately



15%. As mentioned, a more realistic reduction in the mean particle velocity from B- to A-type plates,
based on the real gas volume in each case, is approximately 8%.

The increase in the ratio of rib height to plate spacing of 62.5% from the lower to the higher ribbed plates
results in a 30% reduction in deposition. Thus, although the influence of the velocity on the resultant
deposited fouling is clear, the quantification of this effect is complex. The concept of local critical wall
shear stress instead of critical velocity as a parameter for the control of the fouling removal process
simplifies the comparative analysis, and provides the important local concept.

An analysis of previous research regarding fouling in engine exhaust systems highlights the importance of
the effects of the temperature gradient on the overall fouling layer. The importance of thermophoresis has
been exhaustively studied, particularly with soot particles [17, 38], and this phenomenon has been shown
to be most relevant for small particles [39]. The thermophoretic effect was result in a mean mass increase
of approximately 50% under the conditions used for our previous experiments [16].

Based on the results obtained in this study, the effect associated with temperature was almost
imperceptible. The average fouling mass in cooled and uncooled plates is primarily constant. The
thickness, shape, and extent of fouling remained practically unchanged in the presence of the thermal
gradient.

The equivalence of results with and without temperature gradients is consistent with our initial
expectations. The particle deposition regime for this experiment is a key aspect of the explanation for this

lack of a thermophoretic effect. The designed layout and the chosen working conditions placed the range

of the dimensionless particle relaxation time t; between 0.3 and 10 for the typical exhaust particle size.

In contrast to our previous study [16], in this experiment, the work area in the typical v-shaped deposition
velocity described by Guha et al. [18] was translated. Thus, the mechanism controlling deposition was
translated to a more inertially dominant regime in which thermophoresis is a minor or even negligible

factor.

5.2 Critical wall shear stress

It has been proposed that rolling is the major removal mechanisms and some good results have been
obtained based in this assumption [40]. As particles are far from spherical, this rolling mechanisms cannot
be considered as a perfectly physical description of the process taking place, however it seem to

accurately describe the main forces involved in the process. Under this assumption, the critical flow



condition was defined as the mean flow velocity at which the rolling moment (RM) is equal to unity. The

RM compares the hydrodynamic rolling moment with the adhesion resting moment [41].
Based on this concept, the critical shear stress 7, was proposed as a removal parameter by Paz et al. [16].

This study attempted to establish a local explanation for the fouling profiles of the probes in relation to
the shear stress patterns.

The critical shear stress was defined as the shear stress at which the rolling moment is equal to unity.
Therefore, shear stress values higher than the critical value result in the rolling of deposited particles and
their consequent movement along the wall. Given the initial assumption above, the more particle
deposition predominates as the primary fouling process, the more representative critical shear stress will
be as a removal parameter.

The critical wall shear stress was calculated for the entire range of particle diameters. For a given particle
diameter, the critical wall shear stress 7,,, can be obtained. This evaluation was accomplished using the

process previously detailed by Paz et al. [16].

The critical wall shear stress corresponding to the working particle diameter range was calculated, and
these values were compared with the mean wall shear stress. The resulting ratios 7, / 7,, are depicted in

Fig. 9a.

In this figure, nearly half of the ratios exceeded 100 %, indicating that the particles of the corresponding
diameters had a wall shear stress higher than the critical value; thus, rolling action was present, and the
removal rate was high. The rate was similar for A- and B-type ribbed plates, although the experimental
results clearly show greater removal, or lower deposition, for the A-type ribbed plates.

Using the detailed results obtained by simulations, the critical wall shear values were compared with the
wall shear stress throughout the full ribbed plate surfaces. These results (Fig. 9b), which demonstrate a
greater difference between the two differently ribbed surfaces, agree with experimental values.

The removal rate observed in this study is clearly higher than that observed in previous studies of
cylindrical probe fouling [16], in accordance with the predicted extension of flow regime working
conditions. The removal rates derived from the simulation were of the same magnitude as the mean
observed rates, which reinforces the reliability of the simulation results.

Figs. 10 a and 10 b present detailed diagrams of the wall shear stress rates throughout the two studied
ribbed plates, A and B, respectively, which are again oriented with the gas flow from left to right. In the

same manner as was noted for the mean analysis, ratios larger than 100% for a given particle diameter



result in the prevention of deposition through the rolling mechanism. This removal action most likely
affects particles of other sizes by directly impacting them; thus, areas with high shear stress rates tended
to have smaller fouling thicknesses. This result agrees with the measurements shown in Figs. 6 and 7.

The deposition thickness on the incident side of the rough rib plate should be zero given the rate values
for the working conditions; however, these rates alone cannot completely explain the residue thickness, as
was mentioned above.

A visual comparison of the rates shown in Figs. 10 a and 10 b makes it clear that greater rates are seen in
the latter because of the greater rib severity present in that case. The profile shapes of the shear stress
rates suggest differences in the deposition tendencies of particles of different sizes, an observation that is
consistent with the visual fouling distinctions depicted in Fig. 4.

The wall shear stress values and the results for average fouling thicknesses from both analysed plates are
superimposed in Figs. 11 and 12.

The wall shear profile shows a clear maximum on the left (incidence) rib side and much lower values on
the right (back) rib side. The shear stress values behaved similarly in both cases, thus the critical values
too. The minimum fouling thicknesses were found approximately where the maximum shear stress was
observed, at which point the critical shear stress was exceeded for the larger particles. The thickness
peaks coincided with the rib shadow zone, where the minimum shear stress was observed.

Further analysis of the residue thickness profiles revealed that there was a peak near the -4-mm-length
area in all cases. These peaks appear in the last flat area just before the start of the incident rib side. This
area coincides with-low values of wall shear stress, although it lies just before the area associated with the
maximum wall shear stress values. One potential explanation for why this depth is higher than expected is
that in this area, there was an increase in the particles available to be attached due to their proximity to a
high-erosion region. The particles shed from the area of greatest wall shear stress (on the incident rib
side) would be reincorporated into the flow but would not have enough energy to reach the mainstream
flow. These particles trapped in the boundary layer with low shear stress will therefore be deposited near
the -4-mm previously deposited fouling layer.

Other removal mechanisms, such as water condensation, chemical reactions, and deposition of
hydrocarbons, are known sources of inaccuracies in this study. In addition, calculations of the actual shear
stress on the ribbed surface should take into consideration the changes in surface geometry caused by the

fouling thickness. Nevertheless, these rates show the important role of a local parameter in at least



partially explaining the final fouled layer profile. Thickness measurements and visual inspection

confirmed the pattern of behaviour that was detailed above.

6. Conclusions

A plate heat exchanger was built and coupled successfully to a system capable of providing engine
exhaust gas flow. This system allowed the measurement of exhaust gas fouling behaviour on enhanced
surfaces.

The designed layout allowed the measurement of deposited layer thickness, weight, shape, and
distribution on ribbed plates of different severities. The experimental procedure guaranteed that all of the
measurements were collected under asymptotic conditions.

Due to the versatility of the setup, different angular positions of the assembly and coolant configurations
were tested. The effects of gravity on the deposited layers were found to be negligible.

Little influence of thermophoresis was found under the specific conditions tested, as particle deposition
appeared to be largely governed by inertial mechanisms. The contrast observed between this result and
the importance of thermophoresis found in the previous study highlights the sensitivity of fouling
mechanisms to changes in the working conditions. Increasing the severity of the ribbed surface led to a
reduction in fouling deposition under the same gas and particle flow conditions.

A more detailed analysis of the numerical results contributed to the understanding of the experimental
fouling results.

The range of work by the erosion criteria was defined, has been extended successfully. In particular, the
detailed profiles; peaks and valleys of the measured fouling were discussed, evaluated and compared with
critical wall shear stress values. These results were analysed from both global and local perspectives, and
they illustrate the importance of local effects on the deposition of particles.

In all cases, the minimum deposition depth occurred on the incident side of the rib, coinciding with the
maximum wall shear stress and therefore the greatest removal rate. The shape of the fouling profiles
across the ribbed plates was explained based on the effect of the local critical wall shear stress on removal
rates.

The results and analyses conducted in this study pave the way for studies of various aspects of fouling,

including rib severity, rib arrangement, temperature gradients, differences in operating conditions,



instantaneous measurements, and numerical modelling of fouling. These experiments would clarify
several of the uncertainties identified in this study.

The depth of the fouling layer deposited on ribbed plate surfaces exposed to diesel exhaust gases showed
a clear correlation with local shear stress profiles. The critical wall shear stress was therefore shown to be

a very powerful criterion for the quantification of local erosion.

Nomenclature

e rib height (m)

H plate spacing (m)

L total length (m)

N rib number, dimensionless

p pitch (m)

ry particle radius (m)

Re Reynolds number, Re = %D" , dimensionless
T temperature, (K)

t plate thickness (m)

t; particle relaxation time, o= % , dimensionless

w width (m)

y wall distance, dimensionless

Greck symbols

thermal conductivity (W/mK)

AX cell size (m)
€ thermal efficiency, dimensionless
T, wall shear stress (Pa)

Subscripts and superscripts

(o] coolant

g gas



in inlet

out outlet

A plate type A

B plate type B

o free-stream (far away from the walls)
* critical
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(a) Cooled plate

Fig. 6: Fouling thickness of the A-type plates.

(b) Uncooled plate
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(a) Cooled plate

Fig. 7: Fouling thickness of the B-type plates.

(b) Uncooled plate
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Table 1: Measurements of ribbed plates (mm).

Pitch, p Rib height, e Plate thickness, t Plate spacing, H
Plate A rib 17 2.5 3 14
Plate B rib 17 4 3 14

Table 2: Mass deposited on the plates.

Plate A Plate B

Experimental mass (mg) Experimental mass (mg)
Cooled 140 340 210 140 120
Uncooled 120 340 190 190 160

Experimental layout developed to investigate fouling deposited on ribbed surfaces
Fouling thickness measurements were done after asymptotic conditions reached
The measurements were complemented with a CFD analysis

Critical wall shear stress aids to understand the local behaviour of the soot layer



