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Abstract 

Exhaust gas recirculation (EGR) cooiing devices are used in EGR 

systems to significantly reduce NOx emissions from diesel engines. However, the 

therma! and hydraulic performances of these devices change over time during 

operation due to the deposition of soot from the diesel exhaust gas in these 

devices. The objective of this work was to investigate in detail the heat transfer 

and the soot deposition characteristics in diesel engine EGR cooling devices. 

Controlled soot deposition tests were performed on a series of generic 

single-tube and three-tube EGR cooling devices that were exposed to exhaust 

gas for different periods of times in the diesel exhaust test facility to investigate 

the time-dependent heat transfer and pressure drop characteristics of these 

devices. A non-destructive technique was developed to characterize the three

dimensional soot layers that occurred in the EGR cooling devices using the 

neutron radiography test facility of the McMaster Nuclear Reactor. 

The results showed that the deposited soot layer in the single-tube 

devices was much larger for the higher flow rate which corresponded to turbulent 

flow, particularly in the entrance region. The thickness of the deposited soot in 

the entrance region of the tube was much larger than the remainder of the tube, 

and appeared to restrict the flow area by up to 75% over a length of 4 tube 

diameters. The variation in the deposited soot thickness throughout the rest of 

the tube is similar in magnitude to the layer itself indicating that the soot layer in 

the tube was three-dimensional. The results also showed that the profiles of the 
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deposited soot had a wave-like structure in all cases. The thermal effectiveness 

of the devices decreased from approximately 82% to % over 5 hours for the 

laminar flow test case, and from 70% to 35% for the turbulent flow test. The 

pressure drop across these devices increased by up to 320% during the 5 hours 

of testing. 

Measurements were also performed using three-tube EGR cooling 

devices with 45° and 60° expansion angle inlet headers exposed to diesel 

exhaust for 3 hours. The soot deposition was more evenly distributed in the tube 

bundle with the 60° expansion angle inlet header suggesting that the flow may be 

more evenly distributed in this device. There was more soot deposited in the 

center tube than outer tubes in the three-tube bundle with the 45° expansion 

angle inlet header suggesting that the flow was not evenly distributed. The 

thermal effectiveness in both cooling devices decreased during the 3 hours of 

testing, but the change in the effectiveness was larger for the device with the 45° 

expansion angle inlet header. The pressure change in the exhaust gas across 

the cooling devices increased more rapidly for the device with the 45° expansion 

inlet header, reaching a nearly constant value of nearly 5 times the initiai value 

after 3 hours. 
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CHAPTER 1: Introduction 

The objective of this investigation was to study the heat transfer and the 

soot deposition characteristics in exhaust gas recirculation (EGR) system cooling 

devices used for nitrogen oxides (NOx) emissions control in diesel engines. The 

emissions of NOx generated by fuel combustion processes, such as by diesel 

engines, are one of the main causes of air pollution. The NOx emissions are 

toxic, causing respiratory problems and chronic lung diseases, and contribute to 

acid rain, smog formation, and destruction of the ozone layer (Cohen and 

Higgins, 1995; Lloyd and Cackette, 2001). On-road vehicles are one of the 

significant sources of NOx emissions in most industrialized countries. For 

example, on-road vehicles accounted for 36% of NOx emissions in Canada, and 

32% of emissions in the United States in 1995 (AQA, 2000; US EPA, 1998; 

Taylor, 2003), as shown in Figure 1.1. This is also true for the province of Ontario 

where automotive vehicles were the highest contributor of NOx emissions for the 

years 1992-2000, as shown in Figure 1.2. There is currently an increased interest 

replacing gasoline engines with more efficient and higher fuel economy diesel 

engines in order to reduce the greenhouse gas emissions to meet the 

requirements of the Kyoto protocol (UNFCCC, 2003). Diesel engines have higher 

emissions of NOx and soot (Lloyd and Cackette, 2001), so the emissions from 
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province for the years 1992-2000. (MOE 2000.) 
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these engines must be reduced to be a viable replacement for gasoline engines, 

when these emissions standards are implemented. The typical composition of 

diesel exhaust gas and emission levels of main pollutants from automotive diesel 

engines are shown in Tables 1.1 and 1.2, respectively. 

There is also increasingly stringent government regulations imposed on 

the automotive sector by industrialized countries to limit the emissions of NOx, 

and the other combustion-based air pollutants, such as carbon monoxide (CO), 

unburned hydrocarbons (HC), and particulate matter or soot (PM). For example, 

the NOx emissions standards for diesel cars in Europe, Japan, and USA are 

shown in Figure 1.3, while the emissions standards for automotive vehicles in 

Europe are shown in Figure 1.4. Thus, there must be a significant reduction in 

NOx emissions from vehicles by the year 2008; approximately 93% reduction of 

the emissions of year 2000 in USA, and 63% and 50 % reductions in Japan and 

Europe. Diesel engines only make up a small segment of the North American 

market but they are the dominant engines in Europe and Japan where fuel prices 

are relatively high. 

NOx is composed of nitric oxide , constituting the major portion of 

NOx, and nitrogen dioxide (N02) that is formed when nitrogen and oxygen react 

at high temperatures in the engine cylinder. There are two primary mechanisms 

of NOx formation during a combustion process, fuel or chemical NOx and thermal 

NOx (Glassman, 1987). Fuel NOx is formed from the nitrogen chemically bonded 
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Table 1.1: Typical composition of diesel exhaust 

gas. (Uoyd and Cackette, 2001.) 

t C 
.. 

(O/~ \ 

O2 14.6-15.2 

N2 72.2-73.5 

CO2 4.9-5.3 

CO 1.5-1.8 

H2O 4.4-5.1 

N02 0.4-0.5 

802 0.05-0.07 

NO 1.4-1.6 

HC and ash 0.05-0.1 

Table 1.2: Typical emission levels of pollutants 

contained in the diesel exhaust. 

Pollutant 

NOx 50-2500 ppm 

PM O. i -0.25 1m3 

co 5-1500 m 

HC 20-400 m 
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in the fuel that depends on the nitrogen content of the fuel compounds, and 

thermal NOx, the larger source formed when nitrogen in the intake air is oxidized 

at high temperature in the combustion chamber. 

The thermal NOx emissions from automotive diesel engines can be 

reduced using a number of approaches. The thermal NOx can be reduced by 

controlling the combustion process peak flame temperature using methods such 

as exhaust gas recirculation (EGR), retardation of fuel injection timing, and 

water-fuel injection. The NOx can also be reduced by trapping and converting it 

into nitrogen and oxygen in post-combustion or aftertreatment systems, such as 

NOx catalytic or non-catalytic converters (adsorbers), and non-thermal plasma 

assisted catalysis methods. A summary of the typical effectiveness of these 

techniques is summarized in Table 1.3, where there NOx reduction is defined as 

(NOx) / - NOx 
(NOx) reduction == w 0 . 

(NOx)w/o 
(1.1) 

Here, (NOx)w/o is the amount of NOx produced by the diesel engine without the 

pollution control system, and NOx is the amount that would have been produced 

from the same engine with the pollution control system. 

Table 1.3 shows that exhaust gas recirculation (EGR) with cooling is one 

of the most effective techniques of reducing the thermal NOx emissions from 

diesel engines, achieving NOx reductions up to approximately 70% (Ladommatos 

et aL, 1998; Lapuerta et aI., 2000; Zehenka and Reczek, 1998). A schematic 
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Table 1.3: Typical strategies used to reduce NOx emissions from vehicles. 

NOx Reduction Associated Principle of operation & i Attainable 
Approach technique Specifications I NOx reduction 

(%) 

Exhaust Gas m Recirculating a portion of the 40 - 70 % 
Recircu lation exhaust gas back into the intake 
(EGR) of the engine (Ladommatos 
w/cooling " Applies for most types of et aI., 1998; 

vehicles Lapuerta et ai., 
E Increase of PM emissions 2000;Zehenka 
a Increase fuel consumption (1- and Reczek, 

3%) 1998; Abd-Alla, 
2002\ 

I) In-Cylinder 
Combustion Retardation of D Delaying fuel injection that 30- 40 % 
Methods Fuel Injection retards combustion process (Dickey et aI., 

Timing D Increases fuel consumption (5- 1998; Suzuki, 
10%) and smoke 2000) 

.. Injecting water with fuel, or by 
Water-Fuel emulsifying the fuel as water- 30-40 % 
Injection fuel blend 

E Applies for 01 and HD diesel (Bedford et aI., 
engines 2000; Abd-Alla, 

m Corrosion to injection system, 2002) 
engine wear, and noise 

m Increases fuel consumption (7-
15%) 

" Chemically converting NOx into 
NOx catalytic N2 and water using ammonia or 70- 90 % 
or non-catalytic nitrogen-based compounds (e.g. 
converters Urea) with the presence of a (Dickeyet ai., 
(NOx catalyst (SCR), or without 1998; Agrawal 
adsorbers) catalyst (SNCR) and Wood, 

" Applies for HD diesel trucks 2001 ; Tennison 
II} Post-Combustion " Complex and costly et ai., 2004) 
(After-treatments) " Safety concerns 
Methods 

Non-Thermal " Creating plasma that converts 40-60 % 
Plasma - NO into N02 for catalytic (Hammer and 
assisted conversion to N2, O2 , or H2O Boroer, 1999; 
catalysis m Dry NOx removal process Hoard and Lou 

m Still at the proto-type test stage Balmer, 1998; 
Urashima et aI., 
1999) 
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diagram of a typical EGR system is shown in Figure 1.5. In this technique, the 

EGR system recirculates a portion of the cooled exhaust gases into the intake of 

the engine. This reduces or dilutes the oxygen concentration level in the 

incoming stream that acts to reduce both the peak combustion temperature and 

the surplus oxygen level available during combustion process in the engine 

cylinder. Thus, the rate of NOx production can be reduced using this approach. In 

these systems, the EGR rate is commonly defined as (Lapuerta et aI., 1995; 

Mattarelli et aI., 2000) 

EGR Rate = m EGR = m EGR 

m Intake m EGR + m Air 
(1.2) 

where rhEGR is the mass rate of recirculated exhaust gas, and mAir is the mass 

rate of air being mixed with recirculated exhaust in the intake. The recirculated 

exhaust gas is cooled using an EGR cooling device before being mixed with the 

air intake that reduces the peak combustion temperature beyond the non-cooled 

EGR system, thus further reducing the NOx emissions from the engine. Cooling 

the recirculated exhaust gas tends also to reduce the power penalty, or improves 

the fuel economy, by increasing the intake mass charge in the engine, Akihama 

et a!. (2001) observed that the specific fuel consumption penalty for diesel 

engines with EGR systems can be reduced from approximately 3 to 1 % by 

cooling a large amount (-55%) of recirculated exhaust gas flow rates. 
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Figure 1.S. Schematic of a typical exhaust gas recirculation (EGR) system. 

9 



Chapter] PhD. Dissertation - B. ismail McMaster - Mechanical Engineering 

It has been observed that the heat transfer performance of EGR cooling 

devices in diesel engines changes over time because of the typically high 

concentration of soot in diesel exhaust. The soot particles can influence the heat 

transfer mechanisms in these devices by interacting with the gas flow passing 

through the tubes of the cooling device, and more importantly by depositing on 

the walls of the EGR cooling devices. This impacts the short- and long-term 

performances of these devices, thus reducing the decrease in NOx emissions 

that can be achieved using the EGR systems with the cooling devices. 

There have been a number of investigations that characterized the 

performance of EGR systems, but there have been few investigations 

characterizing the performance of the cooling device. The soot deposition 

characteristics in the cooling devices have not been studied in detail previously 

and are not well understood. The objective of this research was to investigate the 

heat transfer, pressure drop, and soot deposition characteristics in diesel exhaust 

gas recirculation system cooling devices. 

An experimental technique was developed to non-destructively measure 

the three-dimensional soot deposition thickness profiles in diesel exhaust EGR 

cooling devices using a digital neutron imaging technique. Measurements were 

performed to characterize the time-dependent soot deposition profiles in single

tube cooling devices. The effect of the gas mass flow rate on the soot deposition 

characteristics were also investigated using the single-tube cooling devices. 

10 
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Measurements were also performed using three-tube cooling devices to 

characterize the effects that the design of the inlet header of the cooling device 

had on the soot deposition characteristics in the devices. The change in the heat 

transfer and flow performance of the EGR cooling devices was also 

characterized during these tests. The results were compared to predictions from 

models for the soot deposition and the effect of the soot deposited layer on the 

heat transfer and pressure drop performances. 

The presentation in this investigation was divided into eight chapters 

including chapter 1, the introductory chapter. The literature on EGR cooling 

devices, the heat transfer and the soot deposition characteristics in these 

devices, and techniques to measure the soot deposition thickness are reviewed 

in chapter 2. The model for the soot deposition and the effect of the soot 

deposition layer on the heat transfer and pressure drop performances of the 

cooling devices are presented in chapter 3. The experimental facilities and 

techniques used in this investigation are discussed in chapter 4. The 

experimental investigations to characterize the heat transfer, pressure drop, and 

soot deposition in diesel engine EGR cooling devices are presented in chapters 5 

and 6. The conclusion of the present work and recommendations for future work 

are presented in chapters 7 and 8, respectively. This work has been presented in 

a number of journal and conference papers summarized in Appendix J. 
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CHAPTER 2: Literature Review 

This chapter reviews the existing literature relating to the scope of this 

investigation, inciuding EGR cooling devices, heat transfer and soot deposition 

characteristics in EGR cooling devices, heat transfer characteristics and 

deposition models for two-phase gas-particie tube flow, and non-destructive 

techniques that can be used to measure the deposition layer thickness. 

2.1 EGR Systems and EGR Cooling Devices 

There are numerous investigations that studied the effect of EGR systems 

on NOx and particulate matter or soot (PM) emissions from automotive diesel 

engines. A summary of the most relevant investigations is presented in Table 

2.1. Lapuerta et al. (1995) observed that the NOx emissions decreased 

significantly as the EGR rate increased at all loads, as shown in Figure 2.1. 

Recirculating the exhaust gas in the system increases the intake air temperature 

causing reduction in the charge density, thus decreasing the power output of the 

engine, and in some cases, increases the soot produced by the diesel engine 

(Ladommatos et aI., 1998; Lundqvist et aI., 2000). For instance, Dickey et ai. 

(1998) observed the PM emissions increased significantly, by approximately 10 

fold, from 0.06 to 0.6 g/hp-hr at EGR rate of 20%. 
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Table 2.1: Summary of studies on the effect of EGR on NOx & PM emissions. HO 01: 

heavy-duty direct-injection; 101 indirect-injection, 

Investigators & type Engine type & operating EGR Rate NOx Effect on 
of Investigation conditions Reduction PM/Black 

smoke 

Dickey et al. (1998)- HD DI Diesel at rated load 0-20% 30-80% PM 
Experimental increased 

0-1000% 

Lapuerta et al. Various DI and IDI 0-30% 20-67% Not 
(2000)- automotive diesel engines reported 

Experimental (from Nissan) for different 
operating modes tested at 

transient cycles 

Mattarelli, et al. Various new automotive DI 0-35% 44-68% Black 
(2000)- diesel engines tested at smoke 

Experimental & different driving cycles increased 
modeling -100% 

Ladommatos, et al. DI 4-cyinder diesel engine 0-40% - 50% PM 
(1998)- Tested at partial loads increased 

Experimental - 50% 

Lapuerta et al. Single cylinder 0-41% 50-68% Black 
(1995)- supercharged DI Diesel smoke 

Experimental & engine at different loads I increased 
I modeling - 150& 

Satoh, et al. (1997)-

I 
Single-cylinder DI diesel I 0-48% -33-91% i Black 

Experimental engine tested at various ! I 
smoke 

I 
loads 

I 
increased 

I - 500& 
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Figure 2.1. The change in NOx emissions generated from DI diesel engine for 

different loads, defined in Table 2.2, with EGR rate. (Lapuerta et aI., 1995.) 

Table 2.2: Reference diesel engine tests used in the study of the 

effect of EGR rate on NOx emissions. (Lapuerta et aI., 1995.) 

Engine Load A B C 

Engine speed (RPM) 2500 2500 2500 

Intake pressure (Bar) 1.783 1.513 1.317 

Injection timing (deg 6.0 5.5 6.5 
BTDC) 

Exhaust pressure 1.936 1.664 1.466 
_(Bari I 

Intake temperature 333 333 333 (K\ 
, 

I 
I 

Exhaust temperature 770 I 660 568 
(K) I 
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The NOx produced by the diesel engine can be further reduced by cooling 

the recirculated exhaust gas (Zehenka and Reczek, 1998; Mattarelli et aI., 2000) 

using an EGR cooling device. Several investigations were performed to study the 

effect of cooling EGR on NOx emissions from diesel engines. A summary of 

studies on the effects of cooling EGR on NOx emissions is shown in Table 2.3. 

Satoh et al. (1997) and Mattarelli et ai. (2000) observed that cooling the 

recirculated exhaust gas using cooling devices reduced NOx emissions from 

diesel engines by additional 15-34 %. The typical operating conditions for EGR 

cooling devices for different applications are summarized in Table 2.4. 

The exhaust gas recirculation (EGR) cooling devices, such as those 

shown in Table 2.5, are normally small scale shell-and-tube heat exchangers, 

with the exhaust gas passing through the tubes, and ethylene glycol-water 

mixture from the engine coolant system passing over the tubes through the shell. 

The shells in these EGR cooling devices are normally plain or non-baffied. The 

diameter and length of the tubes vary for different designs, and the number of 

tubes in an EGR cooling device varies according to gas mass flow rate and exit 

gas temperature expected in the application. The tubes and shell most designs 

are circular, but some square tube designs exist as shown Table 2.5. The EGR 

cooling devices are typically short ranging from approximately 10 to 70 em, and 

the diameter of the tubes are small ranging from approximately 4 to 7 mm. The 

length-to-diameter ratio for most designs ranges from 44 to 60. The EGR cooling 

15 



Chapter 2 PhD. Dissel1ation - B. Ismail McMaster - Mechanical Engineering 

Table 2.3: Studies on the effects of cooling the exhaust gas recirculation on NOx 

emissions. 

i 

Investigators & I Type of engine Method of Effects of cooling on 
type of 

I 
(EGR rate used) controlling charge NOx emissions 

I nvestig_ation inlet temperature 

Ladommatos, et 01 4-cyinder diesel Electric heater NOx reduced by 
aL (1998)- engine (40-120° C) -65% 

Experimental (40%) 

Akihama et al. 01 4-cyinder diesel EGR cooling device NOx reduced by -
(2001 )- engine (100 & 150 0 C) 50% 

Experimental & (20-60%) 
modeling 

Mattarelli, et al. Various automotive EGR cooling device NOx reduction: 
(2000)- 01 diesel engines 25% (without 

Experimental & tested at different cooling) 
modeling driving cycles 40 % (with cooling) 

(35%) 

Satoh, et al. 01 diesel engine EGR cooling device NOx reduction: 
(1997)- (12%) 33% (without 

Experimental cooling) 
67% (with cooling) 

Table 2.4: Typical operating conditions for EGR cooling devices. (Stolz et aI., 2001.) 

Gas mass flow rate, m g (kg/hr) 20 - 80 100 - 480 

Inlet gas temperature, Tg,i (DC) 250 - 450 300 - 700 

Outlet gas temperature, Tg,o (DC) 160 - 200 95 - 250 

Heat transfer rate, Q (kW) 1 - 5 10 - 35 

Gas pressure dro kPa 1 - 3 2 -10 
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Table 2.5: Schematic of tical commercial shell-and-tube EGR coolin 
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devices are commonly made of materials that are durable, heat- and corrosion

resistant, such as high quality stainless steel and in some cases aluminum (Stolz 

et aI., 2001; Honma et aI., 2004). 

2.2 Heat Transfer Characteristics in EGR Cooling Devices 

There is a typically large temperature gradient between the high 

temperature gas-flow in tubes of EGR cooling devices and the coolant 

temperature across the tube walls that cause a large change in the gas 

temperature (-200 - 300 DC) across the heat exchanger that tend to cause a 

large change in the flow properties. There have been a number of investigations 

characterizing shell-and-tube heat exchangers with large gas temperature drops 

used in large scale applications, such as, oil industry, power plants, and gas

cooled reactors (Taborek, 1983). For example, Groehn (1991) performed a study 

on the performance of large scale straight tube banks and helicaHype heat 

exchangers using tube banks at different inclination angles in the transitional flow 

regime for a high-temperature nuclear process heat application. He observed 

that there were thermal-hydraulic advantages when having the tube banks 

inclined at certain angles. However, few investigations exist on high gas 

temperature gradient in small scale shell (liquid)-and-tube (gas) heat exchangers 

similar to those used in EGR systems. Stolz et al. (2001) developed two EGR 

cooling devices for truck and passenger car application and performed CFD 
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simulations to characterize their performances and observed that both heat 

transfer rate and pressure drop monotically increased with increasing gas mass 

flow rate, and the highest thermal load occurred at the inlet region of the EGR 

cooling device. 

Ismail et al. (2002) developed a one-dimensional model to characterize 

the heat transfer and flow performance of EGR cooling devices. The results 

predicted from the model agreed with measurements using a small-scale six-tube 

EGR cooling device (LI d j = 44) tested on a high-temperature air-water heat 

exchanger facility for gas inlet temperatures from 300 to 400 0 C. The results 

showed that the exit gas temperature from the cooling device increased with 

increasing the gas mass flow rate at fixed gas inlet temperature and coolant flow 

rate. It was also found that the thermal effectiveness of the cooling device 

decreased from approximately 80% to 60% with increasing the gas mass flow 

rate from 4 to 18 kg/hr, but depended slightly on the inlet gas temperature. The 

gas pressure drop increased monotically from approximately 0.1 to 1.6 kPa and 

was not a strong function of the gas inlet temperature. Ismail et al. (2002) also 

performed a parametric characterization using the one-dimensional model to 

identify performance parameters that could potentially be used to control the 

performance of the EGR cooling device. The results showed that the exit gas 

temperature from the cooling device was essentially independent of the coolant 

flow rate for the typical operating range, but did depend on the coolant inlet 
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temperature and heat exchanger length. The results also showed that the gas 

pressure drop across the cooling device was mainly due to conventional frictional 

losses with an average of approximately 44% of the total pressure drop. The 

contributions to the pressure drop due to entrance and exit effects for the 

developing flow, and the deceleration effects due to the cooling process were 

found to be also important with averages of 32 and 23%, respectively, for the 

conditions considered in the simulations. 

Zhang (2003) and Zhang et al. (2004) performed measurements to 

characterize the heat transfer and flow performance of the six-tube EGR cooling 

device tested in the high-temperature air-water heat exchanger facility used by 

Ismail et al. (2002). The measurements were performed for gas mass flow rates 

ranging from 2 to 18 kg/hr and gas inlet temperature ranging from 250 to 400°C. 

Zhang et al. (2004) observed that the thermal effectiveness and Nusselt number 

for the ciean device were approximately independent of the gas inlet temperature 

for temperatures between 250°C and 400 DC, when the flow through the tubes 

was turbulent, whereas the thermal characteristics did vary when the flow was 

laminar. The thermal performance of the clean device was not significantiy 

influenced by the presence of a corner upstream of the cooling device, but the 

pressure drop across the device did depend on the flow conditions. 

Melgar et al. (2004) characterized the heat transfer performance of a 

thirteen-tube EGR cooling device (LI di = 20) using experimental measurements 
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and CFD simulations. They observed that the exit air temperature from the 

cooling device increased from approximately 205 0 C to 240 0 C when the total gas 

mass flow rate increased from 30 to 60 kg/hr. The air temperature at the inlet of 

the cooling device was maintained at 450 0 C . They also observed that the gas 

pressure drop across the cooling device increased from approximately 0.7 to 3.5 

kPa for the same range of gas mass flow rate. 

2.3 Soot Deposition Characteristics in EGR Cooling Devices 

There were a few investigations that studied the soot deposition 

characteristics in small scale shell-and-tube heat exchangers such as those used 

as EGA cooling devices. Ismail et al. (2002) performed a series of simulations 

using a one-dimensional model to examine the magnitude of the effect that a 

soot deposited layer would have on the thermal and hydraulic characteristics in 

the EGA cooling device for different soot deposited thickness layers in a six-tube 

EGA cooling device (LI di = 44). The results showed that the exit temperature 

from the sooted device was higher than from the clean device for most of the flow 

rates considered. For the case in which the device had a larger deposited soot 

layer thickness (Le., 20% case), the exit gas temperature was much higher than 

the other cases especially at higher gas flow rates. The results also showed that 

the soot deposited layers increased the pressure drop particularly when there 

was a large scale soot deposited layer, as expected, since the layer on the tube 
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wall decreased the effective hydraulic diameter of the tubes. Therefore, the 

velocity increased in order to achieve the same mass flow rate. Ismail et aL 

(2002) also characterized the effect that the thermal conductivity of the deposited 

soot layer had on the heat transfer characteristics of EGR cooling devices using 

the one-dimensional model. Three thermal conductivities, 0.1, 0.5, and 1.0 

W/m.K, were considered in the simulations typical of those corresponding to 

diesel soot. The results showed that the thermal conductivity of the soot layer 

had a profound effect on the exit gas temperature from the EGR cooling device, 

which for the lowest conductivity case, was the limiting factor on the heat transfer 

rate. 

Zhang (2003) examined the performance of a small-scale six-tube EGR 

cooling device (LI d j = 44) when it was used to cool diesel exhaust gas. He 

found that the diameter at the entrance was reduced by at least 33% after 12 

hours of operation. The pressure drop and thermal resistance of the device 

increased by 150% or more. Zhang (2003) did not examine the soot deposition at 

the entrance at intermediate times so that it was not possible to determine how 

rapidly the soot deposition at the entrance formed in these experiments. 

Usui et al. (2004) characterized the deposition of soot from diesei exhaust, 

generated from a 4~cylinder diesel engine, onto the surface of three cooling plate 

specimens located inside a test chamber at inlet, middle, and outlet. The study 

focused on the effects of engine operation duration, and cooling plate 
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temperature on the weight of deposited soot onto the specimens of the cooling 

chamber. The results showed that the weight of deposited soot increased linearly 

with increasing engine operating time, and the measured deposition rate was 

6.56 mg/hr, highest on the inlet plate. The deposition rate was 5.33 and 4.30 

mg/hr for the middle and outlet plates, respectively, for a fixed cooling plate 

temperature Tplate =80
0 

C and inlet gas temperature Tg,i = 236
0 

C. Usui at aL 

(2004) also observed that the weight of deposited soot increased with decreasing 

plate specimen temperature for fixed inlet gas temperature and concluded that 

the thermophoresis effect was the dominating deposition mechanism. The weight 

of the deposited soot was highest for the inlet specimen and lightest for the outlet 

specimen, and the cooling plate temperature varied from approximately 50 to 

175 0 C . 

2.3.1 Properties of the Diesel Soot Particles 

There have been a number of investigations to characterize the soot 

particles in diesel exhaust. Harris and Maricq (2001) conducted soot particle size 

distribution measurements for the diesel exhaust produced from a large number 

of vehicles and test engines using a variety of diesel fuels. They observed that 

the soot particle distributions had lognormal characteristics for typical diesel 

engines of the form given by 
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(2.1 ) 

even for different EGR rates. Here, No is the total particle number density or 

concentration, d p and dp are the particle diameter and the mean particle 

diameter, and (J' g is the geometric standard deviation for the diesel soot particles 

that varies between 1.68 and 1.86. The mean diameters for the soot particles 

ranged from 0.06 to 0.12 JIm. The total particle number density in the diesel 

exhaust typically varies from 1011 to 1013 #ptlm3 depending on engine type and 

operating conditions (Ishiguro et aI., 1997; Harris and Maricq, 2001; Ning et aI., 

2004). Burtscher et al. (1998) and Ishiguro et aL (1997) characterized the soot 

particles in combustion diesel engine exhaust and observed that the primary soot 

particles were nearly spherical in shape and consisted mainly of core or 

"elemental" carbon surrounded by a shell~like structure consisting of organic 

species of volatile hydrocarbons and sulfate compounds that increase the 

adhesive nature of the soot particles. Burtscher et aL (1998) observed that the 

number density of emitted particles changes due to the formation of 

agglomerates, but the chemical composition did not change with engine load. 

Ning et al. (2004) observed that the mass concentration of the diesel soot 

increased up to 20% when the exhaust gas temperature was cooled from 

approximately 200 to 50 0 C. The peak diameter of the soot number distribution 
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shifted slightly from approximately 0.09 to 0.08 11m , and the total particle number 

density decreased factor of 2 when the exhaust gas temperature was 

decreased from 200 to 50 0 C . They concluded that main mechanisms leading to 

these changes were nucleation and condensation of volatile materials, and 

coagulation or agglomeration of soot 

The conductivity of the soot is difficult to predict because it depends on 

both the composition and the porosity of the deposited soot layer. The 

thermophysical properties of the soot are often characterized using the properties 

of carbon blacks generated from combustion processes, such as candles and 

furnaces. Maquin et a!. (1999) observed that carbon blacks with spherical 

particles of size 0.211111 and porosity 0.54 have apparent thermal conductivity of 

approximately 0.1 W/m.K at atmospheric pressure. 

2.4 Particulate Deposition Characteristics in Tubes of Heat Exchangers 

The deposition or fouling process in heat exchangers is caused by the 

deposition or accumulation of solid materials suspended or generated in a fluid 

onto the heat transfer surfaces of the heat exchangers. This deposition of solids 

on the tube walls of a heat exchanger changes the thermal and hydraulic 

performances of the eXChanger, by initially increasing the surface roughness of 

the tube surface which increases the hydraulic resistance of the tube flow 

depending on the flow regime. In small diameter tubes, the soot deposition can 
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reduce the flow area, thus increasing the hydraulic resistance. The deposited 

layer also increases the thermal resistance of the tube wall which reduces the 

heat transfer rate across the tube walls, causing reduction in the thermal 

effectiveness of the exchanger, although the surface roughness of the deposited 

layer could initially offset this for turbulent flow. 

Epstein (1999) categorized fouling in heat exchangers into crystallization 

fouling, chemical reaction fouling, particulate fouling, and corrosion fouling. The 

effect of fouling in heat exchangers has been fairly extensively investigated. For 

example, there have been many investigations that studied chemical, particulate, 

corrosion, and crystallization fouling in liquid-flow heat exchangers (Kem and 

Seaton, 1959; Bott et aI., 1999; Fryer et aI., 1985; Knudsen, 1999; Knudsen et 

aL, 1999; Blochl and Muller-Steinhagen, 1990). There have been fewer studies of 

the effect of particulate deposition in tubes of heat exchangers that involved gas 

flow such as those used as EGR cooling devices. 

One of the simplest models of particulate deposition in heat exchangers 

was developed by Kem and Seaton (i 959) who reviewed many experimental 

particulate fouling data from recovery liquid flow heat exchangers. They modeled 

the growth of a deposited layer on the heat transfer surface as the difference 

between rates of deposition and removal fluxes, L e., 

(2.2) 
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and 

(2.3) 

where m f is the mass of the deposited layer per surface area, md and mr are 

the rate of deposition and removal fluxes of the deposited layer, kd and Pd are 

the thermal conductivity and density of the deposited material, and R f is the 

deposition or fouling resistance. Kern and Seaton (1959) obtained the general 

time-dependent fouling resistance curve by integrating Eq. (2.3) assuming that 

the rates of transport and deposition are constant with time, and the rate of 

removal flux was rnr = C rm f ' where C r is the removal coefficient. The 

asymptotic deposition or fouling resistance trend is then given by (Kern and 

Seaton, 1959) 

(2.4) 

where Rj is the asymptotic deposition or fouling resistance and tc is the 

characteristic time scale of the problem. 

The deposition and adhesion of particles on tube wails and the 

subsequent re-entrainment is a complex process. The adhesion of particies to 

solid surfaces depends on a number of factors, inciuding the physical and 

chemical properties of the particles (e.g. shape, size, and surface texture) and 

the surface of the heat exchanger. Particles deposited on the surface can be 
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detached and re-suspended into the flow if the force from the flow applied to the 

deposited particles exceeds the adhesion force (Davies, i 966). Cleaver and 

Yates (1973) studied the detachment of conoidal particles from a flat surface in 

a turbulent flow. They reported that particle re-entrainment from the surface was 

due to the lifting force which was created by turbulent eddies hitting the wall. The 

pressure at the stagnation point at the wall was greater than the pressure in the 

high velocity region on top of the particle, resulting in a force directly opposed to 

the net adhesive force. Abu-Qudais and Kittelson (1997) performed an 

experimental and theoretical study of soot re-entrainment from the combustion 

chamber walls of a diesel engine. They observed that a high concentration of 

diesel soot particles emitted during the combustion process are adhesive, and 

deposited on the walls of a combustion chamber due to a thermophoresis 

mechanism. They also observed that the deposited particles were subsequently 

re-entrained during the blowdown process of the exhaust stroke due to unsteady 

turbulent eddies that disrupted the sublayer. 

There have been a number of investigations since Kern and Seaton 

(1959) that have characterized the deposition or fouling caused by particulates 

from gases. For example, Bott and Bemrose (1983) performed measurements to 

study particulate fouling, using dust particles, on the gas side of a finned tube 

bundle heat exchanger for Reynolds number ranging from 1350 to 3800, They 

observed that the friction factor of the flow increased to an asymptotic level 
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between 1,4 and 2.5 times the initial value. Muller-Steinhagen et aL (1988) 

pertormed experiments to study the effect of flow veiocity and particle size on the 

deposition of alumina particles with diameters of 0,45 and 2 j.1m suspended in 

heptane onto heat transfer surtaces. They observed that the asymptotic fouling 

resistance was inversely proportional to the flow velocity and particle diameter. 

Bloch! and Muller-Steinhagen (1990) pertormed experimental investigations on 

the influence of particle size and particle/fluid combination on particulate 

deposition rates in liquid flows in heat exchangers. They pertormed experiments 

using aluminum oxide particles with nominal diameters ranging from 0.06 to 15 

Jim suspended in organic liquids for a wide range of concentrations. They 

observed that with increasing particle size, the asymptotic thermal resistance 

caused by the particulate deposition decreases continuously and that the 

deposition of the relatively smaller particles on the tube walls increased mainly 

due to increase in their particle diffusivity or mass transfer coefficient. They also 

observed that the asymptotic resistance caused by the particulate deposition for 

the smalier particles occurred over approximately 6 hours. 

The particles in diesel exhaust are relatively small « 20 nm) and 

agglomerated with nominal particle diameters near 0.1 J1m (Burtscher, 1998), so 

the deposition of the soot particles due to diffusion may be important for these 

relatively smaller particle diameters (Davies, 1966), For the larger agglomerated 

soot particles that can typically be larger than approximately 0.2 j.1tn, the 
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asymptotic resistance caused by the soot deposition might depend on the flow 

and particle characteristics. 

2.5 Flow and Heat Transfer Characteristics for Two-Phase Gas-Particle 

Flow 

The recirculated exhaust gas that passes through tubes of an EGR 

cooling device is a two-phase flow of gas and diesel soot particles. Thus, the 

two-phase flow that would occur through the EGR cooling devices would depend 

on flow characteristics, such as the soot concentration and cooling device 

orientation. EGR cooling devices are often positioned horizontally aligned with 

the engine. A number of flow regimes have been observed for horizontal gas

particle two-phase flow systems. For example, Rudinger (1980) categorized 

these regimes as dispersed, stratified, annular, and slug flow shown in Figure 

2.2. The slug regime is characterized by intermittent and unstable nature, unlike 

the dispersed flow regime, or the stratified flow regime that occurs for particles 

with relatively large particles (d p ~ 1O,wn). Van and Byme (1997) observed that 

an annular flow regime is possible for low concentrations of particles having low 

densities for high flow velocities. 

There have also been a number of investigations of the heat transfer 

characteristics for gas-particle flow mixture. Vyskubenko et al. (1979) performed 

an experimental study to characterize the heat transfer and deposition in the 
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(a) Dispersed Flow (c) Slug Flow 

.................. .. 

(b) Stratified (Dune) Flow (d) Annular flow 

Figure 2.2. Typical flow regimes of gas-solid particle mixture in horizontal tube. 

(Rudinger,1980.) 
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initial section of a pipe during cooling of a flow of dispersed gas with submicron 

particles, They observed that there was an inhomogeneity of the intensity of heat 

transfer along the pipe that was larger than for the case of homogeneous flow 

due to the formation of a non-uniform layer of deposits along the pipe caused by 

the thermophoretic effect. They also observed that the heat transfer was reduced 

by a ratio of approximately two as opposed to that for pure gas flow, and the 

thermal resistance of the deposited layer was the main component of the total 

resistance between the wall and the flow of dispersed gas. 

There have been a number of investigations of large diameter particles in 

the range 15-200 J1111, but these are different than the diesel exhaust flow with 

submicron soot particles. For example, Boothroyd (1970) performed an 

experimental investigation of heat transfer in the entrance region of a heated duct 

conveying spherical zinc particles with an average diameter of 15 microns 

suspended in the air for a wide range of flow conditions. Boothroyd (1970) 

observed that the particles increased the thermal capacity of the fluid delaying 

development of the thermal boundary layer and increasing the entrance length. 

This effect was found to be more significant for larger particles, such as 

agglomerated particles. Wahi (1977) measured the local Nusselt number for a 

turbulent air flow with suspended spherical glass particles of diameters 30, 62, 

and 200 J1.l'n , for different solid loading ratios. The Nusselt number was increased 

up to 50% in the thermal-entry region, with higher values for the higher mass-
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loading ratio. The Nusselt number in the fully developed region for the horizontal 

flow was higher for the larger particies than for the smaller particies at mass 

loading ratios below 2.0. At higher mass loading ratios the Nusselt number for 

the smaller particles was higher. Wilkinson et aL (1967) performed an 

experimental study to characterize the heat transfer for a flow of air with 

suspended glass and graphite particies of diameters from 40 to 12011m, in a 

vertical heated tube for turbuient flow with loading ratios of solids up to 45. The 

results showed that the suspension of particles improved the heat transfer 

coefficients up to 500% compared to that for pure air, and that the improvement 

was greater with high concentrations, with the relatively smaller particles, and 

with graphite. 

Radiative heat transfer can be important for high temperature two-phase 

flow. Kakac et aL (1987) showed that the radiative heat transfer between phases 

could be neglected for temperatures below approximately 1000 K, such as in 

EGR cooling devices applications, and that conduction heat transfer could also 

be neglected in most cases except in stagnant packed bed heat exchangers. 

The hydraulic characteristics for two-phase flow are different from the 

single-phase flow. For example, Boothroyd (1966) observed that the frictional 

pressure drop in the tube flow containing suspensions of fine particles were 

higher than the pure gas flow depending on particle size and loading conditions. 

Smaller particles at higher loadings tended to increase the frictional pressure 
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drop. Hetsroni (1982) observed that friction factors for the flow of gas-solid 

mixtures pipes are normally greater than that for pure gas, so that an 

additional pressure drop term has to be accounted for due to the presence of 

solid particles in the two-phase flow mixture. 

Modeling of two-phase flows was considered in depth since the 1970s. 

For example, several authors, including Ishii (1975), Delhaye et aL (1981), Drew 

and Lahey (1977), and Ishii and Mishima (1984) developed a general Eulerian 

approach to predict the flow in two-phase flow systems that was subsequently 

called the two-fluid model. In this approach, the two phases are considered as 

interacting continua described by averaged conservation equations governing the 

balance of mass, momentum, and energy for each phase. The two phases are 

coupled by interaction terms in the transport equations for mass, momentum, and 

energy that describe the microscopic phenomena in the equations. These 

equations are summarized in Appendix D and discussed in the next chapter. 

2.6 Deposition Models for the Gas-Particle Flow 

The transport and deposition of the particles from a gas-particle flow onto 

the tube walls are often influenced by a number of mechanisms (Chang et aI., 

1995), including (1) convection by the gas velocity, (2) diffusion of the particles 

due to concentration gradient, (3) thermophoresis due to temperature gradient in 

the flow that causes the particles to migrate in the direction of decreasing 
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temperature, (4) sedimentation due to gravity for relatively large particles 

(d p > 10j.Jm) that tend to deposit by gravitational settiing, (5) drift motion of 

charged particles under the influence of an electric field, (6) agglomeration of 

particles and dissociation of particle chains, and (7) re-entrainment or re-

suspension of particles from tube surface. The reiative influences of these 

mechanisms vary depending on flow conditions, particle size, duct geometry, and 

duct orientation (Davies, 1966). A number of analytical solutions and correlations 

exist for deposition of particles on tube surfaces due to individual mechanisms 

and in some cases combined effects are included as shown in Table 2.6. 

The deposition of charged submicron particles in channel flow could be 

modeled by solving the continuity equation given by (Beuthe and Chang, 1995) 

n - d[Nd . 
v.J· = ---+ source - smk 

I dt 
(2.5) 

in conjunction with a transport equation for the particles given by 

(2.6) 

where J is the particle flux density, N is the particle density (N p = a pP p)' E is 

the electric field, D is the diffusion coefficient for the particle, and T is the 

temperature. The subscripts i and g refer to ions (particies), and gas 

respectively, and [] denotes the concentration of species in cm-3
. Eq. (2.6), 

Ni ug represents the particle flux due to charged particles transported by the 
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Table 2.6: Summary of particle transport and deposition mechanisms. 

Particle transport system Deposition Mechanisms 
Included 

Aerosol in laminar flow in cylindrical 
channels (Tan and Hsu, 1971) Convection-Diffusion 

Aerosol in a stream fiowing through 
cylindrical channels (Ingham, 1975) Convection-Diffusion 

Particles deposition in a heated 
boundary layer (Talbot et al.,1980) Thermophoresis 

Aerosol in laminar flow in horizontal 
channels (Pich, 1972) Sedimentation 

Aerosol in Poiseuille laminar flow in Convection-diffusion and 
cylindrical channels (Davies, 1973) sedimentation 

Aerosol in laminar flow in horizontal Convection-diffusion and 
channels (Taulbee and Yu, 1977) sedimentation 

Aerosol in Poiseuille laminar flow in Convection-diffusion and 
channels (Chen et aL, 1983) sedimentation 

Aerosol flows in rectangular channels Convection-diffusion and 
(Taulbee and Yu, 1975) sedimentation 

Aerosol flows in rectangular channels Convection-diffusion and 
(Ingham, 1976) i 

sedimentation 

I 
Charged particles in aerosol flow in an Electrostatic, thermophoresis 
unbounded region and diffusion 
(Chang, 1991) 
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convection of the gas, f.1iNiE represents the flux due to the drift motion of 

charged particies under the influence of an electric field, D/vNi represents the 

flux caused by diffusion, and GiN/V'Tg represents the thermophoresis flux 

caused by the spatial temperature gradient. Taking the divergence of each side 

of Eq. (2.6) and substituting in Eq. (2.5) yields the continuity or mass 

conservation equation for the charged particle given by (Beuthe and Chang, 

1995) 

The gas-particle flow in EGR cooling devices normally operates in the absence of 

an electric field. The residence time of the particles in the typically short tubes of 

EGR cooling devices are normally small, on the order of milliseconds, relative to 

the time scale of gas/particle conversion ( > 100 ms) such as homogeneous 

nucleation and condensation (Davies, 1966), so the growth or loss of the 

particles from the gas phase can be ignored. Thus, the steady-state transport 

equation for the submicron soot particles can be written as 

(2.8) 

There are a number of studies that characterized the deposition of aerosol 

particies in cooled tube flow due to combined convection, diffusion, and 

thermophoresis. For example, Berger et aL (1995) compiled a mode! using 

models for diffusive and thermophoretic deposition available in the literature to 
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predict the deposition rate of diesel soot particles through pipes, Their numerical 

results were tested by experimental measurements and showed reasonable 

agreement under the considered test conditions and assuming that the surface 

roughness of the pipe was between 40 - 60Jlm and the density of the soot was 

1000 kg/m3
, They concluded that the inaccuracy of their model was due the 

difficulties with the computations of the temperature profiles necessary to 

determine the thermophoretic deposition due to temperature loss through the 

pipe walls. 

A number of investigations that studied the transport and deposition of 

particles due to convection-diffusion mechanism exist in the literature. Tan and 

Hsu (1971), and Ingham (1975) solved the steady-state convection-diffusion 

equation given by 

(2,9) 

to determine the particle concentration profile in laminar cylindrical tube flow. The 

closed form solution in terms of the diffusion deposition efficiency are given by 

Np,z 00[4J ( 2;:) 
17dif.( = 1- N . = 1- I --"'2 exp\- an '" 

p,1 n=1 an 

assuming uniform (slug) flow, and 

17dif.( = 1- O,81gexp( -3.66;) + 0.0976exp(-22.31;) + O,0325exp( -57,0;) 

+ O,050gexp( -49.96;2/3), 
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assuming parabolic (Poiseuille) flow. Here, an are the roots of the Besse!'s 

function of degree zero, and .; is the dimensionless diffusion parameter defined 

as 

(2.12) 

where D p is the diffusion coefficient for the particle and R is the tube radius. 

The diffusion coefficient, D p , can be determined using Stokes-Einstein equation 

given by (Hinds, 1982) 

(2.13) 

where K is the Boltzmann constant, Jig is the gas viscosity, d p is the particle 

nominal diameter, and Cc is the Cunningham correction factor expressed as 

(Davies, 1966) 

Cc = 1 + Kn[1.257 + O.4exp(-1.lO/ Kn)]. (2.14) 

Here, Kn is Knudsen number given by 2Ag / d p' where Ag is the gas mean free 

path. 

Male! ef aL (2000) performed analytical and experimental investigations to 

characterize the deposition of particles in cylindrical tubes for laminar and 

turbulent flow conditions. They correlated their data for the diffusion efficiency for 

turbulent tube flow using 
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l
( 2udZ I 

7]dijf = 1- exp --R I, 
u g ) 

where Ud is the deposition velocity due to diffusion that was correlated by 

where Sh is the Sherwood number given by 

Re g is the Reynolds number for the gas given by 

2ug R 
Re =--

g v 
g 

and Sc p is the Schmidt number for the aerosol particles given by 

Vg 
Sc =-

p D 
p 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

There have also been a number of expressions developed in the literature 

that predict the deposition of particles due to thermophoresis in tube flow, For 

example, Nishio et al. (1974) performed modeling and experimental 

investigations to characterize thermophoretic deposition of aerosol particles in 

the range of 0.3 - ] .311m in a counter=current heat=exchanger tube for laminar and 

turbulent flow regimes assuming uniform gas velocity at the tube inlet (i.e., slug 

flow). Nishio et aL (1974) ignored the effect of deposition thickness on the 
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convective heat transfer coefficient and other parameters in their model, and the 

thermophoretic efficiency was obtained as 

= 1 _ Particle number concentration at z = 1 _ N p, z 
17 TP Particle number concentration at tube inlet N p,i ' (2.20) 

where v g' P g , kg, and C p,g are the kinematic viscosity, density, thermal 

conductivity, and specific heat for the gas. Tw and Tg,i are the wall temperature 

and gas inlet temperature; U g and Tg are the temperature and velocity for the 

gas; z is the axial length along the pipe; di is the pipe inner diameter; and hg is 

the convective heat transfer coefficient for the gas. Kth the thermophoretic 

coefficient in Eq.(2.21) is given by (Talbot et aI., 1980) 

(2.22) 

for the full range of Knudsen number. Here, Cs is the thermal creep 

coefficient = 1.147, Ct is the temperature jump coefficient=2.20, Cm is the velocity 

jump coefficient=1.146. Nishio et al. (1974) found that the experimental results 

were in reasonable agreement with the predictions. 

The thermophoresis parameter G p is related to the thermophoresis 

coefficient by 
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(2.23) 

where Tg is the absolute temperature of the gas in the vicinity of the particle near 

the tube wall. The thermophoretic particle motion is usually described by the 

thermophoretic velocity, Uth, given by (Talbot et aI., 1980) 

(2.24) 

Byers and Calvert (1969) studied the particle deposition from turbulent 

streams in a circular tube by means of a thermophoretic force. They showed that 

the thermophoretic deposition efficiency for a slug flow can be calculated using 

(2.25) 

where f is the friction factor for the flow. 

Romay et al. (1998) studied the thermophoretic deposition of aerosol 

particles, in the range 0.1- 0.7 J.1m for pipe flow at Reynolds number between 

4000 and 10000. They also derived the thermophoretic deposition efficiency for a 

slug flow based on a one-dimensional analysis, given as 

(2.26) 
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where V g is the gas volumetric flow rate, and Pr is the Prandtl number for the 

gas. They observed that this expression had reasonable agreement with their 

measurements for smalier particle size ("" O.l/.im) and lower Reynolds number 

(Re "" 5000). As the particle size and Reynolds number increased, the measured 

deposition rate was up to 2.0 times greater than that predicted using Eq. (2.26). 

A similar trend was observed when they compared the results to the 

experimental measurements of Byers and Calvert (1969) and Nishio et al. 

(1974), where the experimental thermophoretic deposition efficiency was up to 

3.5 times larger. Romay et al. (1998) concluded that this tendency for the 

theoretical models to underpredict the experimental results in the turbulent flows 

were caused by either turbulent transport and impaction, or non-uniform particle 

concentration gradients at the entrance to the pipe cooling section, that were not 

included in the theoretical derivation. 

Messerer et al. (2003) recently performed an experimental study to 

characterize the thermophoretic deposition of diesel soot particles in a plate-to

plate thermal precipitation system under flow and temperature conditions 

relevant for modern heavy-duty diesel engine exhaust gas systems. They 

observed that the thermophoretic deposition efficiency for the precipitation 

system was independent of particle size and Knudsen number, throughout the 

investigated particle size range of 0.034 - 0.3pln. The experimental results of 

Messerer et al. (2003) were in good agreement with the theoretical calculations if 
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it were assumed Kth ~ 0.55 that is used for the free molecular regime (Kn »1). 

Their results also demonstrate that Kth ~ 0.55 was applicable for agglomerate 

soot particles in the transition regime (Kn "" 1), 

2,,1 Non~Destn,u:::tive Measurement Techniques for the Deposited Soot 

layer Thickness 

The measurements of film thickness of powder layers in pipes, such as 

those involved in powder conveying systems in gas-solid flow, could be 

performed using a range of non-destructive electrical impedance and optical 

transmission techniques (Harvel and Chang, 1995). For example, Irons and 

Chang (1983a) tested strip- or ring-type capacitance transducers that could be 

used in non-electrically conductive pipes to non-destructively detect powder flow 

or measure powder thickness using the dielectric constant difference of the gas 

and powder. Non-destructive optical methods could be used in transparent pipes 

to measure film thickness of powder that has a fairly high coefficient of 

reflectivity, such as a detergent powder. Optical techniques are generally 

unreliable in situations where the optical surfaces can become dirty (Beck and 

Wainwrigth, 1969). Davazoglou (1997) performed measurements for the 

thickness of semiconducting layers deposited on fully or partly transparent 

substrates of finite thickness, such as Si layers deposited on silica substrates, 

using optical transmission technique. Root and Kaufman (1992) developed a 
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non-contacting and non-destructive technique to measure film thickness of 

solids, such as coatings, using a microstrip reasonance or microwave test 

system that used differences in relative permittivities of the media. Powder layer 

thickness on smooth contacting surfaces, or smooth two-phase interfacial areas 

could also be measured using a non-destructive pulse-echo ultrasound technique 

(Chang and Morala, 1990). The soot powder layer experienced in diesel 

applications is, however, a porous (void fraction:::::: 40%) non-smooth contacting 

substance, so the ultrasound technique would not be effective in measuring the 

thin (1 mm order) soot thickness profile in these systems due to signal 

attenuation and multiple scattering problems. 

Neutron radiography has been used extensively to examine the 

distribution of light hydrogenous compounds in metal objects because the 

neutron flux is significantly attenuated when it passes through the light 

hydrogenous compound, but not significantly attenuated as it passes through the 

metal. For example, Tyufyakov (1983) used this technique to visualize the 

aluminum hydroxide corrosion layer formed on aircraft structures by the 

interaction of the aluminum and hydrogen in the surrounding. Real-time neutron 

radiography (RTNR) has also been used in a number of investigations to non

destructively visualize and measure light hydrogen compounds such as oil, 

water, or refrigerants, in metal pipes and containers, or to visualize and measure 

the void fraction in two-phase flow of these fluids. For example, Takenaka et a!. 
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(1998) and Harvel et al. (2000) used real-time neutron radiography to measure 

the void fraction distributions of two-phase flow in the rod bundles of water

cooled nuclear reactors, while Glickstein et al. (1995) and Harvel et ai. (1995) 

used this technique to measure the void fraction distributions in bubbly two

phase flow. Asano et al. (1999) extended the application to the two-phase 

refrigerant flow in a refrigerator. The technique can also be used to visualize 

solids. For example, Umekawa et al. (1999) used thermal neutron radiography 

and B4C tracers to visualize the flow of sand, coated with CdS04 , in a fluidized 

bed heat exchanger. 

The soot in diesel exhaust primarily consists of a solid core of black 

"elemental" carbon particles surrounded by a shell-like structure consisting of 

hydrocarbons and sulphate compounds as mentioned earlier. Therefore, a non

destructive neutron radiography technique could be used to measure the 

deposited diesel soot profiles in tubes of EGR cooling devices. The determination 

of the soot thickness using neutron radiography requires knowledge of the value 

of the thermal neutron attenuation coefficient for diesel soot material that does 

not exist the literature, so it must be determined by calibration. 
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CHAPTER 3: Model for the Soot Deposition Layer and its Effect on 

the Performance of EGR Cooling Devices 

The objective of this chapter is to develop a simplified model to be used to 

characterize the heat transfer, pressure drop, and soot deposition in diesel 

engine EGR cooling devices. The model was derived from two-phase gas

particle conservation equations with appropriate constitutive relations. The non

dimensional conservation equations were used to evaluate the coupling between 

the gas and particle phases for thermal and momentum conservation equations. 

Predictions were performed to investigate the effects of the soot deposited layer 

on the heat transfer characteristics in EGR cooling devices. 

3,1 The Conservation Equations 

The flow of soot particles and exhaust gas in the tubes of an EGR cooling 

device was considered as a mono-sized fully-dispersed gas-particle flow as 

shown in Figure 3.1 withag 2:0.95 (Irons and Chang,1983b). The exhaust gas 

was the "carrier" phase and the suspension of soot particles in the flow was the 

"fully dispersed" phase. The two phases were thermally and dynamically coupled 

depending on the concentration of the soot particles in the flow or "dust loading". 
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Gas (carrier) Particles (dispersed) 

~t?,«j>~ Gas-particle 
flow 

Figure 3.1 The mono-sized fully-dispersed gas-particle flow system used in the 

present model. 
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Using the two-phase flow conservation equations (Appendix D), the unsteady 

continuity equations for the gas (k = g) and particle (k = p) phases can be 

written as 

(3.1 ) 

and 

(3.2) 

Here, the two-phase interfacial mass transfer terms due to homogeneous 

nucleation or condensation were assumed negligible since the residence time of 

the particles in the tubes are normally small, on the order of milliseconds, relative 

to the time scale of gas/particle conversion (> 100 ms) (Davies, 1966), for short 

tubes typically used in EGR cooling devices. Thus, phase change, such as the 

effect of condensation of hydrocarbon in the tubes of EGR cooling devices can 

be ignored. 

The interfacial momentum and heat transfer between the two phases were 

assumed to be due to drag force and forced convective heat transfer. The inter-

particle collisions were neglected since the flow was assumed fully dispersed 

(Fan and Zhu, 1998), so the motion of an isolated particle is not influenced by the 

wake of the others. Thus, the interfacial heat transfer and drag force between the 

gas and particle phases were given by Eqs. (0.7) and (0.10), i.e., 
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(3.3) 

and 

(3.4) 

where K p = 3Jlj.i gd p is the Stokes interfacial drag coefficient (Soo, 1967). 

Assuming negligible gravitational forces on the particles and considering a 

horizontal flow, the unsteady momentum equations for the gas and inelastic 

particle phases are given by 

(3.5) 

and 

(3.6) 

The unsteady energy conservation equations for the gas and particle phases are 

given by 

(3.7) 

and 

(3.8) 

where the viscous dissipation and pressure energy conditions were assumed 

negligible. 
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3,2 The Conservation Equations in Dimensionless Forms 

Using the dimensionless parameters Pg ,kg,c p,g' T, V,N p' Up' U g ,Pg , 

pp,Bg , and Bp (defined in the list of nomenclature), the non-dimensional gas 

and partide continuity equations become 

iJP
g 

__ _ 

---a:;-+ V.(pgU g) = 0, (3.9) 

and 

(3.10) 

The dimensionless momentum conservation equations for the gas and partide 

phases are given by 

and 

(3.12) 

The dimensionless energy conservation equations for the gas and particle 

phases are given by 

and 
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(3,14) 

where Pr g,i and Re g,i are the Prandtl number and Reynolds number for the gas 

phase evaluated using cross-sectionally averaged gas properties at tube inlet 

The relative importance of the interfacial terms for the mono-sized fully-dispersed 

gas-particle flow were evaluated using the dimensionless momentum and heat 

two-phase flow parameters L2¢> and LTH given by 

(3.15) 

and 

(3,16) 

The values of L2¢ and LTH for typical diesel exhaust flow were evaluated 

and are shown in Figures 3.2 and 3,3, for different soot particle number densities, 

These results indicate that the interaction parameters were negligible for soot 

particle number density N p less than approximately 1011 #pUm3
, In these cases, 

the soot particle momentum and energy do not tend to have a significant 

influence on the velocity and temperature fields for the conveying gas phase, 
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Figure 3.2. The two-phase momentum interaction parameter as a function of particle 

number density for a typical diesel exhaust gas flow for various soot particle diameters 

for Reg,i =1500. 
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Figure 3.3. The two-phase heat interaction parameter as a function of particle number 

density for a typical diesel exhaust gas flow for various soot particle diameters for Reg,i 

=1500. 
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Thus, these cases can be modeled by the fully-dispersed-dilute flow. The steady-

state velocity and temperature fields of the gas-particle flow system can be 

determined using only the gas-phase conservation equations only given by 

(3.17) 

(3.18) 

(3.19) 

The transport and deposition of the soot particles onto the tube surfaces 

for the dilute flow were modeled here using the particle transport equation in the 

tubes assuming that the transport and deposition process were determined by 

the individual (or combined) mechanisms of convection, diffusion and/or 

thermophoresis, depending on the relevant magnitudes of these competing 

mechanisms. The steady-state particle transport equation non-dimensional 

form is given by 

(3.20) 

where IJ,T = Tg ,i - T w' and (j p is the dimensionless thermophoresis parameter for 

the particle given by (Chang, 1991) 

(3.21) 
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The dimensional thermophoresis parameter, G p (valid for 0 < Kn < 00 ) is given by 

(Talbot et aI., 1980) 

G =-2C (kglkp+CtKn)[1+Kn(1.2+0.41e-O·88Kl1)]Vg,i 

p s O+3C m Kn)(1+2kg Ikp +2C t Kn) Tg 
(3.22) 

This is related to the thermophoretic coefficient Kth used in previous models by 

-v g Kth 
G=--=--

p T 
g 

(3.23) 

Equation (3.20) provides basis for assessing the relative significance of the 

competing deposition effects caused by thermophoresis and diffusion for the 

transported soot particles in the system. Thus, the deposition of soot particles 

due to thermophoretic effect can be neglected forla pl« 1, while it tends to be 

important forla p I ~ ]. The value of a p was evaluated as a function of 

temperature difference IJ.T and is shown in Figure 3.4. The significance of the 

thermophoretic effect relative to the diffusion effect increases with increasing IJ.T 

and particle diameter as shown in Figure 3.4. 

3,4 One~Dimensional Heat Transfer and Soot Deposition Model 

The fully-dispersed-dilute flow model was considered here and the 

goveming equations were integrated across the tube cross-section to yield one 

dimensional equations with bulk-stream flow characteristics given in Table 3.1 . 
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Figure 3.4. The thermophoresis parameter as a function of temperature difference 

between the gas inlet temperature and tube wall temperature (I:J.T = Tg,i - T.",;) of the 

EGR coolinQ device for various soot particle diameters. 

Table 3.1: Summary of the one-dimensional heat transfer model used in this study. 

Mass 

Momentum 

Energy 

Constitutive 
relation 

m g = constant 
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More details of the heat transfer model are given in Appendix E The control 

volume considered in a nominal cooling tube, including thermal circuit and 

deposited soot layer concept used in the model are shown in Figure 3.5. A 

schematic of the dilute flow soot deposition model used in this investigation is 

shown in Figure 3.6. The deposition of the soot particles caused by combined 

diffusion and thermophoresis effects could be approximately determined using 

(Chen and Yu, 1993) 

(3.24) 

where 11,2 is a function of the two deposition efficiencies. This function was 

assumed here to be zero as a first approximation. The deposition of the soot 

particles onto the circular tube walls caused by the diffusion mechanism under 

laminar flow, assuming uniform inlet gas velocity, was determined using (Ingham, 

1975) 

Np,z OO(4j (2;:) (77dijf ) Lam = 1-~ =] - I -2- exp -an':> ' 
p,l n=l an 

(3.25) 

where an are the roots of the Bessel's function of degree zero, and r; is the 

dimensionless diffusion parameter given by 

(3.26) 
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stream 
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R c,g 

Figure 3.5. Schematic showing control volume in a nominal cooling tube, including 

thermal circuit and soot deposited layer concept used in this model. 

Tg,i 

mg 
~ 

N p,i 

Exhaust gas 
stream at 
tube inlet 

Np,w 
Control volume 

Deposited particles forming soot 
ring with mean soot thickness 5s 

Figure 3.6. Schematic of the one-dimensional dilute flow and deposition model 

used in this investigation. 
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Here, again, D p is the diffusion coefficient for the particle and R is the tube 

radius. The deposition of the soot particles caused by diffusion mechanism under 

turbulent flow was modeled by (Malet et aI., 2000) 

(3.27) 

where Ud is the deposition velocity due to diffusion given by Eqs. (2.16) to (2.18). 

The deposition of the soot particles caused by the thermophoresis effect 

was determined here using (Nishio et ai., 1974) 

(3.28) 

Thus, the soot particles deposited on the tube walls for a certain tube length z, 

due to diffusion or thermophoresis effects were determined using 

(3.29) 

where lJdep is the deposition efficiency given by Eqs. (3.25), (3.27), or (3.28). 

3.4.1 Modeling of the Thermophysical Properties of the Gas and Coolant 

Mixtures 

The exhaust gas passing through the tubes of the EGR cooling device 

constitutes a gaseous mixture typically consisting of N2, O2, CO2, NO, N02, CO, 

S02, and H20, with different volumetric or weight proportions in the mixture. The 
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accurate prediction of the heat transfer characteristics of the flow the EGR 

cooling device requires accurate estimation of the temperature-dependent 

thermophysical properties of the exhaust gas mixture flowing tubes, and the 

coolant mixture flowing in shell. A summary of the gas mixture models used in 

this investigation is given in Table 3.2. 

The coolant passing through the shell side is also a mixture that typically 

contains approximately 50% ethylene-glycol 50% water mixture from the engine 

coolant system. The correlations used in this investigation to predict the 

thermophysical properties of the coolant mixture are shown in Tables 3.3 and 

3.4. Bohne et al. (1984) found that these correlations were accurate within ± 5% . 

3.4.2 Numerical Scheme 

The model calculations were performed for a nominal tube of an EGR 

cooling device. The flow field was discretized in the stream-wise direction and 

tests were performed to ensure the results were independent of the 

computational cell size. An iterative numerical scheme was used to compute the 

performance of the EGR cooling device operating in a counter-current mode. A 

quasi steady state model was used as an approximation to predict the short-term 

heat transfer and pressure drop performance of EGR cooling devices. This was 

done by computing the incremental local soot deposited layer thickness 6s in 

time !J.t and summing it over a total period of time t, taking into consideration the 

60 



Chapter 3 PhD. Dissertation - B. ismail McMaster - Mechanical Engineering 

Table 3.2: Summary of the models used to predict the thermophysicai properties of 
exhaust gas mixture. (n: number of pure gases in the mixture; xi: mole or weight 

fraction of the jth gas in the mixture; R: universal gas constant.) 

(i) Dynamic viscosity 

J1 g,mix 

(kg I m.sec) 

(ii) Specific heat at 
constant pressure 
cp . 

g,mlx 

(J I kg.K) 

(iii) Thermal conductivity 

k g,mix 

(W Im.K) 

(Iv) Density 

Pg,mix 

(kg 1m3 ) 

Model 

Wilke model (Bird et aI., 1960): 

n xiJ1 g ,i 
J1 g ,mix = I -n-~-

i-j '" en - L. X j'¥jj 
j=l 

Chapman-Enskog model (Chapman and Cowling, 1960): 

-6 ~MiTg 
J.ig,i = 2.6693xlO -'-2--

a Qf.1 

1 ( M· J-]f2[ (J1 g i J1/2(M. J
1/4

1
2 

<Pij = J8 1+ M~ 1+ J.ig:j M~ 

Planck-type model (Bird et aI., 1960): 

c = _l_f (X.M ·c ) 
Pg,mix M. . I I Pg,i 

nux I 

Euken model (Bird et a!. 1960): 

k . = fc +~.rlOOOR Jl. . 
g,m!x Pmix 41 M. J1 g , nux L \ mix 

Planck-type mode! (Bird et aL, 1960): 
1 n 

Pg,mix =~L:XiMiPg,i 
JnlX I 

Ideal-gas model: 
Pg 

Pg,i = RT 
g 
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Table 3.3: Summary of the correlations used to estimate the thermophysical properties of 

the ethylene glycol-water mixture. (Bohne et aL, 1984.) 

Thermo
physical 

II property 

J.ic,mix 

(Pa.sec) 

Correlation 

_ 1 {3 3 (j-l) (i-l) [3 (i_I)]1/4 2} 
J.ic,mix - -Exp L: L: Aij.x .Tc + L: A 3,j'x .Tc 

1000 i=1 j=l j=l 

Aij - Table 3.4a. 

x: mass fraction of ethylene glycol in the mixture 

Te : coolant mixture temperature (0 C) (Applicable range: -10 to 100 ° C ) 

kc,mix kc,mix = (1- x).kw + x.keg - F.(kw - keg ).(1- x).x 

(W Im.K) 3 6 2 
kw = 0.56276 + ] .874.10-' .Tc - 6.8.10- .Tc 

Pc,mix 

'< 
(g I cnr') 

Pre, mix 

keg = 0.24511 + 1.755.1O-4.Tc - 8.52.10-7 .T? 

F = 0.6635 - 0.3698.x - 8.85.1O-4.Te (Filippov, 1970) 

Applicable range: -20 to 180 ° e 

_ 3 3 (j-l) (i-1) 
Pc,mix - L: L: Bij·x .Tc 

i=1 j=I 

Bij - Table 3.4b. 

Applicable range: -10 to 150 ° C 

eii - Table 3.4c. Applicable range: -10 to 110°C. 
J 

e I" Pre mix .kc mix 
Pc, mix e . =' , 

( kJlkg.oC) I Pc,mlx J.ic,mix 
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Table 3Aa: The coefficients Ai} for the correlation of dynamic viscosity for the ethylene 

glycol-water mixture. (Bohne et aL, 1984.) 

j=2 j=3 

i = 1 5.5164.10'1 2.6492 8.2935.10'1 
i = 2 -2.7633.10"L -3.1496.10"L 4.8136.10'<l 
i=3 6.0629.10.1 

( 2.2389.10.10 5.8790.10'Hi 

Table 3.4b: The coefficients Bi) for the correlation of density for the ethylene glycol-

water mixture. (Bohne et aI., 1984.) 

j=2 j=3 

i = 1 1.0004 1.7659.10"1 -4.9214.10"L 
i = 2 -1.2379.10"4 -9.9189.10"4 4.1024.10"4 
i=3 -2.9837.10'b 2.4614.10'b -9.5278.10·tl 

Table 3.4«::: The coefficients Cij for the correlation of Prandtl number for the ethylene 

glycol-water mixture. (Bohne et aL, 1984.) 

j=2 j=3 

i = 1 2.5735 3.0411 6.0237.10"1 
i = 2 -3.1169.10"L -2.5424.1 O'~ 3.7454.10"<l 
i=3 1.1605.10"lb 2.5283.10"lb I 2.3777.10'lb 
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local changes of the flow properties and tube diameter along the cooling device 

over the specified time interval. A schematic showing the numerical scheme used 

in this model and a summary of the computational equations used in this model 

are given in Appendix F. 

3.5 Cai«::uiations of the Deposited Soot Layer and its Effect on the 

Performance of EGR Cooling Devices 

A series of simulations were performed to calculate the diesel soot 

deposition layer using the dilute flow model and how the deposited soot layer 

would affect the performance of EGR cooling devices. The predicted change in 

the deposited soot layer thickness along the EGR cooling device (Udi=44) for 5 

hours of deposition is shown in Figure 3.7. The simulations were performed for 

different gas inlet temperatures typically used in EGR applications. The results 

indicate that the deposited soot layer decreases nonlinearly along the cooling 

device for all cases, and increased with increasing the gas inlet temperatme. 

This was not smprising since the deposition caused by the thermophoretic effect 

was a maximum at the entrance of the cooling device where the driving 

temperature difference is largest. This effect increases with increasing the gas 

inlet temperatme, so it should be noted that the change in the soot layer 

thickness that occurred at a location approximately 0.2 L from the entrance of the 

cooling device was due to the fact that the thermophoretic effect became less 
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Figure 3.7. Predictions of the change in deposited soot layer thickness along the EGR 
cooling device for different inlet gas temperatures.(L =20 cm, d t =4.5 mm, rhg =2 kg/hr 

per tube, Tc,i =30°C, Cs =50 mg/m3 
, Np=1 010 #pt.lm3
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Figure 3.8. Predictions of the change in the exit gas temperature from the EGR cooling 
device for different gas mass flow rates.( L =20cm, dt =4.5mm, Tg,i =250°C, Tc,i =30°C, 

Cs =50 mg/m3
, N p =1010 #pt.!m3.) 
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significant at this location as the gas temperature cooled approached the tube 

wall temperature, The predictions in the change of the thermal performance of 

the EGR cooling device for different gas mass flow rate, using the present mode! 

are shown in Figures 3.8 and 3.9. The results show that as the deposited soot 

layer builds up the exit gas temperature from the cooling device increases, and 

therefore the thermal effectiveness of the tube decreases with time. The change 

in the pressure drop for the gas across the cooling device predicted from the 

model for different gas mass flow rates is shown in Figure 3.10. The predictions 

indicate that the pressure drop increases as the deposited soot layer grows 

especially for the case of the higher gas mass flow rate where the pressure drop 

increased by approximately 85%. 
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Figure 3.9. Predictions of the change in the thermal effectiveness of the EGR cooling 
device for different gas mass fiow rates. ( L =20cm, d t =4.5 mm, Tg,i =250°C, Tc,i =30°C, 

Cs =50 mg/m3
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Figure 3.10. Predictions of the change in the pressure drop across the EGR cooling 
device for different gas mass flow rates.( L =20cm, d t =4.5 mm, Tg ,i =250°C, Tc,i =30°C, 

Cs =50 mg/m3
, N p =1010 #pt.lm3

.) 

67 



Chapter 4 PhD. Dissertation - B. Ismail McMaster - Mechanicai Engineering 

CHAPTER 4: Experimental Facilities and Methodology 

This chapter outlines the experimental facilities and procedures used in 

this study to investigate the heat transfer and the soot deposition characteristics 

in EGR cooling devices used in automotive diesel engines applications. Tests 

were performed for single-tube and three-tube heat exchangers, designed to 

model the typical EGR cooling devices currently used in commercial applications, 

and the six-tube EGR cooling device used by Ismail et al. (2002) and Zhang 

(2003). The time-dependent effects of the diesel soot deposition on the heat 

transfer and pressure drop performance of the cooling devices were 

characterized using the diesel engine exhaust gas test facility. The soot 

deposition that occurred in the tested EGR cooling devices was investigated in 

the neutron radiography non-destructive test (NR-NDT) facility developed in the 

McMaster Nuciear Reactor. The design of the EGR cooling devices is discussed 

first, and the experimental facilities are then presented and discussed. 

4.1 The Generic EGR Cooling Devices 

The experimental investigation presented here was performed using 

generic single-tube and three-tube EGR cooling devices that are small-scale 
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shell-and-tube heat exchangers designed to mode! those used 

applications. 

commercial 

The single-tube EGR cooling devices were made from an aluminum tube 

with inner diameter of 6.2 mm and length of 205 mm that fits into a 41.9 mm 

diameter shell as shown in Figure 4.1. A series of seven identical inner sections 

were manufactured and six of these devices were used for the soot deposition 

tests in the diesel exhaust test facility. The last device was kept clean and used 

as a reference device for the measurement of the deposited soot layer profiles in 

the neutron radiography non-destructive test (NR-NDT) facility. 

Tests were also performed for three-tube bundles made using tubes with 

inner diameters of 4.1 mm and lengths of 205 mm that fit into 41.9 mm diameter 

shells as shown in Figure 4.2. Three devices were manufactured, one with inlet 

and outlet headers with expansion and contraction angles of 60°, one with 

headers with angles of 45°, and a third device was left clean as a reference in the 

neutron radiography tests. The angles in the inlet and exit headers of the device 

were consistently kept the same, so that any effect on the flow in the tube bundle 

might be caused from different contraction angle at the exit was eliminated. 

Photographs of the single-tube and three-tube EGR cooling devices used in this 

investigation are shown Figure 4.3. 
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Figure. 4.1. Schematic of the single-tube EGR cooling device used in this investigation. 

(Material: Aluminum. All dimensions in em.) 
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Figure. 4.2. Schematic of the three-tube EGR cooling device used in this 

investigation. (Material: Aluminum. dimensions in cm.) 
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Sea! 

Tube (gas) Header Cooling device assembled 

(a) 

(b) 

Figure 4.3. The generic EGR cooling devices used in this investigation; (a) single-tube 

device and (b) three-tube device. 
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4.2 The Diesel Engine Exhaust Gas Test Facility 

The controlled tests to deposit soot in the generic EGR cooling devices 

were performed using the diesel engine exhaust gas test facility shown in Figure 

4.4. A photograph of the facility is shown in Figure 4.5. The diesel exhaust gas in 

this facility was produced by a 5 kW single-cylinder diesel engine with a variable

load generator (Lombardini AK50-CSA). The characteristics of the diesel engine 

are summarized in Table 4.1. The air in this facility was drawn to the engine 

intake through an intake filter that was connected to the engine by a 3.17 cm 

inner diameter stainless steel pipe with length of 36 cm. The exhaust manifold 

from this engine was connected to an insulated 60 cm long vertical tube with an 

inner diameter of 3.17 cm that carried the exhaust flow to the insulated test 

section. A 45 L accumulator tank was connected in parallel with this pipe through 

a regulating valve to reduce the unsteady fluctuations generated by the single

cylinder engine. At the top of the vertical pipe, the diesel exhaust flow was split 

into two branches. Most of the exhaust flow was directed through a 3.17 cm 

diameter high-flow rate leg that inciuded a venturi meter to measure the flow rate 

through this leg. This leg also inciuded an additional 45 L accumulator tank to 

further damp out the pulsations from the engine. A smaller portion of the exhaust 

flow passed through the 15 mm diameter low-flow rate leg that was used to test 

the EGR cooling devices. The EGR cooling devices were positioned 

approximately 64 cm or 43 diameters downstream from the start of the 15 mm 
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Figure 404. The diesel engine exhaust gas test facility used for the controlled soot 

deposition tests. 
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Figure 4.5. Photograph of the diesel engine exhaust gas test facility used in this 

investigation. 

Table 4.1: Typical characteristics of the diesel engine used in 

this study. 

Model Lombardini AK50-CSA 
# Cylinders 1 
Dimensions (L x W x H) 30cm x 37cm x 45cm 
Displacement 315 cm3 

Bore & Stroke 78cm x 66cm 
Rated speed 3600 RPM 
Max. Torque 15.0 N.m at 2000 RPM 
Max. Power 5.0kW 
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diameter low-flow rate leg. 

The flow rate through the low-flow rate leg, used to test the EGR cooling 

device, was determined indirectly. The gas mass flow rate through the high-flow 

rate leg was measured throughout the experiment. The mass flow rate through 

the small leg was then determined by subtracting the measurement from the 

high-flow rate leg from the total exhaust mass flow rate measured after the 

engine was at steady state. The fraction of the exhaust gas traveling down each 

of the legs was varied using gate valves on each of the legs. The exhaust gas 

exiting the two legs was cooled by a sheU-and-tube heat exchanger before being 

discharged to the fume hood. 

The temperature of the exhaust gas before and after the EGR cooling 

device mounted on the low-flow rate leg were measured using K-type 

thermocouples positioned approximately 6.4 cm upstream and downstream of 

the EGR cooling device. There were pressure taps at the same locations and the 

pressure drop across the EGR cooling device was measured using a Validyne 

DP15TL differential diaphragm type pressure transducer. The temperature 

measurements of the exhaust gas were acquired using a PCI-DAS-TC 

thermocouple data acquisition board, while the output of the pressure 

transducers was acquired using a Microstar IDC -1816 board using a LabView 

data based acquisition program. The temperature and pressure measurements 

data were sampled at a rate 1 Hz over the test. 
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On the other side, a closed-loop coolant transport system shown in Figure 

4.6 was used to provide cooling water by means of a pump to cool the hot 

exhaust gas passing through the EGR cooling device on the diesel test facility. 

The coolant loop included a 30 cm x 70 cm plate type heat exchanger to coo! the 

returned fluid from the EGR cooling device. The coolant loop also included a 50 l 

water reservoir to reduce the rate of change of temperature in the system so that 

thermal equilibrium could be maintained. A globe valve was used to regulate the 

water flow and a rotameter (Brooks 10-1307) was used to measure the flow rate 

that could measure up to 24 IImin to within ± 3% of full scale. The temperature of 

the coolant at inlet and exit ports of the EGR cooling device were measured 

using T -type thermocouples positioned upstream and downstream of the cooling 

device. A summary of the instruments used for the thermal and hydraulic 

performance measurements of the EGR cooling device is given in Table 4.2. The 

temperature measurements were again acquired using the PCI-OAS-TC 

thermocouple data acquisition board. 

The heat transfer rates between the hot gas and cold liquid streams of the 

EGR cooling device were computed by applying an energy balance over the 

cooling device. The heat transfer rate from the gas was determined using 

(4.1 ) 

where C p,g is the specific heat for the gas estimated at the average gas 

temperature between inlet and exit of the cooling device. Similarly, the heat 
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Figure. 4.6. Schematic and photograph of the coolant/water transport 

loop. 
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Table 4.2: Summary of the characteristics of the instruments used in the diesel exhaust 

and coolant transport test facility. 

Type of Type of Applicable Range used I Uncertainty 
Measurement measuring device measurement in test 

ranQe 
Inlet and outlet gas Thermocouple type -200 - 1250 ° C 250 - 400°C ± 1.4 °c 
temperatures of K 
EGR cooling device (Shielded) 

(Tg,in ,Tg.out) 

Inlet and outlet Thermocouple type -270 - 350°C 12 - 35°C ± 0.9 °c 
coolant/water T 
temperatures of (Shielded) 
EGR cooling device 

(Te,in, Te,out ) 

Gas-side pressure Diaphragm-type Depending on 25 - 7000 Pa - ±1% of thE! 
difference between Pressure Diaphragm reading 
inlet & exit of EGR transducer 
cooling device (Validyne DP15TL) 
!J.PEGR , g 

Rotameter 1.32x1 0.3 _ 1.32x10·3 
- -±3% 

(King 7520) 4.43x10·3 m3/s 4.43x1 0.3 m3/s 
Gas volumetric flow 

rate Vg 
Rotameter 4.72x1 0.4

_ 4.72x10·4 
-

(Dwyer Instrument 1.57x10·3 m3/s 1.57)(10'3 m3/s - ±3% 
Inc. RMC-103-
SSV) 

I 
Coolant volumetric I Rotameter 1 - 241/min 4.01/min 1- ±3% 
flow rate Ve (Brooks 10-1307) , 

i I I 
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transfer on the coolant or water side was determined using 

(4.2) 

The controlled soot deposition measurements were performed for the 

series of the single-tube and three-tube EGR cooling devices. The 

measurements were ali performed when an electrical load of approximately 2.9 

kW was applied to the diesel generator. The tests for the single-tube EGR 

cooling devices were performed for two gas mass flow rates, 0.8 kg/hr and 2.8 

kg/hr. The nominal Reynolds number in the tube for the first test was 

approximately 2000, so that the flow should be initially laminar. The nominal 

Reynolds number is given by 

(4.3) 

The gas viscosity J.1 g here was evaluated using the initial gas inlet temperature 

of the test. The nominal Reynolds number in the tube for the second test was at 

the higher Reynolds number, approximately 7000, so that the flow was turbulent. 

In these tests, three different single-tube EGR cooling devices were exposed to 

the diesel exhaust flow for 1, 2, and 5 hours, at each gas flow rate. The variation 

of the gas mass flow rate during the 1, 2, and 5 hours of the low and high flow 

rate tests are shown in Figure 4.7. It is clear that the gas mass flow rate passing 

through the cooling device was approximately 0.8 ± 0.1 kg/hr during the low-flow 

rate tests, and 2.8 ± 0.2 kg/hr during the high-flow rate tests. The exhaust gas 
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Figure 4.7. Variation in the gas mass flow rate with time for the single-tube EGR 

cooling devices tested for 1, 2, and 5 hours. 
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Figure 4.8. Schematic of the mini-dilution tunnel used in this investigation for the 

measurements of the soot mass concentration during EGR soot deposition tests. TIC: 

T-type thermocouple; [NO]: concentration of Nitric oxide. 
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generated by the diesel engine was changing slightly during the tests, so 

periodical adjustments were made to the valve in the main leg of the test loop to 

maintain the flow through the EGR cooling devices at 0.8 and 2.8 kg/hr. The total 

exhaust gas flow rate during the 1, 2, and 5 hours tests was approximately 32 

kg/hr, when the engine was operating at steady state. For the low and high flow 

rates tests, the coolant volumetric flow rate was maintained at II/min that was 

measured with a Brooks 10-1307 rotameter. 

The concentration of the soot, Cs ' in the exhaust gas flow through the 

EGR loop was determined using the measurement of the soot concentration from 

the Haz-dust III (model HD-1003) optical particle counter connected to the 35 

mm diameter mini-dilution tunnel (Kittelson et aL, 2000) located downstream of 

the cooling device as shown in Figures 4.4 and 4.8. The optical counter could 

measure the soot concentration to within ± 1 % of the reading. The dilution ratio 

of the exhaust and diluting air mixture was determined from the nitric oxide, NO, 

concentration of the mixture in the mini-dilution tunnel and the NO concentration 

of the undiluted exhaust, shown in Figures 4.9 and 4.10, using a Eurotron 

Greenline II combustion gas analyzer that could measure the concentration to 

within ± 4% of the reading. This dilution ratio varied slightly over the tests, 

3.7± 0.3 for the low gas flow rate, and 3.5± 0.2 for the high flow rate as shown in 

Figure 4.11. The transient soot mass concentration measured in the mini-dilution 

tunnel, and the soot mass concentration computed for the diesel exhaust gas for 
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Figure 4.9. Variation in the NO concentration measured in 0 the undiluted exhaust loop, 

and !J the diluted flow, for the single-tube EGR cooling device tested for an exhaust 

mass flow rate of 0.8 kg/hr. 
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Figure 4.10. Variation in the NO concentration measured in 0 the undiluted exhaust 

loop, and D the diluted flow, for the Single-tube EGR cooling device tested for an 

exhaust mass flow rate of 2.8 kg/hr. 
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Figure 4.11. Change in the dilution ratio determined from NO measurement for the 

single-tube EGR cooling devices for gas mass flow rates .60.8 kg/hr, and 0 2.8 kg/hr. 
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Figure 4. i 2. Change in the soot mass concentration in the gas flow 0 measured after 

diluting the flow, and 0 calculated for the exhaust flow, for the single-tube EGR cooling 

device with an exhaust gas mass flow rate of 0.8 kg/hr. 
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the low and high flow rate tests are shown Figures 4.12 and 4.13, respectively. 

The soot mass concentration in the diesel exhaust exiting the tested single-tube 

EG R cooling devices was observed to be 45 ± 3 mg/m3 for the low gas flow 

rate tests, and 46± 2 mg/m3 for the high gas flow rate tests. The total uncertainty 

in the soot mass concentration measurement was found to be approximately 

±2.1%. 

The transient inlet gas temperature and inlet water temperature for the 

single-tube EGR cooling devices for the 0.8 kg/hr and 2.8 kg/hr tests are shown 

in Figures 4.14 and 4.15, respectively. The inlet gas temperature was 120 ± 3 °C 

for the low gas flow rate tests, and 194± 6 °C for the high flow rate tests. These 

fluctuations were due in part to the fluctuations in the gas mass flow rate, the 

largest at 1 hour in the 5-hour test for 0.8 kg/hr, and 2 hours in the 5-hour test for 

2.8 kg/hr. The inlet coolant temperature was maintained between 25± 2 °C for 

the low gas flow rate tests, and 26 ± 3 °C for the high flow rate tests. The periodic 

fluctuations in the coolant inlet temperatures were due to the periodic fluctuations 

of the water temperature caused by replacing a portion of the cooling water in the 

water tank in the closed coolant loop with cold water. 

The tests for the three-tube EGR cooling devices were also performed for 

a total flow rate of 6.0 kg/hr that corresponded to a nominal Reynolds number of 

8000. The three-tube cooling devices were exposed to the exhaust gas for 3 

hours to characterize the effect that the expansion angle the inlet header had 
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Figure 4.13. Change in the soot mass concentration in the gas flow 0 measured after 

diluting the flow, andD calculated for the exhaust flow, for the single-tube EGR cooling 

device with an exhaust mass flow rate of 2.8 kg/hr. 
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Figure 4.14. Change in the inlet gas and inlet coolant temperatures during the single

tube EGR cooling device tests for the average exhaust mass flow rate of 0.8 kg/hr and 

soot mass concentration of 45 mg/m3
. 
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Figure 4.15. Change in the inlet gas .and inlet coolant temperatures during the single-

tube EGR cooling device tests with the average gas mass flow rate of 2.8 kg/hr and soot 

mass concentration of 46 mg/m3
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Figure 4.16. Change in the gas mass flow rate for the three-tube EGR cooling devices 

with the 45° expansion angle inlet header and the 60° expansion angle inlet header 

tested for 3 hours. 
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on the soot deposition profiles in these devices, The variation in the gas mass 

rate over the 3-hour tests for the three-tube cooling devices is shown 

Figure 4.16. For these tests, the gas mass flow rate passing through the cooling 

device was approximately 6.0± 0.1 kg/hr for the three-tube EGR cooling device 

with the 45° expansion angle inlet header, and 6,O± 0.2 kg/hr for the three-tube 

EGR cooling device with the 60° expansion angie inlet header. In both tests, the 

coolant volumetric flow rate was maintained at approximately 2.5 I/min. The 

variation in NO concentration used to compute the dilution ratio for the three-tube 

cooling devices tests is shown in Figures 4.17 and 4.18. The change in the 

dilution ratio computed for the three-tube cooling devices tests is shown in Figure 

4.19. The dilution ratio for the three-tube cooling device with the 45° expansion 

angle inlet header was 8.9± 1.5, while it was 9.6± 0.4 for the device with the 60° 

expansion angle inlet header. A comparison of the change in the soot mass 

concentration in the exhaust gas for the three-tube EGR cooling device tests with 

the 45° and 60° expansion angle inlet headers is shown in Figure 4.20, The 

results show that the soot mass concentration was 47 ± 3 mg/m3 for the test with 

the 45° expansion angle inlet header, while it was 46 ± 3 mg/m3 for the test with 

the 60° expansion angle inlet header. 

The change in the inlet gas temperature and inlet coolant temperature for 

the three-tube EGR cooling devices tests with the 45° and 60° expansion angle 

inlet headers is shown in Figures 4,21 and 4.22. The inlet gas temperature in 
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Figure 4.17. Variation in the NO concentration in 0 the undiluted exhaust flow, and 0 

the diluted gas, for the three-tube EGR cooling device with the 45° expansion angle inlet 

header tested for 3 hours with a gas mass flow rate of 6.0 kg/hr. 
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Figure 4.18. Variation in the NO concentration in 0 the undiluted exhaust flow, and D 

the diluted gas, for the three-tube EGR cooling device with the 60° expansion angle inlet 

header tested for 3 hours with a gas mass flow rate of 6.0 kg/hI. 
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Figure 4.19. Comparison of the change in the calculated dilution ratio for the three-tube 

EGR cooling device tests with 45° and 60° expansion angle inlet headers for the gas flow 

rate of 6 kg/hr. 
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Figure 4.20. Comparison of the soot mass concentration in the exhaust flow for the 

three-tube EGR cooling device tests with 45° and 60° expansion angle inlet headers for 

the gas flow rate of 6 kg/hr. 
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Figure 4.21. Change in the inlet gas and inlet coolant temperatures for the three-tube 

EGR cooling device test with the 450 expansion angle inlet header during 3 hours for 

gas mass flow rate of 6.0 kg/hr, and average soot concentration of 47 mg/m3
. 
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Figure 4.22. Change in the inlet gas and inlet coolant temperatures for the three-tube 

EGR cooling device test with the 600 expansion angle inlet header during 3 hours for 

gas mass flow rate 6.0 kg/hr, and average soot concentration 46 mg/m3
. 
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both tests were 202 ± 3 °c and 203 ± 4°C, respectively, while the inlet coolant 

temperature varied between 26± 3°C for the first test, and between 25± 2°C for 

the second test. 

The thermal characteristics of the secondary side coolant flow across the 

three-tube cooling device were investigated for two coolant flow rates, 2.5 and 6 

IImin, using a Fiir SC3000 infrared OR) thermography camera system. The outer 

surface of the EGR cooling device was coated with black paint that has an 

emissivity value of approximately 0.98. The IR camera was calibrated using a 

reference T-type thermocouple that was placed on the shell of the EGR cooling 

device. The calibration information is provided in Figure C.1 in Appendix C. 

Adhesive and thermally conductive paste was applied at the contact point 

between the tip of the reference thermocouple and the shell surface. 

For these tests, the gas mass flow rate was maintained at 6 kg/hr. The 

inlet coolant temperature was kept at 26 ± 1 aC, while the inlet exhaust 

temperature was maintained at 180±2 aC. The objective was to study the 

temperature distributions for the cooiant flowing over the three-tube bundle in the 

EGR cooling device, Thermal images were acquired of the top and side views of 

the cooling device during 0, 1,2, and 3 hours. The images were then analyzed to 

determine the time-dependent temperature distributions for these tests. 
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4,3 Characterizing the Soot Particle Size cmd Number Density in Diesel 

Exhaust 

Measurements were performed to characterize the soot particle size 

distribution in the diesel exhaust by sampling the exhaust from the EGR loop on 

the diesel test facility and collecting the soot particles from the exhaust on a 

carbon tape that was placed in a sealed chamber in the sampling system shown 

in Figure 4.23. The test conditions used while sampling the soot particles are 

summarized in Table 4.3. Two samples were obtained, upstream and 

downstream of the three-tube EGR cooling device. The objective was to 

characterize the soot particles size distribution in the EGR loop. Images were 

obtained for the sampled soot particles on the carbon tape using scanning 

electron microscopy (SEM), and the images were then analyzed to determine the 

soot particle size distribution using Western Vision HLimage++ image analysis 

software. The majority of the diesel soot particles were in the particle diameter 

range 0.05 - 0.1 11m as shown in Figures 4.24 and 4.25. 

In-f!ight measurements were also performed to directly characterize the 

soot particie size and number density distribution in the diesel exhaust using a 

TSI3010 condensation-nucleation particie counter (CNPC) sampling system. 

Measurements were conducted when the engine reached steady state with a 

load of approximately 2.4 kW applied to the generator, and the exhaust was 

sampled iso-kinetically downstream of the EGR cooling device using a 3.3 mm 
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Figure 4.23. Schematic of the sampling system used in this investigation to characterize 

the soot particle size distribution and number density in diesel exhaust sampled from the 

EGR section. 

Table 4.3: The test conditions during sampling the soot particles for size 

distribution using SEM. 

Operated engine load (kW) 2.4 
EGR cooling device type Three-tube 
Gas mass flow rate (kg/hr) 6 
Coolant flow rate (I/min) 2.5 
Inlet gas temperature to EGR cooling device (0C) 180±2 
Exit Qas temperature from cooiinQ device COC) 54±2 
Inlet coolant temperature to cooling deviceCC) 27± 1 
Soot mass concentration (mg/m;j) 48±2 
Sampling time (sec) - upstream EGR cooling device 120 
Sampling time (sec) - downstream EGR cooling 60 
device 
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Figure 4.24. SEM measurements of the soot particles size distribution in diesei exhaust 

sampled upstream of the EGR cooling device. 
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Figure 4.25. SEM measurements of the soot particies size distribution in diesel exhaust 

sampled downstream of the EGR cooling device. 
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inside diameter sampling tube. An 8L sampling chamber was used in the 

sampiing system, so that the operating temperature and pressure of the sampled 

exhaust gas for the CNPC were maintained within the acceptable limits. Here, 

the operating conditions were monitored during a sampling time of approximately 

4.5 minutes, using a pressure gage and aT-type thermocouple incorporated in 

the sampling chamber. Particle size cut-off screens (PSCS) or diffusion screens 

were used with the CNPC sampling system to determine the particle 

concentration or number density and the particle size distribution. The total soot 

particle number density for the diesel exhaust gas was found to be on the order 

of 1010 #pt.lm3 with the bimodal distribution peak particle diameter around 

0.01 Jim and larger than 0.16 f.1Jn, as shown in Figure 4.26. It should be noted 

that the CNPC could not discriminate particle sizes for particle diameters in the 

range 0.162-20 JIm due to its limitations. However, SEM results indicated there 

was not a significant number of particles with sizes greater than approximately 

0.5 pm, so that the particle number density in this range from the CNPC was 

attributed to the agglomerated particles. 

The change in the soot mass concentration in the exhaust gas upstream 

and downstream of the cooling device was characterized as shown in Figure 

4.27. Measurements of the soot mass concentration were performed at the 

sampling chamber, shown in Figure 4.23, using Haz-dust-III for approximately 1 

hour. The gas flow rate 6 kg/hr entered the three-tube EGR cooling device at 
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Figure 4.26. In-flight measurements of the soot particle size and number density of 

diesel exhaust in EGR loop using CNPC system. 
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Figure 4.27. Change in the soot mass concentration measured upstream and 

downstream of the cooling device. 
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temperature 182 ± 3 °C and the coolant inlet temperature and flow rate were 

approximately 26 ± 2 °C and 2.5 I/min. The results indicate that the soot mass 

concentration was 58 ± 7 mg/m3
, and the soot mass concentration measured 

upstream of the cooling device was 4-9% higher than that measured downstream 

as shown in Figure 4.27. This may be due to the soot deposition that occurred in 

the cooling device that caused a decrease in the soot mass concentration after 

exiting the cooling device. 

4.4 The Neutron Radiography Non-Destructive Test Facility 

A measurement technique was developed to non-destructively 

characterize the deposited diesel soot profiles in exhaust system components, 

such as the EGR cooling devices using the digital neutron radiography imaging 

technique. The measurements were performed using the neutron radiography 

non-destructive test (NR-NDT) facility (Harvel et aI., 1995) at the McMaster 

Nuclear Reactor (MNR) shown in Figure 4.28. The MNR is a designated 5 MW 

pool type research reactor located at McMaster University that has a total of 7 

beam ports or tubes that can be used to extract pure neutron beams from the 

reactor core to the site of particular tests, and uses light water as a moderator. 

The neutron radiography facility used in this investigation is located in Beam Port 

#2. The Beam Port #2 has a concrete shielded cave-like room where the test 

objects or the EGR cooling devices were placed during experiments. The access 
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Figure 4.28. Schematic of the top view of the neutron radiography non-destructive test 

(NR-NDT) facility in beam port 2 of the McMaster Nuclear Reactor. 

100 



Chapter 4 PhD. Disserration - B. Ismail McMaster - Mechanicai Engineering 

to the beam port is provided by a 0.7 m x 2.0 m shielding sliding door located 

away from the beam center to minimize radiation leakage. The facility provides 

steady and well thermalized pure neutron beam with a flux on the order of 106 

n/cm2.s when the reactor is operating at 2 MW of thermal power. The thermal 

neutron beam is collimated using a Cadmium collimator with a ratio of collimator 

length to aperture diameter of 70. The operation of the beam port is activated by 

raising a shutter of water-filled tanks using a manual crank-and-pulley system. A 

wax shielding sliding door system was designed and added to the facility as 

shown in Figure 4.29. The specimen-replacement window on this door facilitated 

replacing of test specimens while minimizing the exposure to residuals of 

radiation that were present even after the shutter was closed. 

The test objects containing the diesel soot were placed on a computer 

controlled turn table that was added to the facility. The turn table, positioned in 

the path of the thermal neutron beam, was used to incrementally rotate the 

specimen through 3600 using a NF90-1 Velmex stepper motor that was controlled 

using a programmable controller. A photograph of the computer controlled 

revolving table system is shown in Figure 4.30, and the characteristics of the step 

motor used in the revolving-table system are summarized in Table 4.4. 

The intensity of the neutron beam transmitted through the test specimen 

at each angle of interest was measured using the digital neutron imaging system 

(ONIS) shown in Figure 4.31, This included a NRTV-2 real - time neutron 
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Figure 4.29. Schematic of the movable wax shielding system of the beam port 2 of the 

McMaster Nuclear reactor. 
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Figure 4.30. Photographs of the computer controlled revolving table system used in the 

present work. 

Table 4.4: Characteristics of the stepper motor driven 

revolving-table system. 

Model # 85990TS (Velmex Inc.) 

Gear ratio 90:1 

RPM 1.66 

Time per revolution 36 sec. 

Speed i0o/sec 

Degrees per step 0.010 

Accuracy ±0.027So 
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Figure 4.31. The digital neutron imaging system (ONIS). 

104 



Chapter 4 PhD. Disserration - B. ismail McMaster - Mechanical Engineering 

radiography (RTNR) camera system that used a 28 cm x 28 cm Lithium doped 

Ag activated ZnS screen to convert the neutrons to light photons and a silicon 

intensifier target (SIT) tube to intensify the image before it was recorded by a low

light camera. The sensitive electronics of the camera system were protected from 

the directed neutron beam using a 45° mirror that was used to deflect the photons 

produced in the converter screen into the SIT tube. In each test, the camera 

system was pressurized to 9 PSIG with dry nitrogen to provide electrical and 

thermal insulation for the target and to reduce noise. The RTNR system was then 

allowed to thermalize for approximately 3 hours. The image associated noise was 

also minimized by locating the cooling system and the focusing controllers for the 

camera system outside the beam room. These were connected to the camera 

system using electrically shielded cables. The camera system outputs a standard 

RS-330 video signal at 30 frames/s that could be recorded on standard cassette 

tapes using a S-VHS video cassette recording VCR (Panasonic model) system. 

The individual images were later captured with a Data Translator 

(OT3152) image grabber system for analysis. The images from each set of 

measurements were averaged using the Western Vision HLimage++ software to 

reduce the random noise associated with the system and enhance the quality of 

the image. The averaged image was then converted to an 8-bit grayscale using 

Adobe Photoshop software. A gain was also applied to the image to enhance the 

contrast in the image. The process was applied consistently to all the images so 
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that it would not affect the final results. The same procedure was applied to the 

background image without the test object and the image was then subtracted 

from the image of the test object using HUmage++ to eliminate the camera target 

effects that caused some non-uniformity of the intensity profile in the images. 

Une profiles of the image intensity in the region of interest were then extracted 

using HUmage++. The extracted data were then exported to MS Excel for later 

analysis. A flow chart of the image processing procedure used here is given in 

Appendix H. 

The thickness of the soot in the different images was determined by 

analyzing the attenuation of the incident neutron beam as it passes through the 

test object. The intensity of the attenuated neutron beam transmitted through an 

object consisting of different layers can be approximated by (Duderstadt and 

Hamilton, 1996) 

I n -/i.g. 
-= n BU·(II·g·)e I I 

J 
I r! I , 

o i=1 
(4.4) 

where lois the incident intensity of the neutron beam, I is the intenSity of the 

neutron beam transmitted through the test object. Here, BUi (Pig;) is the build-up 

factor for ith layer to account for secondary neutron scatterings back into the 

beam pathway, Pi is the thermal attenuation coefficient for the ith layer, 0i is the 

length of neutron path through this ith layer, and n is the number of layers. Thus, 
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the model equation for the attenuation of the neutron flux as the beam passes 

through a metal component containing diesel soot, such as the pipe shown 

Figure 4.32, is given by 

(4.5) 

where Isis the intensity of the neutron beam transmitted through the soot 

deposited device, Jis is the average attenuation coefficient for the soot, 5s is the 

local thickness of the soot, Jim is the attenuation coefficient for the metal, and 

gm is the thickness of the metal container. It should be noted that there is a factor 

2 in front of Os (and om) in Eq. (4.5), because there is a soot layer on the front 

and back of the object in Figure 4.32. Thus, Os is the average thickness on the 

front and back, and 20s is the local total thickness on both. The attenuation 

caused by the metal container was determined by measuring the attenuation of 

the neutron beam passing through the clean container, 1m , that can be 

approximated by 

lm(x) -2ii J --"-'-- = Bu e r-m m 
I m 

o 
(4.6) 

Aluminum pipes were used for the tests here because they have a low thermal 

neutron attenuation coefficient, in order to minimize the effect of the pipe on the 

image. Since the attenuation coefficient is smail, it can also be assumed the 
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Figure 4.32. Schematic showing the concept of the neutron attenuation through a soot 

deposited pipe. 

Clean region 
do=12.7 mm 
d;=9.6 mm 

I Diesel soot 

105.3 
mm 84.9 

mm 

41.4 mm 

Figure 4.33. Schematic of the aluminum tube partially filled with diesel soot used to 

determine the attenuation coefficient and the build-up factor for the diesel soot. 
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build-up factor of the aluminum was 1. The attenuation of the beam caused by 

the soot was then determined by taking the ratio of the intensity of the images for 

the soot deposited component and the clean component, i.e., 

(4.7) 

The thickness of the soot Os was then determined by inverting Eq. (4.7) once the 

attenuation coefficient, Jis' and the build-up factor, Bus, for the diesel soot were 

known. 

A calibration experiment was performed to determine the average thermal 

neutron attenuation coefficient and build-up factor for the diesel soot. The 

calibration experiment was done by freely pouring diesel soot powder produced 

from the diesel exhaust test facility into an aluminum tube with a length 105.3 mm 

and inner diameter 9.6 mm as shown in Figure 4.33. The tube was then gently 

tapped so that the powder was evenly distributed in the tube. The tube was then 

imaged using the digital neutron imaging system. The profiles for different 

positions across the tube were then averaged to determine the average 

attenuation coefficient and buildup factor for the diesel soot produced by the 

diesel engine test facility. The density for the porous soot was not determined. 

Instead, it was implicitly included in the neutron attenuation coefficient, where the 

neutron attenuation coefficient is equal to the mass attenuation coefficient times 

the density of the soot (Duderstadt and Hamilton, 1996). 
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The accuracy of the neutron radiography technique was then examined by 

measuring the soot layer thickness deposited in a 20.4 cm long and 3.58 cm 

diameter pipe using the neutron radiography technique. The pipe had been 

exposed to diesel exhaust in the high flow rate leg of diesel exhaust test facility, 

shown in Figure 4.4, for approximately 12 hours with exhaust gas temperature of 

250 ± 5 °C and gas mass flow rate of 34 ± 2 kg/hr, produced when the load on the 

generator was approximately 3 kW. The pipe was then sectioned into eight 

pieces or rings, and the thickness of the soot in these rings was measured using 

an optical microscope system that has an accuracy of approximately ± 3%. The 

measurements of the soot thickness from these destructive tests were then 

compared with the measurements using the neutron radiography technique. The 

results are presented in chapter 5. 
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CHAPTER 5: The Soot Deposition Characteristics in the EGR 

Cooling Devices 

This chapter presents and discusses the experimental results for the 

diesel soot deposition characteristics in the tubes of the EGR cooling devices 

measured using the non-destructive neutron radiography technique. The 

technique was first calibrated by performing controlled experiments to determine 

the neutron attenuation coefficient and build-up factor for the diesel soot. The 

accuracy of the neutron radiography technique was then examined by comparing 

the thickness of the deposited soot layers in an aluminum pipe measured using 

the neutron radiography technique with direct measurements of the soot 

thickness after the pipe was sectioned. Measurements were then performed to 

characterize the soot deposited profiles in single-tube EGR cooling devices for 

two different gas flow rates, and the three-tube cooling devices with 45° and 60° 

expansion angle inlet headers. The results for each of these experiments are 

discussed in turn. 

5.1 Calibration and Validation of the Neutron Radiography Technique 

The neutron attenuation coefficient and build-up factor for the diesel soot 

were first determined by imaging a 9.6 mm diameter aluminum tube (shown in 
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Figure 4.33) partially filled with diesel soot produced by the diesel engine. A 

typical processed image of neutron intensity transmitted through the tube is 

shown in Figure 5.1 (a). There is a clear difference between the neutron intensity 

in the lower portion of the tube that contained the soot, and the upper empty 

portion of the tube. The line profiles of the relative intensity across the tube at 

one height in the upper region without the soot, and at three heights in the lower 

portion with the soot are shown in Figure 5.1 (b). The first profile is typical of the 

intensity of the neutron flux transmitted through the thinner section of the 

aluminum tube, while the other three profiles are representative of the neutron 

flux transmitted through the aluminum tube and the diesel soot. The attenuation 

of the beam for the clean tube is approximately uniform across the central portion 

because the length of the neutron path through the tube walls does not vary 

significantly over much of the tube. The attenuation of the neutron flux measured 

in the region with the soot does vary across the tube because the length of the 

neutron path through the soot differs at different lateral positions, being longest 

near the center of the tube. The length of the path that the neutron beam travels 

through the soot is not simply the distance across the cylinder· because the 

packed soot is porous. The porosity of the packed soot could vary with height 

The profiles from the three heights are in reasonable agreement indicating that 

the porosity is reasonably uniform along the tube. The profiles were averaged, 

though, to reduce the error associated with the non-uniformity of the soot 
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Figure 5.1. (a) Neutron image of the soot filled tube and (b) measurements of the 

intensity across different locations along the tube used to determine the attenuation 

coefficient and build-up factor for the diesel soot. 
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packing and the averaged profile was used to determine the attenuation 

coefficient of the soot 

The attenuation coefficient and build-up factor were determined using the 

attenuation of the beam at different lateral positions, as shown in Figure 5.2. 

particular, taking the logarithm of Eq. (4.16) yields 

(5.1 ) 

assuming that the attenuation coefficient of the soot is a constant. The path 

length of the neutron beam through the soot was estimated by assuming the 

porosity was similar to closely packed mono-sized spherical particles that have 

an average line packing fraction, PF, of approximately 0.6 (Cumberland and 

Crawford, 1987), so that the local path length through the soot can be 

approximated by as = PF a(x) as shown in Figure 5.2. This assumption should 

not cause an error in later measurements, as long as packing factor of the soot 

deposited in the test is similar to that in the packed tube. The change in the 

logarithm of the ratio of the intensities, for the different neutron paths at different 

lateral positions across the tube is shown in Figure 5.3. The attenuation 

coefficient determined from a best linear fit of the data was f.1s == 0.023 mm·i
. The 

build-up factor determined from the y intercept of this best fit was Bus == 1, The 

error associated with determining the attenuation coefficient was less than 

approximately 4%. The main source of this error was the uncertainty in locating 
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Figure 5.2. Schematic showing the change in the length of the neutron path across the 

tube containing the soot at different lateral positions. 
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Figure 5.3. Change in the attenuation of the neutron flux with path length used to 

determine the attenuation coefficient, J.l s ' and build-up factor, Bus, for diesel soot. 
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the edges of the tube due to the blurriness of the image near the edges, This 

caused an uncertainty in locating the pixel intensity along the centerline of the 

tube. 

The accuracy of using the neutron radiography technique to measure the 

soot thickness profiles was assessed by measuring the soot profiles in a 2004 cm 

long and 3.58 cm diameter pipe that was exposed to soot deposition in the diesel 

test facility. The thickness of the soot was initially measured using the neutron 

radiography technique, Before these tests were performed, the soot layer was 

removed from approximately 41,0 mm at the exit end, so the attenuation of the 

neutron beam caused by the clean pipe could be determined, The pipe was then 

imaged using the neutron radiography technique at every 60° from 0 to 300°, A 

schematic of the soot deposited pipe and a typical processed image of the 

neutron flux from an angle of 300° are shown in Figure 504, The clean section in 

the pipe is at the top of the image in these figures, It is clear that there is a 

difference between the attenuation of the neutron flux caused by the metal pipe 

at the top of the image, and the soot deposited pipe, The attenuation of the 

neutron flux increases along the pipe and becomes a maximum at the bottom 

where the diesel exhaust gas entered the pipe in the soot deposition experiment 

indicating that the thickness of the soot deposited layer was larger at the 

upstream end of the pipe. It should be noted that the darkest regions at the 

bottom end of the pipe image were caused by the attenuation of the incident 

116 



Chapter 5 PhD. Dissertation - B. Ismail McMaster - Mechanical Engineering 

Section A-A 

41.0 

204.0 T 
163.0 

(a) 

y 

do=42.6 mm 
di=35.8 mm 

Clean portion 

Soot deposited 
portion 

1illilB1IIIliII!I'-- Platform of turn-table 
system 

Transmitted beam 

I Incident neutron beam 
o 

~!II!IIIIIIIIIII!II!IIIIIIIIIII~iRIIID!II!IIIIIIIIIII!II!IIIIIIIIIII. 

- - - - ~ - - - - H8 
I 
---- H7 

-- H6 

-- H3 

(b) 

Pipe 
upstream 

Figure 5.4. (a) Schematic of the soot deposited pipe on the rotating table, and (b) the 

processed neutron image of the soot deposited pipe viewed from a typical angle of 

e =300°. 
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beam due to neutrons scattering from the thick aluminum rotating plate and the 

steel motor. 

The profiles of the measured intensity across the pipe at locations spaced 

20.4 mm apart, where the pipe was later sectioned, are shown in Figure 5.5. It is 

dear that the intensity of the neutron flux transmitted through the pipe increases 

along the pipe from the entrance region of the pipe (H 1) to the exit of the pipe 

(H7) in the test. The intensity also varies laterally across the pipe as the length of 

the neutron path through the metal and soot changes. It should be noted that the 

change in the intensity was not sharp near the edges of the pipe due to neutron 

scattering caused by the tube wall that produced a slightly blurred image, thus 

limiting the resolution near the tube edges. The ratio of the intensity at the 

centerline position of each profile to the intensity at the centerline position from 

the profile in the dean region was then used to compute the soot thickness at 

this angle. This process was repeated for all the angles where the measurements 

were taken. 

The change in the local soot thickness along the pipe at typical 

circumferential locations determined using the digital neutron radiography 

technique is shown in Figure 5.6. It is dear that the thickness of the soot 

decreases nonlinearly from approximately 2.0 mm at the entrance of the pipe to 

0.3 mm near the exit of the pipe. There is also a significant variation of the soot 

profile around the pipe. In particular, the local thickness varies by approximately 
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Figure 5.5(a). Profiles of the neutron intensity across the fouled pipe at positions along 

the pipe separated by 20.4 mm as shown in Figure 5.4. Image plane angle e = 0° . 
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Figure 5.5(b). Profiles of the neutron intensity across the soot deposited pipe for Hi to 

H8 positions along the pipe. Image plane angle e = 60° . 
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Figure 5.5(c). Profiles of the neutron intensity across the fouled pipe for Hi to H8 

positions along the pipe. Image plane angle e = 120° . 
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Figure 5.5(d). Profiles of the neutron intensity across the soot deposited pipe for Hi to 

H8 positions along the pipe. Image plane angie e =] 80° . 
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Figure 5.6. Change in the soot thickness profile along the pipe at different azimuthal 

positions measured using the digital neutron radiography technique. 
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10 to 26% of the local average thickness, with the largest variation being near the 

midsection of the pipe, indicating that the soot profile is three~dimensionaL 

The pipe was then sectioned at the different locations along its length that 

matched the locations examined in the neutron radiography test. The sectioning 

process was performed by slowly paring the tube on the lathe machine and then 

breaking it by hand once only a very thin wall of the tube remained, thus 

effectively eliminated the chance that the deposited soot layer would be affected. 

The thickness of the soot deposited layer at the sections was measured using 

the optical microscope system, as discussed in chapter 4. Photographs of the 

images of the soot layers are shown in Figure 5.7. The thickness of the soot layer 

at different azimuthal angles was then determined using these photographs. The 

typical uncertainty in the measurements determined from the opticai microscope 

was less than 3% due to the optical resolution of the system. The change in the 

local soot thickness along the pipe at typical circumferential locations measured 

from the sectioned pipe is shown in Figure 5.8. It is clear that the thickness of the 

soot did decrease along the pipe from approximately 1.8 mm at the entrance of 

the pipe to approximately 0.4 mm near the pipe exit The local soot thickness 

varies circumferentialiy around the pipe by approximately 12 to 32% of the local 

average value. A comparison of the soot thickness profile at the entrance and 

exit determined using the two measurement techniques is shown in Figure 5.9. 

The variation of the soot thickness around the circumference of the pipe 
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Figure 5.7. Photographs of the sectioned pieces of the soot deposited pipe from H1 to 

H7 at different azimutha! positions, e , taken through an optical microscope. 
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determined using the two techniques are in reasonable agreement both in terms 

the range in the thickness, and the locations of the minimum and maximum in 

the profiles. A comparison of the circumferentially averaged soot layer thickness 

profiles is also shown in Figure 5.10. The results indicate that the measurements 

using the digital neutron radiography technique are in good quantitative and 

qualitative agreement with the direct measurements, with all the results agreeing 

to within 16%. Thus, the neutron radiography technique is a viable method of 

measuring the soot profiles in EGR cooling devices. 

5.2 Characterization of the Soot Thickness Profiles in the EGR Cooling 

Devices Using Neutron Radiography 

The non-destructive neutron radiography technique was then used to 

characterize the three-dimensional diesel soot thickness in the generic single

tube and three-tube EGR cooling devices. The soot deposition that occurred in 

the tubes of the EGR cooling devices exposed to diesel exhaust was initially 

characterized using the 6.2 mm diameter single-tube EGR cooling devices for 

two different mass flow rates, 0.8 kg/hI' and 2.8 kg/hr at 1, 2, and 5 hours. The 

secondary side average inlet water temperature was approximately 26°C and 

coolant flow rate was 1 I/min for all these tests. The nominal Reynolds numbers 

in the tube based on the clean tube diameter were 2000 and 7000, respectively, 

so the flow in the tube in the first case should be initially laminar while the flow in 
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Fig. 5.10. Comparison in the circumferential average soot thickness along the pipe 

measured 0 from the sectioned pieces using the optical microscope, and [II using the 

neutron radiography technique. 
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the tube in the second case should be initially turbuient. 

The single-tube was removed from the shell of the cooling device before 

the neutron radiography technique was applied to minimize the attenuation from 

the aluminum components. The processed images from the digital neutron 

radiography technique for a typical view plane angle are shown in Figures 5.1 i 

and 5.12. The darker regions at the bottom ends of the devices were again from 

attenuation of the incident beam caused by scattering from the rotating table and 

motor components. The soot deposition measurements were performed here for 

the entire tube length except for 2 cm at the bottom end of the device. The inlet 

end of the tube was at the top in these images. The neutron attenuation through 

the inlet headers in the top ends of the tubes varies over time indicating that the 

attenuation was due to the soot deposition in the headers. The attenuation 

increased with time and was larger in the higher flow rate case. This was 

checked by visually inspecting and photographing the top surface of the device 

after the neutron radiography test had been completed. 

The images were analyzed to determine the change in the intensity along 

the length of the tubes. Typical results for the single-tube devices tested for 5 

hours are shown in Figure 5.13. There is a clear difference between the clean 

tube and the two tubes that had been soot deposited. The ratios of the intensities 

were then used to estimate the thickness of the soot deposited layer along the 

centerline of the tube, The profiles of the soot deposition thickness after 5 hours 
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Figure 5.11. Typical neutron images for the single-tube devices tested with a mass flow 

rate of 0.8 kg/hr (Relnitial=2000) and average soot concentration of Cs=45 mg/m3
. Images 

at view plane angle e =300°. 
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Figure 5.12. Typical neutron images for the single-tube test with a mass rate of 2.8 

kg/hr (Reinilial=7000) and average soot concentration of Cs=46 mg/m3
. Images at view 

angle () =300°. 
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computed from the 6 different angles examined here, for the gas mass flow rates 

of 0.8 and 2.8 kg/h are shown in Figures 5.14 and 5.15, respectively. In all these 

cases, there was a decrease in the deposited soot layer thickness along the 

length of the tube. The decrease in the soot thickness is more significant in the 

case of the 2.8 kg/hr mass flow rate. In this case, the most significant soot 

deposition occurred in the first 25 mm or 4 tube diameters. This is the entrance 

region of the tube, so the soot deposition in this region depends on how the flow 

enters the tube. The variation in the soot deposition thickness throughout the rest 

of the tube is similar in magnitude to the layer itself indicating that the soot layer 

in the tube is three-dimensional. These variations could be used to estimate the 

three-dimensional profile of the soot deposition. Here, though, the results from 

the different angles were simply averaged to compute an average thickness for 

each longitudinal position. 

The change in the circumferentially averaged soot thickness along the 

tubes for mass flow rates of 0.8 kg/hr and 2.8 kg/hr are shown in Figures 5.16 

and 5.17, respectively. In both cases, the soot profiles in the entrance region of 

the tube are much thicker than in the remainder of the tube. The soot deposition 

in the entrance regions appears to extend further downstream after 5 hours of 

testing for a flow rate of 0.8 kg/hr than it does for a flow rate of 2.8 kg/hr. This is 

not unexpected because laminar flow typically has a longer developing region 

than turbulent flow. The thickness of the soot deposition layer is much larger for 
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the higher flow rate turbulent case than it is for the lower flow rate laminar case, 

both in the entrance region and throughout the tube. This was anticipated 

because the flow rate was higher and the temperature difference between the 

gas and tube wail was higher for the 2.8 kg/hr flow rate. This larger temperature 

difference could enhance the soot deposition by means of thermophoresis 

(Davis, 1966). 

One of the most interesting features in the soot deposition profiles is the 

wave-like or corrugated structure exhibited in both flow regimes particularly in the 

midsection of the devices and more importantly for the high flow turbulent test. 

This pattern was likely initiated by the thermophoretic effect due to variation of 

the temperature gradient of the flow around the tube. This might be later caused 

by re-entrainment and re-deposition of the soot from the entrance region due to 

locally shearing effect or unsteady turbulent burst (Abu-Qudais and Kittelson, 

1997). This corrugated structure was not reported in previous investigations of 

soot deposition layers, but this type of pattern is commonly observed in 

horizontal two-phase powder stratified flow, such as a moving bed pattern due to 

gravity (Hetsroni, 1982). This large-scale roughness would have a significant 

impact on the performance of the device particularly for turbulent flows, For 

example, after 5 hours with a mass flow rate 2.8 kg/hr, the ratio of the large-scale 

roughness to tube diameter on the order of 0,01 to 0,05, For a single-phase 

turbulent flow, this degree of roughness might be expected to increase the 
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pressure drop by up to 100% relative to the smooth pipe, and enhance the 

convective heat transfer from the gas to the soot-deposited film. For laminar flow, 

the pressure drop is not as significantly affected by the roughness as for 

turbulent flow. The total thickness of the soot deposition layer at the entrance 

was up to 50% of the tube diameter for the higher flow rate case that would block 

approximately 75% of the entrance area. The flow through this restriction would 

result in a significant pressure drop and would likely cause an extended flow 

separation in the region downstream of the tube entrance. The flow in this region 

will depend on the geometry of the end face of the header, where the tube is 

mounted, and changes as the soot deposits on the header face and tube inlet. 

The initial flow constriction causes the flow to accelerate and then decelerate as 

it passes through the entry region that would tend to cause gas-particle 

separation, known as venturi effect (Rudinger, 1980), that may increase the soot 

deposition in the entry region. 

The soot deposition in the inlet header was also examined directly after 

the neutron radiography test was performed. Optical images of the soot 

deposition in the inlet header for the 5 hour test with a mass flow rate of 2.8 kg/hr 

are shown in Figure 5.18. It is clear there is a significant build up of soot that 

created an annular cone on the end face. The soot deposition would act to 

increase the radius of curvature at the inlet of the tube that may reduce the flow 

separation that occurs just inside of the tube. The soot build up on the end face 
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Figure 5.18, Photographs of the inlet header for the single-tube test with a mass flow 

rate of 2.8 kg/hr after 5 hours. 
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of the header can be due to deposition of the soot particles via turbulent 

impaction process (Soo, i 967). 

Measurements were also performed for bundles of three tubes with an 

inner diameter of 4. i mm, a length of 205.0 mm, and two different expansion 

angle inlet headers of 60° and 45°. The gas mass flow rates for these tests were 

ali 6.0 kg/hr which corresponded to a nominal Reynolds number in the tubes of 

approximately BOOO. The three~tube devices were exposed to diesel exhaust gas 

for 3 hours when the engine load was approximately 2.B kW, and the inlet gas 

temperature was 210±5 °C and average soot mass concentration of 46 to 47 

mg/m3
. The secondary side average inlet coolant temperature was approximately 

25°C and coolant flow rate was maintained at 2.5 I/min. 

The typical neutron images for the bundles positioned at a view plane 

angle 0° are shown in Figure 5.19. The variation of the averaged soot thickness 

along the tube bundles with the 60° and 45° expansion angles inlet headers 

determined from these images are shown in Figures 5.20 and 5.21, respectively. 

The results show that the average soot thickness at the inlet of the tube bundles 

varied between 1.0 and 1.2 mm for the two devices and dropped to about one

half of this value in the first 4 to 5 diameters of the tube. The soot thickness then 

decreased more gradually for the remaining tube length. The entrance region for 

the 60° expansion inlet header was longer than the EGR cooling device with the 

45° expansion inlet header. The amount of soot deposition at the tube entrance 
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Figure 5.19. Typical neutron images for the three-tube test with a mass flow rate of 6.0 

kg/hr (Reinitial=8000), and soot mass concentration of Cs = 46-47 mg/m3
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resulted in a reduction in the cross-sectional flow area of the tube by 

approximately 41 % causing a considerable restriction to the flow. The soot 

deposition was approximately evenly distributed in the tube bundle with the 60° 

expansion angle inlet header device as shown in Figure 5.20. This suggests that 

the flow may be more evenly distributed in the tube bundle. The soot deposition 

was unevenly distributed in the tube bundle of the EGR cooling device with the 

45° expansion angle inlet header as shown in Figure 5.21. In particular, the soot 

seems to deposit more in the center tube, 82, than the outer ones, 81 and 83. 

This may be due to a maldistribution of the flow passing through the different 

tubes that depended on the expansion angle inlet header. Also, there was a 

difference in the distribution of the soot deposited profiles in the outer tubes, 81 

and 83, in the region where the coolant entered the cooling device as shown in 

Figure 5.21. Thus, measurements were performed here to investigate the 

thermal characteristics of the secondary coolant flow across the three-tube EGR 

cooling device using the IR thermal camera system. Thermal images were 

acquired from top and side views of the three-tube EGR cooling devices at 0, 1, 

2, and 3 hours, and then analyzed to determine the time-dependent temperature 

distribution for the coolant flow across the cooling device. Here, the coolant 

temperature was determined at cross sections spaced equally every 20 mm 

along the cooling device from top and side views of the cooling device shown in 

Figure 5.22. The results determined from the thermal images show that 
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view, and the selected sections across the cooling device used to determine the 

temperature distribution from the thermal images. 
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the temperature distribution during 3 hours test decreases along the cooling 

device from the gas inlet region to the region near the coolant inlet as shown in 

Figure 5.23. Similar trends were observed for the 0, 1, and 2 hours tests as 

shown in Figures 1.1 to 1.3 of Appendix I. The results also show that the coolant 

flow temperature increases towards the gas inlet section. This temperature 

profile for the coolant flow at a particular cross section of the three-tube cooling 

device couid cause differences observed in the soot deposition due to 

differences in the thermophoretic effect in the three tubes at that particular 

location that eventually caused the non-symmetric soot deposition profiles in the 

three-tube bundle shown in Figure 5.21. The significance of the soot deposition 

due to thermophoretic effect was assessed here using the non-dimensional 

thermophoresis parameter 0" p evaluated using Eq. (3.21) and the estimation of 

the tube wall temperature Tw at the gas inlet of the cooling device from the 

temperature data determined from the initial thermal images. The results indicate 

that 10" p I is on the order of 104
, so it is much greater than unity, thus confirming 

that thermophoresis was a significant effect for the soot deposition that occurred 

in the EGR cooling devices. 

The neutron images were also analyzed to quantify the soot deposition in 

the inlet headers with 45° and 60° expansion angles. A schematic diagram for the 

sectioned slices along x-direction at different locations along the tube header in 
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Figure 5.23. Change in the coolant shell temperature profile at different cross sections 

along the three-tube cooling device determined from the thermal images of the (a) top 

view and (b) side view during 3 hours test for the coolant flow rate of 2.5 I/min. 
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the y-direction is shown in Figure 5.24. The results of the two headers are shown 

in Figures 5.25 and 5.26. For the inlet header with the 60° expansion angle, the 

soot thickness increased monoticaliy from 0.4 to 1.2 mm suggesting the soot 

deposition was reiatively uniform. The soot thickness in the header with the 45° 

expansion angle was more uniform varying from 0.5 to 0.7 mm. The 

circumferential variation of the soot thickness in the header was small with 

relatively more uniform soot deposited layers. Optical images of the soot 

deposition in the two different design inlet headers are shown in Figure 5.27. It 

can be noted that soot builds up more around the center tube in a conical form 

for the 45°-inlet header whereas it tends to be more uniform with the surface for 

the 60°-inlet header. 

The fully-dispersed dilute flow model given by the one-dimensional 

equations in Table (3.1) and Eqs. (3.24) through (3.29) was used to predict the 

soot deposition profiles in the single-tube EGR cooling device. The predictions 

were compared with the measurement results from the neutron radiography 

images as shown in Figure 5.28 for the 5-hour test with gas flow rate 0.8 kg/hr 

and average soot mass concentration 45 mg/m3
. The inlet gas temperature was 

120°C and the inlet coolant temperature and flow rate were 25°C and 1 I/min. 

The predictions show that the soot deposited layer thickness decreased 

monotonically along the cooling device. However, the present model 

underpredicted the soot deposited layer thickness at the entrance of the cooling 
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Figure 5.24. Schematic diagram showing a section of a soot-deposited layer inside a 

three-tube inlet header. 
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Figure 5.25. The change in the local averaged soot deposition inside the 60° expansion 

angle inlet header. Image view angles:o 0° 060° 1:l120° x180° +240° 0300°. 

----E 
E 
""-' 
(J) 
(J) 
(!) 
c 
~ 
u :.c ..... -o 
o 
(J) 

CG 
u o 

....l 

1.6 -r------------------------, 

1.2 

I 
I 
! 

Ii l D J[! 

J[! 

i 
0,8 

0.4 

o 3 6 9 

Distance along y-direction (mm) 

Figure 5.26. The change in the local averaged soot deposition inside the 45° expansion 
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Figure 5.27. Photographs of the soot deposited three-tube cooling devices with their 

inlet headers. 
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Figure 5.28. Comparison of the averaged soot deposited thickness profiles along the 

single-tube EGR cooling device measurement using the neutron radiography technique 

and predicted using the present model. (Gas flow rate: 0.8 kg/hr; 5 hours soot 

deposition.) 
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device. This indicates that the soot deposition process was influenced by the way 

the exhaust gas entered into the cooling device which tended to alter and 

seemingly enhance the deposition in the entrance region. The model was not 

able to predict the waviness in the soot layers observed in the experimental 

results, nor could it predict the three-dimensionality of the profiles. This is most 

likely due to the fact that the model is a 1-0 model and does not incorporate the 

re-entrainment of particles and the adhesive interaction of the particles with the 

tube walls that could have an influence on the deposition process. 

The assumption of dilute flow was investigated using the two-phase 

interactions parameters L2¢ and LTH given by Eqs. (3.15) and (3.16) evaluated 

using the experimental measurements in the present work. The results showed 

that these parameters were on the order of 0.001 for soot particle size of 0.1 J1m 

for the lower and higher flow rates regimes considered here since the particle 

number density was approximately 1010 #pt.lm3 in the present case. The values 

of the interaction parameters, however, were found to be on the order of 0.1 for 

agglomerated large soot particles size of 20 J1m. Thus, the assumption for the 

dilute flow mode! used here would be valid only for soot particles near 0.1 J1m in 

size. A more comprehensive and sophisticated mUlti-dimensional modeling (with 

L2¢ ~] and LTH ;:: 1 ) that incorporates re-entrainment process is recommended 

in future investigations. 
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CHAPTER 6: The Heat Transfer and Pressure Drop Characteristics 

of the EGR Cooling Devices 

In this chapter, the experimental results of the heat transfer and pressure 

drop characteristics in the single~tube and three-tube EGR cooling devices during 

the soot deposition tests are presented and discussed. 

6.1 The Single-Tube EGR Cooling Devices 

The time-dependent heat transfer and pressure drop performance 

characteristics that occurred in the tubes of EGR cooling device exposed to 

diesel exhaust in the EGR loop of the diesel engine facility were investigated 

using the single~tube EGR cooling devices for exhaust flow rates of 0.8 kg/hr and 

2.8 kg/hr. The change in the exhaust gas temperature, flTo , across the cooling 
'" 

device during the 1, 2, and 5 hour tests for the flow rate 0.8 kg/hr and average 

soot mass concentration 45 mg/m3 is shown in Figure 6.1. The change in the gas 

temperature across the cooling device was approximately 77°C at the start of the 

tests, and then decreased to approximately 72 °C after the first hour, 69°C over 

the second hour, and 65 °C over 5 hours. The coolant temperature rise across 

the single-tube EGR cooling device was approximately 0.25 and 0.3 °C for these 
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Figure 6.1. Change in the gas temperature drop with time across the single-tube EGR 

cooling device during i, 2, and 5 hours tests for the gas mass flow rate of 0.8 kg/hr and 

soot mass concentration of 45 mg/m3
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Figure 6.2. Change in the coolant temperature rise with time across the single-tube EGR 

cooling device during 1, 2, and 5 hours tests for the gas mass flow rate of O.S kg/hr and 

soot mass concentration of 45 mg/m3
. 
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tests as shown in Figure 6.2. There was an increase in the temperature rise/drop 

across both the coolant and exhaust gas near the end of the first hour. This was 

caused by an increase in the inlet gas temperature at this point shown in Figure 

4.14. 

The change in the heat transfer rate for the gas across the single-tube 

EGR cooling device tested for gas flow rate 0.8 kg/hr calculated from the gas 

side and the water side are shown in Figures 6.3 and 6.4. The heat transfer rate 

from the gas side was initially 17 W, it then slowly decreased by up to 14% over 

the 5 hours of testing. The change in the heat transfer rate in these tests did vary 

slightly due to the variations in the gas mass flow rate of the tests particularly at 1 

hour through the 5-hour test. The heat transfer from the water side was 10-20% 

larger than that from the gas side over the entire test. The temperature change in 

the coolant was 0.25-0.3 DC for the tests, so the uncertainty in the heat transfer 

rate from the water side was within ± 36% and the agreement is surprisingly 

good. The uncertainty in determining the heat transfer rate from the gas was 

approximately ± 5% and was taken as the more accurate measurement of the 

actual heat transfer rate. 

The change in the thermal effectiveness of the EGR cooling device given 

by (Kays and London, 1984) 

(6.1 ) 
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Figure 6.3. Change in the gas heat transfer rate with time for the single-tube EGR 

COOling device during 1, 2, and 5 hours tests for the gas flow rate of 0.8 kg/hr and soot 

mass concentration of 45 mg/m3
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Figure 6.4. Change in the coolant heat transfer rate with time for the single-tube EGR 

cooling device during 1, 2, and 5 hours tests for the gas mass fiow rate of 0.8 kg/hr and 

soot mass concentration of 45 mg/m3
. 
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where Qmax = (rne p) g (Tg,i - Tc,i), is shown in Figure 6.5. The effectiveness of 

the cooling device decreased from approximately 81 % to 71 % over the 5 hours 

of testing as the soot was deposited in the device. 

The change in the average total thermal resistance Rt for the single-tube 

cooling device tested for 0.8 kg/hr and soot concentration 45 mg/m3 for 1, 2, and 

5 hours is shown in Figure 6.6. The total thermal resistance changed from 

approximately 2.6 to 3.4 °c /W over approximately 2 hours before becoming 

nearly constant at 3.6 °c /W . This could indicate that the rate of soot deposition 

and removal from the tube walls became equal so that the soot thickness 

apparently did not vary significantly after approximately 4 hours. This result was 

consistent with the measurement of the soot thickness profiles along the single

tube cooling device for this test shown in Figure 5.16. The average soot 

thickness measured after the 2-hour test was similar to the 5-hour test, 

particularly beyond the first 5 diameters of the entry region. The wave-like profile 

of the soot thickness for the 5-hour test in Figure 5.16 could be due to the 

competitive mechanisms between the rate of soot layer growth to that of removal 

or re-entrainment in certain locaHzed regions. The thermal resistance due to soot 

deposition Rs could be characterized by subtracting the initial total thermal 

resistance, representing the dean condition, from the total thermal resistance at 

the later time. The change in Rs for the single-tube EGR cooling device tested 
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Figure 6.5. Variation in the thermal effectiveness with time for the single-tube EGR 

cooling device during 1, 2, and 5 hours tests for the gas flow rate of 0.8 kg/hr and soot 

mass concentration of 45 mg/m3
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Figure 6.6. Change in the total thermal resistance (Rt ), and soot deposition thermal 

resistance (Rs), for the single-tube EGR cooling device during 1, 2, and 5 hours tests 

for the gas flow rate of 0.8 kg/hr and soot mass concentration of 45 mg/m3
, 
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for 1, 2, and 5 hours for gas rate 0.8 kg/hr and soot concentration 45 mgim3 

is shown in Figure 6.6. It is clear that the soot deposition resistance experienced 

a typical asymptotic behavior (Kem and Seaton, 1959). 

The variation in the pressure drop in the exhaust gas across the single

tube EGR cooling device tested for the gas mass flow rate 0.8 kg/hr and average 

soot mass concentration 45 mg/m3 is shown in Figure 6.7. The initial pressure 

drop was between 110 and 120 Pa, but then increased over time by 15-18% 

over 1 hour, 36% over 2 hours, and up to 68% over 4 hours. The pressure drop 

was approximately constant after 4 hours of testing. This result was consistent 

with the experimental results using the neutron radiography technique that 

indicated the flow area was reduced in the entrance region of the tube due to the 

soot deposited layer by up to 40% and because of the roughness in the profile 

during 5 hours of testing. 

The performance of the single-tube EGR cooling device was also 

characterized for the gas mass flow rate 2.8 kg/hr for 1, 2, 5 hours in order to 

study the effect of flow regime type on the soot deposition in the cooling device. 

The change in the gas temperature across the single-tube EGR cooling device 

during these tests is shown in Figure 6.8. The gas temperature difference across 

the EGR cooling device, was initially 109°C and then decreased to 

approximately 84°C after 2 hours and 58 °C after 5 hours. The change in the 

coolant temperature varied from approximately 1.1 ~ 1.5 °C in this case as shown 
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Figure 6.7. Variation in the gas pressure drop with time across the single-tube EGR 

cooling device during 1, 2, and 5 hours tests for the gas mass flow rate of 0.8 kg/hr and 

soot mass concentration of 45 mg/m3
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Figure 6.8. Change in the gas temperature drop across the single-tube EGR cooling 

device during 1, 2, and 5 hours tests for the gas flow rate of 2.8 kg/hr and soot mass 

concentration of 46 mg/m3
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in Figure 6.9. 

The heat transfer rate computed from the exhaust gas for the test with 2.8 

kg/hr and soot concentration 46 mg/m3 is shown in Figure 6.10. The gas heat 

transfer rate consistently decreased over the test reaching approximately 46% of 

the initial value over 5 hours. The heat transfer from the water side was 10-40% 

larger than the gas side shown in Figure 6.11. The uncertainty in computing the 

gas heat transfer rate for the single-tube EGR cooling device tested for 1, 2, and 

5 hours for the gas flow rate 2.8 kg/hr was approximately ± 5.4%. 

The change in the thermal effectiveness for the single-tube cooling device 

tested with 2.8 kg/hr for 1, 2, and 5 hours is shown in Fig. 6.12. The cooling 

device had an initial thermal effectiveness of 68% and then gradually dropped to 

approximately 55% in the first hour and 52% in the second hour. The thermal 

effectiveness then dropped more rapidly to approximately 35% over 5 hours of 

testing. This is a significant reduction in the thermal performance of the single

tube EGR cooling device that was not seen in the previous test for the lower gas 

flow rate of 0.8 kg/hr. 

The change in the total thermal resistance and the resistance due to the 

soot deposition for the single-tube EGR cooling device tested for 1, 2, and 5 

hours for the gas mass flow rate 2.8 kg/hr and soot concentration 46 mg/m3 is 

shown in Figure 6.13. The soot deposition thermal resistance initially increased 

relatively rapidly for 1 hour before siowing down between 1 and 4 hours. It then 
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Figure 6.9. Change in the coolant temperature rise with time across the single-tube 

EGR cooling device during 1, 2, and 5 hours tests for the gas mass flow rate of 2.8 kg/hr 

and soot mass concentration of 46 mg/m3
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Figure 6.10. Change in the gas heat transfer rate with time for the single-tube EGR 

cooling device during 1, 2, and 5 hours tests for the gas flow rate of 2.8 kg/hr and soot 

mass concentration of 46 mg/m3
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Figure 6.11. Change in the coolant heat transfer rate with time for the single-tube EGR 

cooling device during 1, 2, and 5 hours tests for the gas flow rate of 2.8 kg/hr and soot 

mass concentration of 46 mg/m3
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Figure 6.12. Variation in the thermal effectiveness with time for the single-tube EGR 

cooling device during 1, 2, and 5 hours tests for the gas flow rate of 2.8 kg/hr and soot 

mass concentration of 46 mg/m3
. 

159 



Chapter 6 PhD. Dissertation - B. lsmail McMaster - Mechanical Engineering 

6 ~,---------------------------------------------, 

4 -
R 

CCIW) 3 

2 

1 

o 
o 60 120 180 

Time (min) 

240 

@ 0 i-hour test 

III 0 2-hour test 

fA 6 5-hour test 

300 360 

Figure 6.13. Change in the total thermal resistance (R t ), and soot deposition thermal 

resistance (Rs)' for the single-tube EGR cooling device during 1, 2, and 5 hours tests 

for the gas mass flow rate of 2.8 kg/hr and soot mass concentration of 46 mg/m3
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Figure 6.14. Variation in the gas pressure drop with time across the single-tube EGR 

cooling device during 1, 2, and 5 hours tests for the gas flow rate of 2.8 kg/hr and soot 

mass concentration of 46 mg/m3
. 
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increased rapidly again after 4 hours, This result seems consistent with the 

experimental results from neutron radiography shown in Figure 5,17, In 

particular, the deposited layer thickness was relatively large in the first and 

second hours which explained the rapid increase in the thermal resistance 

caused by the deposited soot, Rs, during this period, indicating that the rate of 

soot deposition or growth was not likely balanced by the rate of re~entrainment of 

the soot deposited layer over the 5 hours of testing. 

The change in the pressure drop in the exhaust gas across the single-tube 

EGR cooling device tested for 1, 2, and 5 hours for the gas flow rate of 2.8 kg/hr 

and soot concentration of 46 mg/m3 is shown in Figure 6.14. The pressure drop 

was initially 850 Pa, and then increased monotically and rapidly by approximately 

100% in the first hour, 150% in the second hour, and was nearly constant 3.6 

kPa but with slight fluctuations after approximately 3.5 hours of testing. These 

fluctuations in the pressure drop may be due to the slight changes in the gas 

mass flow rate, shown in Figure 4.7, or the effects of re-entrainment and re

deposition of the soot. The results of pressure drop here seem consistent with 

the results from the neutron radiography in Figure 5.17. In particular, the neutron 

radiography results indicated that there was significant constriction in the gas 

flow area in the entry region of the cooling device by up to approximately 75% 

over 5 hours of testing that caused significant pressure drop this period. 
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The results of the thermal effectiveness and pressure drop characteristics 

for the single~tube cooling device tested with gas flow rate of 0.8 kg/hr for 5 hours 

were compared with the predictions obtained using the 1-0 model of the present 

study and shown in Figures 6.15 and 6.16. It is clear in this case that the model 

underpredicted both the change in the thermal effectiveness and pressure drop 

in the beginning and throughout the test period. The predictions from the model 

indicated that the thermal effectiveness decreased slightly and more gradually as 

the soot deposited in the tube, while the pressure drop across the cooling device 

increased steadily over the 5 hours. 

6.2 The Three-Tube EGR Cooling Devices 

The three-tube cooling devices with 45° and 60° expansion angles inlet 

headers tested for 3 hours for the average exhaust gas flow rate 6.0 kg/hr were 

also characterized to investigate the effect that the inlet header expansion angle 

had on the heat transfer and pressure drop performance characteristics of the 

three-tube cooling devices. The comparison in the gas temperature change 

across the three-tube EGR cooling devices with the 45° and 60° expansion inlet 

headers is shown in Figure 6.17. The change in the gas temperature drop across 

the three-tube cooling devices with the 45° and 60° expansion inlet headers 

differed slightly. In particular, the change in the gas temperature drop across the 

three-tube cooling device with the 45° angle expansion inlet header decreased 

162 



Chapier 6 

100 

SO 

[; 60 

(%) 
40 i 
20 1 

i 

o ~ 
0 

PhD. Disserration - B. Ismail McMaster - Mechanical Engineering 

60 120 

() Present model 

D Measurements 

1S0 240 300 

Time (min) 

360 

Figure 6.15. Comparison of the change in the thermal effectiveness for the single-tube 

cooling device tested with gas flow rate of 0.8 kg/hr for 5 hours and from predictions 

using the present model. 
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Figure 6.16. Comparison of the change in the pressure drop across the single-tube 

cooling device tested gas flow rate of O.S kg/hr for 5 hours and from predictions 

using the present model. 
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Figure 6.17. Comparison of the variation in the gas temperature drop across the three-

tube EGR cooling devices with the 45° and 60° expansion inlet headers during 3 hour 

tests for the gas flow rate of 6.0 kg/hr and soot mass concentrations of 47 and 46 

mg/m3
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Figure 6,18. Comparison of the variation in the coolant temperature rise across the 

three-tube EGR cooling devices with the 45° and 60° expansion inlet headers during 3 

hour tests for the gas flow rate of 6.0 kg/hr and soot mass concentrations of 47 and 46 

mg/m3
. 
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monotically from approximately 132°C to 92°C during the test The change in 

the gas temperature drop across the EGR three-tube cooling device with the 60° 

expansion inlet header decreased slightiy from 144°C to 140 °C in the first 30 

minutes of testing, but then increased to approximately 146°C during the next 20 

minutes. The gas temperature change across the three-tube cooling devices 

continued to decrease monotically to approximately 115°C over the 3 hours. The 

coolant temperature change across the three-tube cooling devices varied 

between approximately 1 and 1.5 °C for the device with the 45° expansion inlet 

header, and 1.4 °C and 1.6 °C for the device with the 60° expansion inlet header 

as shown in Figure 6.18. 

A comparison of the heat transfer rate calculated for the gas and coolant 

sides for the three-tube EGR cooling devices with the 45° and 60° expansion inlet 

headers tested for 3 hours for the gas flow rate 6.0 kg/hr are shown in Figures 

6.1 9 and 6.20. The heat transfer rate determined from the gas flow rate and 

coolant flow rate again consistently differed by 10-20%. The results indicate that 

the change in the gas heat transfer rate for the cooling device with the 60° 

expansion inlet header was larger than the device with the 45° expansion inlet 

header at the flow rate of 6 kg/hr during 3 hours of testing as shown in Figure 

6.19. This suggests there was more utilization of the heat transfer surface in ali 

three tubes for the cooling device with the 60° expansion inlet header as 

compared to that with the 45° expansion inlet header. This is not unexpected, 
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Figure 6.19. Comparison between the change in the gas heat transfer rate in the three-

tube EGR cooling devices with the 45° and 60° expansion inlet headers during 3 hour 

tests for the gas flow rate of 6.0 kg/hr and average soot mass concentrations of 47 and 

46 mg/m3
. 

400 .-------------------------------------, 
A 45-deg expansion inlet header 

D 60-deg expansion inlet header 
300 

200 

100 +---~----~--~--~------------~--~ 
o 60 120 

Time (min) 

180 240 

Figure 6.20. Comparison of the change in the coolant heat transfer rate in the three-tube 

EGR cooling devices with the 45° and 600 expansion inlet headers during 3 hour tests 

for the flow rate of 6.0 kg/hr and soot mass concentrations of 47 and 46 mg/m3
• 
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since the results from the neutron radiography tests indicated that the soot 

deposition thickness in the device with the 60° expansion inlet header was less in 

3 hours relative to that in the cooling device with the 45° expansion inlet header. 

The uncertainty in determining the gas heat transfer rate for the cooling devices 

was approximately within ± 5%, while the uncertainty in determining the coolant 

heat transfer rate was approximately within ± 8%. 

The change in the thermal effectiveness in the three-tube EGR cooling 

devices with the 45° and 60° expansion inlet headers during the 3 hour tests for 

the gas flow rate of 6.0 kg/hr and soot mass concentrations 47 and 46 mg/m3 is 

shown in Figure 6.21. The thermal effectiveness of the device with the expansion 

angle inlet header of 60° was initially significantly larger than the device with the 

45° expansion inlet header. The effectiveness also decreased more rapidly for 

the device with the 45° expansion inlet header during the first hour. The 

effectiveness of the device with the 45° expansion inlet header decreased more 

gradually to 58% in the second hour. The effectiveness of the device with the 60° 

expansion inlet header increased to approximately 82% near the end of the first 

hour indicating improvement on the thermal performance seen in the heat 

transfer measurements. The thermal effectiveness in both cooling devices then 

decreased, but the effectiveness for the devices with the more abrupt 60° 

expansion angle inlet header at the end of the 3 hours was higher at 65% than 

for the device with the 45° expansion angle inlet header at 52%. The thermal 
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Figure 6.21. Change in the thermal effectiveness in the three-tube EGR cooling devices 

with the 45° and 60° expansion inlet headers during 3 hour tests for the gas flow rate of 

6.0 kg/hr and average soot mass concentrations of 47 and 46 mg/m3
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Figure 6.22. Change in the total thermal resistance (R t ), and soot deposition thermal 

resistance (Rs)' in the three-tube EGR cooling devices with the 45° and 60° expansion 

inlet headers during 3 hour tests for the gas flow rate of 6.0 kg/hr and average soot 

mass concentrations of 47 and 46 mg/m3
. 
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effectiveness was nearly constant for both the cooling devices for approximately 

the last 30 minutes of the 3 hour tests. 

A comparison in the change of the total thermal resistance and the soot 

deposition resistance in the three-tube EGR cooling devices with the 45° and 60° 

expansion inlet headers tested for 3 hours for the gas flow rate 6.0 kg/hr and soot 

concentrations 47 and 46 mg/m3
, is shown in Figure 6.22. The change in the total 

thermal resistance and the soot deposition resistance were larger and more rapid 

in the cooling device with the 45° expansion inlet header. The soot deposition 

thermal resistance in both devices reached an asymptotic value after 

approximately 2.5 hours of test At that point, the additional thermal resistance 

due to the soot deposited layer was 0.4 oeM! in the device with the 45° 

expansion inlet header as opposed to 0.26 oeM! in the device with the 60° 

expansion inlet header. 

The change in the pressure drop in the exhaust gas across the three-tube 

EGR cooling devices with the 45° and 60° expansion inlet headers is shown in 

Figure 6.23. The gas pressure drop was initially 1.8 kPa for the cooling device 

with the 45° expansion inlet header, whereas it was approximately 17% less than 

for the device with the 60° expansion inlet header. The pressure drop then 

increased more rapidly for the device with the 45° expansion inlet header as 

opposed to the device the 60° expansion inlet header. The device with the 

60° expansion inlet header reached an asymptotic value approximately four-fold 
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Figure 6.23. Comparison of the variation in the gas pressure drop across the three-tube 

EGR cooling devices with the 45° and 60° expansion inlet headers during 3 hour tests 

for the gas mass flow rate of 6.0 kg/hr and average soot mass concentrations of 47 and 

46 mg/m3
• 
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its initial value over 150 minutes. The device the 45° expansion inlet header, 

however, reached its nearly constant value of approximately 3 times the initial 

value in nearly 3 hours. The pressure drop profiles here suggested that initially 

the gas flow rate was unequally distributed in the tube bundles of the two cooling 

devices since they initially exhibited two different values. This was not surprising 

since the two devices had two different expansion angle inlet headers, and the 

results indicate that the soot deposition in the device with the 45° expansion 

angle inlet header was more uneven, indicating there was higher flow rate 

passing through the central tube that caused a higher pressure drop across the 

device. 

6.3 Thermal Characteristics of the Secondary Side Coolant Flow 

Measurements were also performed to investigate the effect of the coolant 

flow rate on the thermal characteristics of the secondary coolant flow across the 

three-tube EGR cooling device using the IR thermal camera system. Tests were 

performed for lower coolant (water) flow rate of 2.5 I/min and higher coolant flow 

rate of 6 11m in. The cooling device was exposed to diesel exhaust in the diesel 

test facility for gas flow rate of 6 kg/hr for 3 hours. The inlet coolant temperature 

was maintained at approximately 25°C for both coolant flow rates tests. Thermal 

images were acquired at every hour of the test duration for both coolant flow rate 

tests. The results determined from the thermal images show that the coolant 
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temperature at a particular cross section of the cooling device decreases along 

most of the length of the device for these tests as shown in Figures 1.1 through 

1.7 of Appendix I. For these tests and at a particular cross section of the cooling 

devices, the hotter regions were furthest from the coolant inlet side of the 

devices. The results also show that the coolant temperature at a particular cross 

section of the device increased with decreasing the coolant flow rate. This was 

not surprising since the case with the lower coolant flow rate had larger 

residence times for the coolant in the sheil, thus allowing more heat transfer to 

the coolant from the gas. The coolant flow temperature increased during the 3-

hour tests for both flow rates, as shown in Figure 6.24, which may be due to 

increasing the thermal inertia of the device over time. 
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coolant flow rates tests of 2.5 and 6 I/min. 
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CHAPTER 7: Conclusion 

NOx emissions generated from automotive engines can be significantly 

reduced by up to 70% by installing exhaust gas recirculation (EGR) cooling 

devices in EGR systems. The exhaust produced by diesel engines has high 

concentrations of soot so the performance of these devices tends to change over 

time when they are used in diesel engines due to the soot deposition in these 

devices. The objective of this work was to investigate in detail the time

dependent heat transfer, pressure drop, and soot deposition characteristics in 

EGR cooiing devices exposed to diesel exhaust gases. 

Controlled soot deposition tests were performed on a series of generic 

single-tube and three-tube EGR cooling devices that were exposed to diesel 

exhaust for different periods in a diesel exhaust test facility. A non-destructive 

technique was developed to investigate the soot deposition in the EGR cooling 

devices using the neutron radiography non-destructive test (NR-NDT) facility at 

McMaster Nuclear Reactor. The technique was initially calibrated to estimate the 

average neutron attenuation coefficient and build-up factor for the diesel soot. it 

was found that the average neutron attenuation coefficient for the soot was 

0.023 ± 0.001 mm-1 and the build-up factor was approximately 1. The accuracy of 

the neutron radiography technique was then examined by comparing the 
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measurements of the soot thickness profiles in a soot deposited pipe using the 

digital neutron radiography technique to the direct measurements of the 

sectioned pipe with an optical microscope. The measurements of the three

dimensional soot thickness profiles using the neutron radiography technique 

agreed with the direct destructive measurements using the optical microscope to 

within 16%. 

Measurements were then performed to investigate the change in the soot 

deposited profiles in generic single-tube and three-tube EGR cooling devices 

when these devices were exposed to diesel exhaust. The results showed that the 

soot deposited layer in the single-tube devices was much larger for the higher 

flow rate that corresponded to turbulent flow than the lower flow rate that 

corresponded to laminar flow in the entrance region and throughout the tube. The 

thickness of the deposited soot layer in the entrance region of the tube was much 

larger than the remainder of the tube. In the turbulent flow tests, approximately 

75% of the entrance area was blocked. The results also showed that the soot 

layer profiles exhibited three-dimensional wave-like structure in all cases. 

The gas temperature difference across the cooling devices was reduced 

by approximately 16% for the laminar flow case and by 47% for the turbulent flow 

case over 5 hours of testing. The thermal effectiveness decreased from 

approximately 81 % to 71 % for the low flow rate, and from 68% to 35% for the 
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higher flow rate during 5 hours. It was also found that the pressure drop across 

these devices increased by up to 320% during 5 hours of testing. 

Measurements were also performed using three-tube EGR cooling 

devices with 45° and 60° expansion angle inlet headers when exposed to diesel 

exhaust for 3 hours. The results showed the soot deposition was larger in the 

center tube for the three-tube device with the 45° expansion inlet header 

indicating uneven distribution of the exhaust gas flow in the tube bundle. The 

soot deposited layer was more evenly distributed along the tubes for the cooling 

device with the 60° expansion angle inlet header. The circumferential distribution 

of the soot was more uniform inside the 45° expansion angle inlet header than in 

the 60° expansion angle inlet header. 

The experimental results of the heat transfer in the three-tube tests 

indicated that the thermal effectiveness in both cooling devices decreased during 

the 3 hours of testing, but the effectiveness with the more abrupt 60° expansion 

angle inlet header was higher with 65% at the end of the test versus 52% for the 

device with the 45° expansion angle inlet header. The pressure drop across the 

devices increased more rapidly for the device with the 45° expansion inlet header 

relative to the device with the 60° expansion inlet header. 

A simplified I-D dilute flow model was developed and used to investigate 

the soot deposition and its effects on the thermal and hydraulic performance of 

the EGR cooling devices. The predictions from the model indicated that the 
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deposited soot layer had impact on both the heat transfer and pressure drop 

performance of the cooling devices, more particularly at a higher flow rate. 

However, it was concluded that a more comprehensive and sophisticated multi

dimensional model that includes models for re-entrainment and entrance effects 

is required since the 1-D model was not able to predict the wavy pattern and the 

three-dimensionality in the deposited soot profiles in the cooling devices that 

were observed from the experimental results. 
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CHAPTER 8: Recommendations for Future 

As for extensions to present work, it is recommended here that further 

work should be conducted in a number of different areas. For the numerical 

prediction of the soot deposition profiles in EGR cooing devices, a more 

sophisticated multi-dimensional model is required that incorporates the following 

aspects: 

1. Inclusion of the dynamic and thermal coupling effects (Le., I2¢ ~ 1 

and ITH ~ 1) for the interactions between the agglomerated soot 

particles (d p ~ 20jl m) and the flow. 

2. A mode! for the soot re-entrainment phenomenon and its interaction 

with the applicable deposition processes. 

Based on the results of this investigation, it appeared that these aspects are 

important towards a comprehensive and more accurate modeling of the soot 

deposition profiles that exhibit three-dimensionality and wavy patterns in the 

cooling devices when exposed to diesel exhaust. The modeling should also 

include the entrance effects of the tube where the soot deposition was more 

detrimental. Obviously, this tends to add further compiications in the numerical 

predictions of such problems, so that the benefits carrying out this work have 

to be reasonably assessed. 
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An investigation to characterize the thermal conductivity of diesel soot as 

a function of its porosity should be pursued in detail leading to a correlation that 

could be used for more accurate modeling since the thermal conductivity was 

found to be an important parameter. 

In the course of the experimental work, the author of the present work has 

made several advances in the non-destructive measurements of the three

dimensional soot deposition profiles using the digital neutron radiography 

imaging system. It became noticeable that some research areas related to this 

system need to be further upgraded. For example, the considerable amount of 

image processing time should be reduced and imaging quality should be further 

improved. The neutron images for the test objects need be directly acquired in an 

automated fashion using a high-speed computer processor with an advanced 

data translator board, and stored digitally if needed. Thus, the images can be 

instantaneously analyzed parallel to the time of conducting the experiment rather 

than at a later time by analyzing the images stored in VCR tapes. This would also 

benefit by enhancing imaging quality since digital image acquisition from VCR 

tapes normally entails loss of data causing loss of resolution of the processed 

image. Instantaneous image acquisition also helps decide on optimum location of 

the test object, in terms of its distance relative to the RTNR camera conversion 

screen. More particularly, placing the test object at optimum position would 

reduce the unwanted neutron scattering, which would result in optimum imaging 
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resolution and quality when images were directly processed and analyzed. This 

would also reduce the time by minimizing the events of repeating the 

experiments to obtain better results. Another area of improvement would be to 

incorporate a remote-controlled stage that could move the test object axially so 

that unnecessary events of accessing the neutron beam port could be avoided. 

In the present work, this was done using a manually controlled sliding table. 
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Appendix A: Predictions Results 
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Figure A.i. Comparison of the change in the thermo-physical properties: (a) dynamic 

viscosity; (b) thermal conductivity; (c) specific heat capacity; and (d) density of air 

mixture determined using .& the present model, and t:. from look-up tables. 
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Figure A.2. Simulations of the effect of the ethylene-glycol concentration in the glycol

water mixture on the convective heat transfer coefficient of the coolant mixture in the 

six-tube EGR cooling device, using the present model. (mg =3 kg/hr, Tg,i =450 aC, 

Tc,i = 60 aC.) 
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Figure A.3. The change in the kinematic viscosity of the exhaust gas along the EGR 

cooling device predicted using the present model, for two different gas flow rates, and 

Tg,i =450 aC and Tc,i = 60°C. 
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Appendix B: Additional Experimental Work 

This appendix provides additional experimental results of a "concept" non-

conventional single-tube EGR cooling device with short twisted tape inserted in 

the gas inlet side of the cooling device to investigate the heat transfer and the 

soot deposition characteristics in the non-conventional device. 
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Figure B.1. Variation in the circumferentially averaged soot deposited thickness 

measured using the neutron radiography technique, for the single-tube EGR cooling 

device with twisted tape insert for 5-hour test with a mass flow rate of 2.8 kg/hr and 

CPM=45 mg/m3
• 

197 



Appendix B 

80 

Cth 60 

(%) 
40 

20 i 

PhD. Dissertation - B. lsmail McMaster - Mechanical Engineering 

0~1~~~~----~~~~~--~ 
o 60 120 180 

Time (min) 

240 300 360 

Figure B.2. The change in the thermal effectiveness of the non-conventional single-tube 

EGR cooling device with the twisted tape insert during 5 hours of testing for gas flow rate 

2.8 kg/hI" and soot concentration 45 mg/m3
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Figure B.3. The change in the pressure drop in the exhaust gas across the non-

conventional single-tube EGR COOling device with the twisted tape insert during 5 hours 

of testing for gas flow rate 2.8 kg/hI' and soot concentration 45 mg/m3 
. 
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Appendix C: Calibration the I R Thermal Camera System 
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Figure C.1. Comparison of the temperature measurements for the secondary side 

coolant flow across the three-tube EGR cooling device, using the infrared (IR) thermo

imaging camera and the reference T-type thermocouple. 
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Appendix 0: The Two-Phase Flow Conservation Equations and 

Constitutive Relations 

For the Eulerian or two-fluid model, the transient three-dimensional 

conservation equations for each phase can be written as (lshii,1975) 

(0.1 ) 

and 

(0.3) 

where, k = p for the particle phase and k = g for gas phase. The other variables 

are described in Table 0.1. The approach results in interfacial terms that must be 

related to the mean variables of the two phases using constitutive models often 

written as empirical correlations. The correlating turbulent stresses, Tk T 

appearing in Eq. (0.2), are the Reynolds stresses that can be modeled using the 

standard turbulence, models such as k - E model (Fan and Zhu, 1998). For the 

two-phase flow, the transport equations for k - E included source terms induced 

by the influence of the particles on the flow (Orew and Lahey, 1977). 
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Table 0.1: Description of notations used in Eqs. (0.1) through (0.10). 

Variable notation Description 

V "Nabla" operator (3-D spacial differential operator) 
t Temporal variable 

ak Phasic volume fraction (k = p , particle volume fraction 

a p = 1 - a g , k = g gas volume fraction) 

Uk Absolute phasic velocity 

Pk Material phasic density 

gk Acceleration due to gravity 

Pk Average pressure of phase k 

Tk Shear or viscous stress tensor 

=T Turbulent viscous stress tensor 
Tk 

qk Conductive or diffusive heat flux 

-T Turbulent heat flux 
qk 

ek Specific total energy=sum of specific internal energy and of the 
kinetic energy due to mean and fluctuating motions 

rk Interfacial mass transfer or the rate of mass generation of 
phase k at the interface 

Mik 
Interfacial momentum transfer or the rate of momentum 
generation of phase k at the interface 

Eik Interfacial energy transfer or the rate of generation of energy to 
phase k across the interface 

Superscript T Turbulent correlation terms between fluctuatina variables 

L-! 1/ Li = Gi is the interfacial area per unit mixture volume 

D 
Fik 

Interfacial drag force 

hik interfacial heat transfer coefficient 
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The interracial terms on the right hand side of the equations also obey the 

conservation laws at the interrace given by (Ishii, 1975) 

(0.4) 

L M ik = L (Pik V a k + Fif) = 0 
k k 

(0,5) 

and 

" L Eik = L (rkeik + qik I L j ) = 0, (0.6) 
k k 

where the variables appearing in Eqs. (0.4) through (0.5) are given in Table 0.1. 

The interfacial heat flux and drag force are normally modeled using constitutive 

relations depending on flow regimes. For example, Soo (1967), and Ishii and 

Mishima (1984) modeled the heat flux at the interface for gas-particle flow using 

the driving force, temperature difference, for a heat transfer using 

(0,7) 

where Ap =m1~, (Tg -Tp) is the mean temperature difference between the two 

phases, and hg _ p is the interracial heat transfer coefficient that can be estimated 

using a correlation for Nusselt number, such as the correlation for the spherically 

shaped particle (Rudinger, 1980) 

(Rep < 700) (0.8) 

where 
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(0.9) 

The interfacial gas-particle drag force can be modeled using (Sao, 1967) 

(0.10) 

where N p and K p are the number particle density and the coefficient of interfacial 

drag resistance, respectively. The simplest model for K p is given by (Sao, 1967) 

(0.11 ) 
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Appendix E: The Equations and Correlations Used for the 1-0 Heat 

Transfer Model 

The thermal pertormance of the counter-current flow heat exchanger 

could be predicted using the incremental heat transfer rate, dQ, that can be 

written using the Newton's law of cooling in analogy to a steady-state flow of 

electrical current as (Kays and London, 1984) 

(E.1 ) 

where dAs i is the incremental heat transfer tube surtace area based on the inner , 

tube diameter, Tg and Tc are the local bulk-stream gas and coolant temperatures, 

and V z is the local overall heat transfer coefficient that can be determined using 

the thermal resistances series as (Kays and London, 1984) 

(E.2) 

where Rtor represents the total thermal resistance across the tube wall that could 

be written in terms of the sum of individual thermal resistances as 

R tot = Rconv,g + R f + Rw + R col1v,c' (E.3) 
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where R col1v,g and Rconv,c are the thermal resistances due to the forced 

convective heat transfer for the gas and coolant. R f and Rw are the thermal 

resistances due to deposited layers and tube wall. These resistances can be 

determined using a thermal circuit analogy shown in Figure E.1, where the 

overall heat transfer coefficient based on clean conditions was given as (Kays 

and london, 1984) 

(EA) 

where hg and he are the gas and coolant local forced convective heat transfer 

coefficients for tube flow that could be estimated using existing heat transfer 

correlations. The heat transfer coefficient for gas, hg' can be estimated using 

Nusselt number defined (Kays and Crawford, 1980) as 

(E.5) 

where kg is the thermal conductivity of the gas, and d i is the tube inside 

diameter. Nusselt number is a function of the tube entrance and geometry, 

thermal boundary conditions, the local Prandt! number for the gas, Pr g , and flow 

regime that depends on the Reynolds number for the gas, Re g' Re g is given by 

(E.6) 
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Rconv,g Rconv,c 

( 
dQ 

--- ="LR = Rconv,g + R f + Rw + Rconv,c 
UzdAs 

Figure E.1. A thermal circuit representation for the heat transfer rate equation, Eq. 
(E.1 ),(Kays and London, 1984). Rconv,g: thermal resistance due to convective gas; 

R f : thermal resistance due to fouling layer; Rw: thermal resistance due to tube wall; 

Rconv,c: thermal resistance due to convective coolant; Tg : gas bulk temperature; Tc: 

coolant bulk temperature; U z : local overall heat transfer coefficient; dAs: incremental 

surface area. 
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if 
Re =-g-

g V 
g 

(E.7) 

and Pr g is defined as 

(E.8) 

where U g is the bulk stream local gas velocity, and P g ,jJ g' v g are the local bulk 

stream thermo-physical properties of density, dynamic viscosity and kinematic 

viscosity for the gas evaluated at Tg . The correlations used in this work are 

summarized in Table E.1. 

The heat transfer coefficient for the fluid or coolant in the shell side, hc' 

was determined using Nusselt number from commonly used correlations. Here, 

the Nusselt number and Reynolds number for the coolant is given by (Kays and 

Crawford, 1980) 

(E.9) 

(E.10) 

where kc is the thermal conductivity of the coolant or liquid, and Dh is the 

hydrodynamic diameter defined by 

D _ 4 x flow area 4 A f 
h - wetted parameter = -P-

w
- , 

(E.11 ) 
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Table E.I: Correlations for convective heat transfer coefficient used in this work. 

Nusselt number 

(I) Laminar flow 

Re $ 2300 

Fully developed flow (Shah and NULam = 3.66 (constant wall temperature) 

London, 1978) 

0.104 RePr 
Developing flow 

NULam = 3.66 + 
xl d i ( r (x I d i $ 0.05 Re) (Kays and 

1 +0.016 RePr 
Crawford, i 980) xl d i 

(II) Transitional to turbulent 

2300 < Re < 8000 

Fully developed flow NUTrans = (1- r)NULam,2300 + r NUT,8000 

(Gnielinski, 1999) 
Re- 2300 

r = 8000 - 2300 
0$ r $1 

Developing flow NUTrans,dev = (1- r)Nu Lam,dev,2300 + r NUT,dev,800( 

(Gnielinski, 1999) 

(III) Turbulent flow 

Re 2 8000 

Fully developed flow (f 12)Re Pr 

(Petukhov and Kirilov, 1958; I NUT = 
1.07 + 12.7ff/2(Pr2/3 -1) 

White, 1991) I 
! 

Developing flow 

(x/d j $1.36Reo.25 ) NUT,dev = NUT * [1 + 0.8 * (l + 70000 * Re -3/2) 

(Shah and Bhatti, 1987; *(xldi)-l] 

Reyno!ds et ai., 1969) 
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The equations used to determine Dh and A f for a given tube bundle layout 

the shell-and-tube heat exchanger are summarized in Table E.2. The flow regime 

in the shell could be cross-flow type, longitudinal type, or both types. The 

correlations used in this work to estimate the Nusselt number are shown in 

Tabies E,3 and EA. 

For cases where there are large temperature differences in the heat 

exchanger, such as those applications involving EGR cooling devices, buoyancy 

effects can become important. The combined convection heat transfer could be 

considered when the Gr / Re 2 falls toward a value that is typically greater than 

10% of this ratio (Thomas, 1999). Gr is Grashof number given by 

(E.12) 

where fJ = 11 Tg is the thermal expansion coefficient for the gas, T w is the tube 

wail temperature, and g is the gravity acceleration constant. A compiied 

correlation equation, based on extensive data from existing correlations, 

recommended by General Electric Company (Heat Transfer Data Book, 1974) 

seems to reasonably predict natural convection effects within approximately 20% 

accuracy of compiled data. In this correlation, the heat transfer Nusse!t number 

for combined natural and forced convection in a horizontal tube is given by 

NUcombined = C Natural Nu Forced ' (E,13) 
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Table Eo2: The definition of the hydraulic diameter Dh , and flow area A j , used in Eq. 

(E.11). (Taborek, 1995.) 

I , 

" 60° '-0--- -'-

\<Il Sr ~I 

Q--QT 
, '~Sr 0--0 -

2 
Aj = 0.866Sr _ 7r d 2 

2 8 0 

2 

D - 3.464Sr - d 
h - 0 

7r do 

2 7r 2 
Aj = Sr --do 

4 
2 

D = 4Sr -d 
h d 0 

7r 0 

D = 5.332S; - d 
h d 0 

7r 0 
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Table E.3: The correlations used to estimate the Nusselt number for a longitudinal flow 

regime in the shell. 

Laminar flow 

400 < Re s 2000 

(Gentry et aI., 1982) 

Transitional and 

Turbulent flow 

Re> 2000 

(T aborek, 1995) 

Nusselt number 

Nu =0.128Reo.6 Pr°.4 

Dittus-Boelter type equation 

Nu = Ct (0.023 ReO. 8 Pr°.4) 

Ct = -0.1315 + 1.5658PR -0.415PR 2 

PR= ST ,1.15<PR<2 
do 
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Table E.4: Selected correlations used to estimate the Nusselt number for a cross-flow 

regime in the shell. (Zukauskas, 1987.) 

Nu = CRem Pr ll 

Configuration Range of Re C m n 

In-line 1-100 0.9 0.4 0.36 

100-1000 0.52 0.5 0.36 

i 000-2x105 0.27 0.63 0.36 

>105 0.033 0.8 0.4 

Staggered 1-500 1.04 0.4 0.36 

500-1000 0.71 0.5 0.36 

1000-2x105 0.35(ST I SdO.2 0.6 0.36 

>105 0.8 0.36 
0.031 (ST I SdO.2 

i 
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where Nu Forced is the Nusselt number for forced convection as given in Table 

E 1, and C Natura! is the correction factor to include the effects of natural 

convection given by 

0.0083 2 - r 0.75 xl d i 

{ }

]J3 

eNa'aml = 1+( " H-2 )Grpr] (RePr) , (E14) 

where the parameter r is given by 

(E.15) 

The thermal performance of the heat exchanger is often characterized 

using the overall heat transfer coefficient, U , given by (Kays and London, 1984) 

(E.16) 

where Q is the overall heat transfer rate across the exchanger, As is surface 

area of the tube bundle, based on inner or outer tube diameters, and flTlm is the 

log-mean temperature difference, for the counter-current exchanger given by 

(T . - T ) - (T - T .) flT = g,l C,O g,o C,l 

1m (T T) In g,i - c,o 
(E17) 

(Tg,o -Tc,i) 

where Tg,i and Tg,o are inlet and outlet temperatures for the gas, Tc,i and Tc,o 

are the inlet and outlet temperatures for the coolant. The thermal performance of 
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the heat exchanger is also characterized using the heat exchanger thermal 

effectiveness, fth, given by (Kays and London, 1984) 

Q 
fth=-.--, 

Qmax 
(E.18) 

where Qmax is the maximum possible heat transfer rate. This is given by 

(E.19) 

where ~T max = (Tg,i - Tc,i) , and (me p) g is the heat capacity rate for the gas. 

The pressure drop across a tubular passage consists of a verity of 

components, shown in Figure E.2, given by (Shah, 1981) 

~PI-2 = ~P]-i + ~Pi-o + !lPo-2 ' (E.20) 

where ~Pi-o is the core pressure loss caused by conventional frictional losses. It 

is given by (Kays and London, 1984) 

2 

!lp i-a = Pb;b (j ~h)' (E.21 ) 

where, Pb,ub' and f are the fluid bulk-stream density and velocity in the tube 

(or tubes) inside the heat exchanger core, and Moody (or Darcy) friction factor for 

a fully developed flow, respectively. The pressure drop due to entrance, !lPl-i, is 

given by (Kays and London, 1984) 

(E.22) 
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Figure E.2. Components of total pressure change for a flow through a tubular passage. 

(Shah, 1981.) 
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Figure E.3. Heat exchanger core mode! for pressure drop analysis. (Kays and London, 

1984.) 
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where K c is the entrance-loss coefficient, and a is the flow area contraction 

ratio, IlPl-i is made up of the pressure drop which would occur due to flow-area 

change alone (without friction), and the pressure loss due to the irreversible free-

expansion that always follows the abrupt contraction caused by boundary-layer 

separation, and the consequent pressure change due to change of momentum 

rate associated with changes in downstream velocity profiie. The exit pressure 

change, IlP o-2 is given by (Kays and London, 1984) 

(E,23) 

where Ke is the abrupt expansion or exit coefficient The exit pressure change 

consists of the pressure rise which would occur due to area change (without 

friction) which is identical to the corresponding term in the entrance pressure 

drop, and the pressure loss caused by the irreversible free expansion and 

momentum changes downstream of an abrupt expansion, The total pressure 

change for a gas flow inside a core of multi-channel heat exchanger, shown in 

Figure E3, can be modeled with a iarge temperature difference, as 

where G, vI, and V2 are the gas mass flux (G = P u) , and the gas specific 

volume at inlet and exit (v = 11 p). The entrance- and expansion-loss coefficients, 
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K c and K e , are functions of the contraction and expansion geometry and, in 

some cases, of the Reynolds number in the channels. These coefficients were 

determined analytically by Kays (1950) and reported graphically by Kays and 

London (1984) as shown in Figure EA. The flow at the tube entrance separates 

from the inner surface, including a local flow separation, if the inlet to the tube 

edge is not sufficiently rounded, that is a major source of the entrance pressure 

losses. 

The friction factor can be determined from the Moody diagram (Moody, 

1944). Selected correlations that reasonably approximate the friction factor are 

summarized in Table E.5. The friction factor is independent of surface roughness 

for laminar flow unless the roughness is sufficient to cause significant changes in 

the flow pattern. The friction factor increases with surface roughness, e, for 

turbulent flow regime. At large Reynolds number the friction factor becomes 

approximately independent of Reynolds number in the rough region. For laminar 

flow regime, typical of low flow velocity, the thickness of the viscous layer near 

the tube wall is typically larger than the roughness protuberances, shown in 

Figure E.5a, so that the latter are entirely covered with this layer. In this case, the 

fluid moves smoothly past surface irregularities so that they have no effect on the 

flow character. Therefore, the roughness of the tube wall, unless it is very 

significant, does not affect the flow resistance. With an increase in the Reynolds 

number, the inertia forces begin to dominate, and the viscous subiayer becomes 
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Figure E.4. Entrance and exit pressure-loss coefficients for a multiple-circular-tube heat 

exchanger core with abrupt-contraction entrance and abrupt-expansion exit (Kays and 

london, 1984). CJ: tube contraction ratio = tube cross-sectional area divided by tube 

frontal area; K c: entrance-loss coefficient; K e: exit-loss coefficient; Re: Reynolds 

number; l: tube; d i : tube diameter. 
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Table Eo5: Selected correlations for friction factor for fully developed tube flow used in 

the present model (Thomas, 1999; Fox et aL, 2004). 

Laminar flow 

Re::; 2300 

Transitional to 

turbulent flow 

2300 < Re < 4000 

Turbulent flow 

f = 64 
Re 

Friction factor 

Iwn = I( ~: J correction for the variation of the flow 

properties over tube cross section. 

fTrans = (1- r)fLam,2300 + r fT,4000 

Re-2300 
r = 4000 - 2300 

f = 0.316 Re-0.25 

f = 0.184 Re -0.2 

f = (0.7901n Re-l.64)-2 

Re ::; 2x104 
, smooth tube 

Re> 2x104 
, smooth tube 

3000::; Re::; 5x] 06 , smooth tube 

_1_=_2.010g(eldt + 2.51 J Re>1x104 , rough tube 
fO. 5 3.7 Re fO. 5 

(T 1-0.1 

fcorr = fl ~ I : correction for the variation of the flow 
\. To J 

properties over tube cross section. 
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thinner, and at a high Reynolds number, it becomes smaller than the height of 

the roughness asperities as shown in Figure E.5b (Idelchick, 1986). The 

asperities cause the sublayer to separate, thus enhance the formation of vortices 

or eddies, which promote more turbulence, and hence increase the flow 

resistance to turbulent flow that tends to increase the pressure losses. 

The thermal and hydraulic characteristics in single-phase shell-and-tube 

heat exchangers could be related. The pressure drop, I1p, is approximately 

directly proportional to the flow velocity, u, for the laminar flow, and proportional 

to uJ.6-J.8 for the turbulent flow. The convective heat transfer coefficient is 

related to the flow velocity by h a uO.3 for the laminar flow, and ha uO.6- O.8 for the 

turbulent flow, thus the heat transfer coefficient could be related to the pressure 

drop by h a f::.p O.3 for the laminar flow, and h a f::.pOA for the turbulent flow (8ell, 

1983). 

---./ ------- ~~ • "-./ ~ "l----:::'--_ 

a -.I ---~ --:::::::r 
!::. a 11 

T 
(a) J>/). (b) J</). 

Figure E,5. Schematic of flow passing roughness asperities for laminar and turbulent 

flow regimes: (a) a> b.; (b) 15< b.. (ldeichick, 1986.) 
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Appendix F: The umerical Scheme Used in this Investigation 

A schematic showing the numerical scheme used in the present model is 

shown in Figure F.1. The heat transfer and pressure drop computational 

equations used in the present model are given in Table F.1, and a simplified flow 

chart showing the computation procedure is shown in Figures F.2(a) through (c). 

Tg,i 

mg 

Np,i 

@ @ @ @ 

~ 
1 2 3 

I. 
z 

Incremental 
computational cell 

@ @ @ 

pl&~ 

L 

@, 

MI 

I 
I 

.1 

Figure F.1. The numerical scheme used in the present model. 
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Table f.1: The heat transfer and pressure 1-D computational equations used in the 
present model. 

Heat 
transfer 

Gas 
Pressure 
drop 

-Tc,m) 

+ Rw + Rc " ,"-In 

In(d i Ids) d d· 
=R M =M m =_o_ln_l_ (d z' =inner 

rSm Sm Sm Sm 2llk & 2k d 
S S Sm 

diameter, do = outer diameter, d S = inner diameter based on soot 

thickness) 
1 

d s = di - 26s ' Msm = mlo&, & = M -1' M = total number of cells. 

2 
(I1P) =~(Km +Km+l)+2j ~G2+G2( 1 

m+l-m 2 ppm d P-b P 
gm gm+l t gm+l 

1 
--) 

Pg m 

I 
G = mg . 11R_ = £lll-[Aent J2]I1P _ = ~[[Aex J2 -1] A' 1 ent 2 A.' ex 0 2 A 

t Pbi I Pbex 0 

EGR cooling device 
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[START 1 
! 

I Input data I 
I 

Input EGR cooling device material and geometric parameters: NT, Lr, d i , do,ST, Di,s 

tube-bundle layout. flow configuration mode. etc. 
I 

I Input Exhaust gas composition (%mol or %vol) 

I 

[ Input glycol - water mixture composition (xc) 

I 

I Input operating conditions: Tg,i' m g , V c ,Tc,i' N p,i' Tsurr 

-
Diesel soot properties: d p' k s' P 5' C p, s 

Input number of computational cells (M), convergence criterion Ec' 

and time step /).t and total time t (for soot deposition) 

I 

Specify: deposition mechanism(s) or input soot thickness profile 

I Guess: Tr.n => set Tr (z = 0) = Tr.n I 
y 

I z = 0 I 
Tg (z + &) = Tg (z) 

Tc (z + ,6,z) = Tc (z) 
1 

SUB LIQMIX: compute temperature dependent properties of coolant I 
I 

SUB CONCOS: compute coolant flow parameters: Re, Pr, Nu, Gr Ii 
I 

I SUB GAS: compute temperature dependent properties of exhaust gas t I 

® c D 

! , 

Figure F.2(a). Flow chart for computation of heat transfer and soot deposition 

characteristics in EGR cooling device. 
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SUB CONCOS: compute gas flow 
parameters: Re, Pr, Nu, Gr 

Compute soot deposition characteristics 

Compute average soot thickness and 
update tube diameter 

Compute new position z + &: 

Tc o (new) = , 

Tc 0 - 0.25 * Diff , 

Compute heat transfer characteristics: 

Cth,t1P,qtot = It1q,Rs ,Tg ,o 

Figure F.2(b). Continued: Flow chart Tor computation of heat transfer and soot 

deposition characteristics in EGR cooling device. 
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~ 
I 

Compute heat transfer characteristics at time = t: 
Cth,I:::.P,qtot = Il:::.q,Rs,Tg,o 

Output data: heat transfer characteristics, and soot 
deposition thickness profile 

Figure F.2(c}. Continued: Flow chart for computation of heat transfer and soot 

deposition characteristics in EGR cooling device. 
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Appendix G: Uncertainty Analysis 

The total uncertainty in a performance parameter of interest P is 

commonly represented to first order accuracy by a root-sum-square equation of 

the form (Holman, 1989) 

(G.1 ) 

where (J) j is the sensitivity increment of each experimental input parameter, x j , 

and U x j is the uncertainty in x j . The sensitivity increment is defined by 

<p . = ap 
) ax· 

) 

(G.2) 

For example, the total uncertainty in the gas side heat transfer rate, U Qg' is 

determined using 

(G.3) 

and the total uncertainty for the coolant heat transfer rate is given by 

[ ]

1/2 
2 . 2 

UQ' = (PeCp I'l.Tc U,,-, ) + (Pc C v V c U f..T ) c c Vc ,C c 
(G.4) 

226 



Appendix G PhD. Dissertation - R Ismail McMaster - Mechanical Engineering 

The relative uncertainty of the coolant temperature difference, U !1.T
c

' was 

determined by calibrating the coolant T -type thermocouple measurements that 

were recorded for the isothermal coolant flow and then subtracting this offset 

from the actual temperature difference. It was determined that U boT "'" ±O.2S0 C . 
c 
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Appendix H: Image Processing Procedure 

A simplified flow chart of the image processing procedure for the digital 

neutron radiography used in this investigation is shown in Figure H.1 . 

I 
image at 
e 

I 

DT3152 Frame grabber 

Frames 
integration/averaging 

I ,I HUmage++ I 

I 

II ?ackground 
I image 

I 

0.J Output 
~ image 

~ 

Image -

conversion 

~ -
Image 
Contrasting -

Line profile Intensity 
measurements in ROI 

t 

Adobe 
Photoshop 

Computer Compute 3-D 
code/algorithm 1---+ soot thickness 

Drofiles 

I 

I 

Figure H.i. A simplified flow chart of the image processing procedure used in the 

present work. 
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Appendix I: Additional Results of the Thermal Characteristics of the 

Secondary Coolant Flow across the Three-Tube EGR Cooling Device 

Following are the experimental results of the time-dependent thermal 

characteristics of the secondary coolant flow across the three-tube EGR cooling 

device flow coolant rate of 2.5 I/min and higher coolant flow rate of 6 !/min 

determined using the IR thermal camera system. For all these tests, the cooling 

device was exposed to diesel exhaust in the EGR section in the diesel test facility 

at gas flow rate of 6 kg/hr, while the inlet coolant temperature was maintained at 

approximately 25 aC. Thermal images were acquired from top and side views of 

the three-tube EGR cooling device at every one hour of the test duration for both 

coolant flow rates tests. The images were then analyzed to determine the time

dependent temperature distribution for the coolant flow across the cooling device 

for both coolant flow rates. The minimum, average, and maximum coolant 

temperatures were determined at cross sections spaced equally with distance 20 

mm along the cooling device for top and side views of the cooiing device as 

shown in Figure 5.22. 
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Figure 1.1. Change in the coolant temperature at different cross sections along the 

three-tube cooling device determined from the initial thermal images of the (a) top 

view, and (b) side view for the coolant flow rate test of 2.5 !lmin. 
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Figure 1.2. Change in the cooiant temperature at different cross sections along the 

three-tube cooling device determined from the thermal images of the (a) top view, and 

(b) side view for i hour test with coolant flow rate of 2.5 I/min. 
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Figure 1.3. Change in the coolant temperature at different cross sections along the 

three-tube cooling device determined from the thermal images of the (a) top view, and 

(b) side view for 2 hour test with coolant flow rate of 2.5 I/min. 
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Figure 1.4. Change in the coolant temperature at different cross sections along the 

three-tube cooling device determined from the initial thermal images of the (a) top 

view, and (b) side view for the coolant flow rate test of 6 I/min. 
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Figure 1.5. Change in the coolant temperature at different cross sections along the 

three-tube cooling device determined from the thermal images of the (a) top view, and 

(b) side view for i hour test with coolant flow rate of 6 !lmin. 
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Figure 1.6. Change in the coolant temperature at different cross sections a!ong the 

three-tube cooling device determined from the thermal images of the (a) top view, and 

(b) side view for 2 hours test with coolant flow rate of 6 I/min. 
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Figure 1.7. Change in the coolant temperature at different cross sections along the 

three-tube cooling device determined from the thermal images of the (a) top view, and 

(b) side view during 3 hours test with coolant flow rate of 6 i/min. 
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