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ABSTRACT

The most common methad Reclaimed Asphalt Pavement (RAP) mategpralcessingn the
production ofHot Mix Asphalt (HMA) in the United States is by using cdieked recycling
Superheating the virgin aggregates by hot gas to elevated temperahoes discharge
temperaturelepends on the RAP content, RAP moisture content, and target discharge temperature
The superheated rgiin aggregate is mixed wittold-wet RAP material in thedry mixing zone
during HMA production. Bying and heahg of theRAP materialoccur through heat transfer
between virgin aggregate and RAP material before adding hot \ingiter There are existi
recommendations for superheated temperatures required for virgin aggre§sphait Institute
MS-20, National Asphalt Pavement Associatik®i71, and ASTEC T127. However, aresearch
studieswere foundthat validated theserecommendationsgither in tke field or in a controéd
laboratory environment. Several research studies emphasize the importance of the thermal process
during the dry blending stage. However, limited research has been conducted to understand the
heat transfer process between supdgtegirgin aggregate and RAP. A better understanding of
the heat transfer between virgin aggregate and RAP would be helpful in producirguahliii
asphalt mixtures.

The primary objective of this studyasto characterize and investigate the heat teansf
between virgin aggregate and RAP material as it relates to variations in RAP content, RAP
moisture content, virgin aggregate gradation, RAP gradation, and virgin aggregate thermal
properties. Another objective of the studyas to validate current recomnendations for
superheated virgin aggregate temperatures ne@deeht transfer testing protocol was developed
in this study for the laboratory evaluation of heat transfer. A laboratory blending chamber with

minimal heat losses was fabricated to have oumiand continuous mixing of virgin aggregate



and RAP particles inside the chamber. An infrared camera was selected that is capable of
measuring a representative sample size of the mixture in the chamber. Analysis methodologies to
determine the time reqeid for heat transfer completion and heat conductance between virgin
aggregate and RAP were developed as part of the study. Discrete Element Model (DEM)
simulation results were used to validate the assumptions made as part of the new test method.

On all mmbinations of the experimental design, heatsfierbetween virgin aggregate and
RAP was measured. For each of these combinations, heat trapaporieter§Tequi and H)
developedas part of the study were determin&tie developedest method was able to produce
repeatable results with three replicaf@ischarge temperaturebtained from experimental results
were utilized to verify the existing superheated temperature recommenddatf@nsexsting
eguationwas overestimatingthe superheated temperatures requjred modified equation is
recommended. The time required for thermal equilibrium is affected by RAP sizewas
determined to be 45 sec for 10% dry, fine RAP compared to 116 sec for 10% dry, coarse RAP.
The time requiredor thermal equilibrium was observed to take up to 5.0 times for mixtures with
high RAP and moisture content (40% RAP and 5% moisture) compared to 10% dry RAP mixtures.
Analysis of variance (ANOVA) test results showed that RAP content, RAP size, RAP n@oistu
virgin aggregate size, and virgin aggregate source affect heat transfer between virgin aggregate
and RAP.

A hypothesis was tested to check whether preheating RAP before adding to virgin aggregate
would reduce the time required for thermal equilibriurmot. Based on the results, preheating
RAP would help in asphalt mixtures to attain thermal equilibrium quickly compared to the cold
feed recycling method. Preheat RAP temperatures for different RAP contents, and RAP moisture

contents are recommended. Heaergy consumption analysis shows that both cold and warm feed



methods of recycling would consume nearly the same amount of heat energy to process RAP
during production.

The outcomes of the study, including a new test protocol for heat transfer chzatioter
analysis frameworks to calculate heat transfer parameters, the modified equation for superheated
temperature determination, and recommended RAP preheat temperatures, are expected to be useful

tools for HMA production and future research on thgdo
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CHAPTER 1 INTRODUCTION

1.1 Background and Problem Statement

Reclaimed Asphalt Pavement (RAP) material contains good quajdyegates, aged asphalt
binder, and is widely used as a recycling material in asphalt concrete production because of its
economic and environmental benef{Gopeland,2011; Kandhal and Mallick, 1997; Horvath,
2003; Aurangzeb, 2014)The average percena@f RAP used irHot Mix Asphalt (HMA)
increased from 15.6 percent in 2009 fol2percentin 2018 in the United Statesyith a total of
82.2million tons produced(Williams et al., 209). Figure 1.1 shows the average percentage of

RAP used irHMA in 2018 in the United States

2018

Figure 1.1: Average percentagef RAP used by states iHMA in 2018 (Williams et al., 2019).

The most common methanf RAP processingn the production oHMA in the United
States is by using coleed recycling (Liu et al., 2017; Zhang et al., 20F8pduction ofasphalt
concrete (AC) mixtures withlRAP involves superheating the virgin aggregates by hot gas to
elevated temperaturabove the discharge temperature before the RAP is introduced in the mixing
process. The recommended superheated temperdepesd onite RAP content, RAP moisture

content, and target discharge temperat(M&PA IS-71, 1985 MS-20, 198; Brock and



Richmond,2007). Then, he superheated virgin aggregate is mixed with a@td RAP material
in theblendingchamber (continuous drum plat)pug mill (batch plant)or outer drumdouble
barrel drunplant)to dry and heat the RAP material through heat transfer between virgin aggregate

and RAP material before adding hot virgin asphalt.

Asphalt Instituté $1S-20 (198) and National Asphalt Paneent Associatiod s -71 S
(1985)reported virgin aggregate temperatures required to dry and heat RAP material in a batch
mix plant for various RAP moisture contents and RAP percentages. However, no published
documentation or details are available abouttleéhod and the assumptions made in the analysis
to establish the reported valués similar table for required virgin aggregate temperatures in a
batch plant was proposed by ASTH@ustries(Brock and Richmond2007) using @ empirical
formula (Equation 11) developed in Francby Baroux (1980) This equation is based on two
assunptions: 1) energy from the superheated virgin aggregate will be absorbed only by the RAP
materialand RAP moistureand 2) thespecific heat capacity of both virgin aggregate BRAdP
are equalBaroux, 1980). These tables are currently being used in the industry to select virgin
aggregate temperatures for a givied mixture with RAPbased on the targatixture discharge
temperature RAP content, and RAP moisture content. However,research studies have

validated these tables either in the field or in a controlled laboratory environment.

. Y Y 8Y 18Y &b .
Ygg 5 5 eox"Y (1.1)
Where,
Tva = Superheated temperature of virgin aggregates used for théQGest,
Truma = Required temperature of recycled hot mix aspli@it,
Srap = Percentage of RAP by weightdsfy mixture (without virgin binderlas a
decimal
TraP = Initial temperature of RAPC
Wrap = Percentage of Moisture by weight of dry RAB a decimal

20



During the mechanical mixing stage (dry and wet), it is expected that the superheated virgin
aggregate will transfer heat to the RAP matefike heatransfer processiresponsibléo heat
the RAP materialandactivate the RAP binddgZhang et al., 2015; Pérez Madrigal et 2017,
and break lumps of RAP into fine particles to form a homogeneous asphalt mixture (DeDene et
al.,,2014Nyugen 2013; Johnson et al .Howexed isBfficierBheati | ev i |
transfer will result in several problems in the final mixtureluding inadequate heating of RAP
material and moister in the final asphalt mixturédditionally, sprayng virgin asphalt onto
superheated virgin aggregate at relatively higher temperatures can result in unwanted aging of the

virgin asphalt

When high RAP contents are used in a cold feed recycling method, extended mixing times
are recommended to allow dryiagd heating of RAP (Brock and Richmond, 2@0&gmanis and
Mallick 2015). Further higher superheated temperatures will also be used during production. The
difference in superheated temperatures between a low RAP mixture and a high RAP mixture may

or maynot allow complete heat transfeith the same amount of mixing time.

Zhang (2016) investigated the heat transfer between virgin aggregate and RAP using coupled
CFD-DEM modeling. As part of the studyhe effect of RAP content and RAP moisture on
optimummixing time needed were studiéche major limitation of the study is the definition used
for optimum dry mixing time for an asphalt mixture. The optimum mixing times are determined
based on the target average temperature of the mixtaveever,both virgn aggregate and RAP
particles could be at very distinct temperatures at the target average temp&hanafereamore
accuratecharacterizatiorof heat transfer between superheated virgin aggregate and RAP is
required Also, quantification of the efté of mixture composition (RAP content, RAP size, and

RAP moisture contengnd material properties (aggregate thermal properties) drettidgransfer
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procesawill assist asphalt produceirs alteringplant productiorparametersuch as mixing time,
for different mixtures to ensumifficientheat transfer. Thiseuld, in turn, allowto producéhigh
guality mixturesThe objectives of this study were based on this background anddddressed

issues.

1.2 Objectives

The primary objective of this study is tharacterize and investigatee heat transfer between
virgin aggregate and RAP materialterms of final discharge temperature and time required for
heat transfer completion, as it relates to variations in RAeat, RAP moisture content, virgin
aggregate gradation, RAP gradation, and virgin aggregate thermal properties. Another objective

of the study is to validate existing recommendations for superheated virgin aggregate temperatures.

1.3 Scope of the Work

A laboratory blending chamber, insulated to minimize heat loss, was designed and fabricated to
continuously mix both virgin aggregate and RAP to achieve the proposed research ob|actives
addition, the emperatureof the mixturewas recorded using a measuringstem capable of
monitoring the temperatures of both virgin aggregate and RARt@nixing time.

A consistent laboratory testing procedwas establishedo study the effect of mixture
composition and material thermal propertieslmmheat transfeprocessTestingwas conducted
at: (1)four RAP contentg10%, 20%, 30%, and 40%(R) four RAP moisture conteni®%, 1%,
3%, and 5%)(3) four RAP sizes, (4jour virgin aggregate sizes, (Bur virgin aggregate sources,
and(6) threesuperheated tempauresfor every mixture combinatiorHeat transfer testingzas
conducted at three different temperatidogsa given mixture combinaticio validate superheated
temperature tablesThe final mixture discharge temperature yielded by each superheated
tempeaturewasused toestablish a relationship between superheated temperature and discharge

temperature for different material combinations ateterminethe superheated temperature
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required foratargetdischarge temperatud 30C°F by either interpolation or extrapolatiofhe
determined superheated temperatures required from the study were then used to validate the
existing recommendations.

This study is a fundamental evaluation of heat transfer through heat conduction betwaen virgi
aggregate and RAP in a laboratsstting This study does not account for hot gases and high wall

temperatures present in an asphalt plant

1.4 Organization of the Dissertation

The dissertation is organized inix chapters as follows

Chapterl: Introduction Introduces the increased use of RAP in asphalt mixtures, current methods

of processing RAP in asphalt production. Then, it explains the existing methods available for
asphalt producers to determine the superheated temperatures needed for produeilhg asph
mixtures that target discharge temperature and discusses the need for experimental validation of
the existing methods. Next, this chapter reviews the importance of understanding heat transfer
between virgin aggregate and RAP when RAP is processedthsicgld feed recycling method.
Finally, based on the problem statement established, the objectives and scope of the dissertation
work are discussed in detail.

Chapter2: Literature ReviewPresents background on existing technologies for asphalt mixtures
with RAP production and methods of determining superheated temperatures required. Also, it
presents research studies conducted on the effect of the thermal process between virgin aggregate
and RAP on the performance of asphalt mixtures. At last, it dissisudies that investigated cold

feed recycling heat transfer.

Chapter3: Developmentbf Heat Transfer Test ProtocdDiscusses the development of a new test
method for investigating heat transfer between virgin aggregate and RAP in the laboratory. This

chapter also discusses new calculation methods developed as part of the study to determine heat
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transfer parameters based on the data obtained from the new test protocol. DEM simulations were
used to validate primary assumptions made during the test nagkietbpment.

Chapter4: Laboratory Investigation of Heat TransfeProvides heat transfer test results tested as
part of the experimental design. This chapter also presents a validation analysis of existing
superheated temperature recommendations usingxerimental results of the study. It also
discusses the effect of mixture variables on heat transfer between virgin aggregate and RAP.
Chapter 5: Concept of Preheating Reclaimed Asphalt Pavement during HMA Production
Presents results of analytical procexlused to understand the benefits of preheating RAP in
attaining thermal equilibrium quickly for high RAP mixtures. This chapter also presents a
comparative analysis of the energy required to produce asphalt mixtures with conventional cold
feed recyclingand warm feed recycling.

Chapter 6: Conclusions and RecommendationsSummarizes the conclusions and

recommendationsbtained fronthe laboratory studgnd further researateededn the topic
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

The key findings otheliterature reviewaredocumentedh this chapter. In the following sections,

studies based on the usage of RAP are discussed, followed by conventional methods of processing
RAP in the plant production asphalt mixtures. Next, stuttiasrevealed the importance of the
thermal process between aggregate and RAP on the performance of asphalt mixtures are presented.
Previous studies on the laboratory investigation of heat transfer in asphalt mixtures and granular
materials are reviewednd presented. Finally, available RAP heating technologies for plant

production of asphalt mixtures are presented in this chapter.

2.2RAP Usage in Asphalt Mixture Production

Overall, there is a growing interest in the pavement community to increase the usage of RAP in
HMA production.Figure 2.1 shows the average percentageR@&P use from the results of the
annual survey conducted by NAPA in 2009 and 2018. The average percentage of RAP used in
HMA production nationwide increased from 15.6 percent in 2009 to 21.1 percent, with a total of

82.2 million tons of RAP in 201@Nilliams et al., 2019

Figure 2.1: Average percentage of RAP used by states in AC from 2009 to 2018 (Williams
et al., 2019): NCR=no companies responded and black=less than three companies
responded.

25



2.3 Processingof RAP During the Plant Production of HMA

Direct heating of RAP using the burner flame will result in hydrocarbon emission from the RAP
material, known as the blue smoke effect, and burn off RAP binder. Cold feed recycling is the
most commonly used methaaf drying and heating RAP material in a hot mix asphalt plant
(Kandhal and Mallick, 1997; NAPA 1323, 1996). In the cold feed recycling method, wet RAP

at an ambient temperature is mixed with superheated virgin aggregate in a dry blending chamber
to heathe RAP material. Various types and configurations of mixing plants have been introduced
and are being used to produce recycled mixtures with high amounts of RAP with reduced plant
emissions. These plants can be broadly classified into two types: batth gthd drum plants.

In a batch mix plant, virgin aggregate is superheated in a drum dryer before screening and
weighing. Thenthe heated virgin aggregate is mixed with the -soéd RAP in the pugmillThus,
the primary heating source for RAP materahie superheated virgin aggregate temperature. Heat
conduction between virgin aggregate and RAP is the key heat transfer mechanism responsible for
heating and drying RAP material before adding virgin binder.

As shown inFigure2.2, there are three primary ways in which RAP is introduced in the
drum plantmixing process(a) adding mixer after the drum mixer to mix RAPthvsuperheated
aggregates(b) center entry in garallel flow mixing drum (typically using a RAP collgr(c)
center entry in aounter flowmixing drumat the back of the burner zone, andgddling the RAP
into the outer shell of a doubbarrel drum cofiguration. According to the Federal Highway
Administration (FHWA), the most efficient system, the dotliderel drum mixer, allows fd®0
secondsof mixing time in the external shell. By comparisarsing a RAP collar provides
significantly less mixingime, around 1012 sconds(Kandhal and Mallick, 1997 Most of the
existing hotmix drum plants utilize the center entry with the RAP collar method to manufacture
mixtures containing RARPand available mixing times vary by plant configuration.
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(a) Virgin Agg - (b)

(d)

Figure 2.2: Different mixing drum configurations for use with RAP (Brock and Richmond,
2007): (a) Counterflow with no RAP collar. (b) Parallel flow with RAP collar. (c)
Counterflow with RAP collar. (d) Double-Barrel drum mixer.

2.3.1 Existing Recommendtions onSuperheated Temperatures
Asphalt Institutess MS-20 (198) and National Asphalt Pavement Associasols71 (1985)

recommendvirgin aggregate temperatures required to dry and heat RAP material irharbatc
plant Requiredsuperheated virgin aggregate temperatuceependenon theRAP content, RAP
moisture content, and targatxturedischarge temperatuod the asphalt mixturéieat conduction
from superheated virgin aggregate is considered thehemting source for RAMo information
was found on the methodologynd backgrounébllowed andthe assumptions considered for this
analysis.

ASTEC T-117 recommeds thevirgin aggregate temperatures required in a standard
counterflow drum plant based ohetRAP content, RAP moisture conterand the desired
temperature of the finahixture Brock and Richmond2007). An empirical equatiorfEquation

1.1) was usedo produce these recommendati¢Baroux, 1980) This equation was developed
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using thethermal energy balance between virgin aggregate and RAP material, based on the
assunption thatheat conduction is the only heat source to dry and heat RAP material.

Both recommended tables considered heat conductiom Superheated virgin aggregate
as the only source to heat the RAP. Superheated temperatures recommended by NAPA and Asphalt
Institute are higher for a given RAP content, RAP moisture content, and discharge temperature
when compared to ASTEC recommendagiofihe difference is as low a%1for low RAP and
moisture contents and as high a8ofor high RAP and moisture contents, as showignre2.3.
However, o research studiewere foundthat validatal these tables either in the field or in a

controlled laboratory environment.
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Figure 2.3: Comparison of NAPA and ASTEC recommended virgin aggregate
temperatures.

2.4 Effect of Thermal Process on the Performance of HMA mixtures

Several studies based on the laboratory performance of HMA mixtures with RAP have noted the
importance of understanding the thermal process in the dry mixing stage, especially RAP

temperature and dry mixing time, in producing haghality asphalt mixtures (Zhang et al., 2019).
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Nguyen (2013) developed a study to understand the impact of dry mixing time on the
homogeneity of AC produced with two different sizes of RAP (10 mm and 20 khixtures were
prepared by mixing 40% RAP at ambient temperature with superheated virgin aggreda¢ (215
at different dry mixing times (2, 4, 6, and 8 minutes) and at a constant wet mixing time of 2
minutes. Mixed AC was compacted into one slab speatifoeeach dry mixing time, and five
samples were cored from the slab and tested for indirect tensile stiffness test (ITST) in four
directions per cored sample. Variation in the 20 measured ITST values was used to evaluate the
homogeneity of the AC. It wasoncluded that longer dry mixing times resulted in high average
stiffness values with low variation between tested replicates for both sizes of RAP used. A decrease
in stiffness variability was attributed to the breakage of RAP agglomerates and betesidis
in the AC at longer mixing times due to improved heat transfer. Increased stiffness with longer dry
mixing time was attributed to better blending efficiency between RAP and virgin binders because
of RAP binder activation.

Heneash(2013) prepared AC mixtures with 45% RAP using RAP at initial temperatures
of 20, 40, and 8 and dry mixing times of 2, 8, and 16 minutes. Virgin aggregates were heated
to required superheated temperatures to yield constant discharge temperaturess Stiéfdulus
of the asphalt concrete prepared at different initial RAP temperatures and dry mixing times were
conducted, and concluded that stiffness of AC increased with an increase in RAP initial
temperature and dry mixing time. Increased stiffness webwded to better activation of RAP
binder and breaking of RAP agglomerates in the asphalt mix, which results in increased blending
efficiency and more homogeneous mixtures compared to mixtures produced at lower RAP

temperatures and shorter mixing times.
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Ma et al. (2016) conducted a series of triaxial tests on 100% RAP specimens compacted
by preheating RAP at different preheating temperat@@®0, 100, 110, 120, 130, 140, 150, and
160°C) to understand the dispersion ability of RAP agglomerdtgaxial test specimens were
prepared by compacting RAP at the abawentioned preheating temperatures, and cohesive
strength and internal friction of compacted RAP specimens were determined. The cohesive
strength of RAP was increased, and internal frictionebesad with an increase in RAP preheat
temperature. Based on this observation. It was concluded that an increase in RAP temperature
during mixing could activate the RAP binder and results in the dispersion of RAP agglomerates
into the final mixture.

PérezMadrigal et al. (2016) prepared several AC mixtures with varying RAP contents,
RAP preheat temperatures, virgin aggregate superheated temperatures, and mixing times. Based
on the moisture damage (TSR) and cracking potential (Fenix test) results condudtese
specimens, it was concluded that extended mixing times improved the resistance to moisture
susceptibility and cracking potential of AC with RAP. The effect of longer mixing times could be
due to sufficient heat transfer between RAP and virgin agdgeeto activate the RAP binder for
better blending efficiency.

In summary, the heat transfer between superheated virgin aggregate and RAP during the
dry mixing stage could result in (a) activation of RAP binder and (b) breakdown of RAP
agglomerates, botbf which result in higher cracking resistance and more homogenous mixtures.
Therefore, a better understanding of the heat transfer between virgin aggregate and RAP would

help to produce higlquality asphalt mixtures.

30



2.5 Laboratory Investigation of Heat Transfer

2.5.1 Heat Transfer in HMA Mixtures
Very few research studies have been conducted to evaluate the heat transfer process between

superheated virgin aggregate and RAP material. Denene et al. (2014) developedidféretece
spherical particle model to &ss the heat transfer between virgin aggregate and RAP. The study
proposed a theoretical model to calculate the minimum time required for a spherical RAP particle
at ambient temperature to reach a desired internal temperature®6f 888uming the surfacé
the RAP particle is at drum temperature (default of°@15The proposed model was used to
calculate the minimum amount of time required to reach the desired temperature at the core of the
RAP particle for various conditions ofitial temperature of particlehermaldiffusivity, particle
diameterand drumtemperature The estimated heating times required for various combinations
considered vary from 20 to 72 seconds. However, the practical use of the proposed model is
guestionable ai$ does not consider the kinematic of the mixing process and RAP moisture drying
(Zhang et al., 2019).

Mohajeri (2015) made an effort to understand the heat transfer between virgin aggregate
and RAP using a laboratory mixing chamber and an infrared camspaalt concrete mixtures
with 60% RAP (0% and 4% moisture) were used in the study, and four different combinations of
RAP and virgin aggregate temperatures were used, as shown in Table 2.1. Virgin aggregate and
RAP were mixed in &0-liter Hobart mixerAn infrared camera (FLIR A320) was used to measure
the temperature of the virgin aggregate and RAP particles using 3 minutes of mixiagdiaye
minute rest period (for a total period of 7 minutes). Qualitative observation of the temperature
histogramdata of the mixture over time was used to determine the amount of time required for

complete heat transfer between aggregate and RAP, which is defined as the time at which a
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homogenous temperature histogram was visually observed. It was observed thagdimexof
270 s and 135 s were required for SM60 and PW30 mixtures, respectively.

Table 2.1: Mixtures and temperature combinations used for the heat transfer evaluation in
Mohajeri (2015)

Preheating Temperatures [°C]
RA content Moisture Confent
[%] of RA [%] RA Virgm
aggregate
SM60 60 0 170 170
PW60 60 0 130 330
UPGO60 60 0 25 430
UPG460 60 4 25 515

Zhang (2016) used theomputational fluid dynamic6CFD) coupéd with the Discrete
Element Method (DEM) to simulate the heat exchange between superheated virgin aggregate and
RAP in a plant sized pugmill, as shownHigure2.4. The DEM method was used to model the
particle dynamics of granular particles in a pugmill with mixing time. The heat transfer process
between virgin aggregate and RAP material was simulated using the coupled CFD model by

coupling particle meement from the DEM model.
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Figure 2.4: Heat transfer simulation using coupled CFBDDEM simulation in a pugmill
model (Zhang, 2016)
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Two mixtures with 20% and 40% RAP containing different moisture contents (0 to 5%
RAP moisture at 1% increment) were modeled to evaluate the average temperature of the mixture.
The average temperature evaluation with mixing time was used to determingtitheno dry
mixing time required, defined as the time at which the average temperature of the mixture reaches
a target discharge temperature, showRigure2.5. The study concluded that higher dry mixing
times were needed for high RAP contents, and lower dry mixing times are needed for high moisture
contents to reach a target discharge temperature. It should be noted that these conclusions were

based onlte average temperature of the mixture to reach a target discharge temperature.
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Figure 2.5: Simulated average temperature of the mixture with different moisture contents
(Zhang, 2016)

To verify the DEMmodels used in the study, temperatures of RAP and virgin aggregate
particles were measured over 5 minutes in a laboratory experiment using a laboratory drum
mixture with an infrared camera. The author concluded that DEM models used in the study worked
well to simulate the heat transfer between RAP and virgin aggregate. However, no statistical

analysis of results was shown to prove the validity of DEM models in simulating experimental

results.
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2.5.2 Heat Transfer in Granular Materials
Even though very few studi@gere conducted on heat transfer in asphalt mixtsegeraktudies

investigated the heat transfer in granular material in rotary drums (Chaudhuri e1@l. N&@sun
et al., 208; Boepple, 2019). This section summarizes the testing and calculatioods etilized
in these studies to characterize heat transfer experimentally.

Chaudhuri et al. (2I0) experimentally characterized heat transfer between heated wall and
alumina powder (200 em) and cylindriciaglin si |l i c
rotary calciners. A cylindrical calciner shown kigure 2.6 was used. The calciner was loaded
with a material of interest at room temperaturel the exterior wall was heated with an industrial
heat gun to maintain the temperature of the wall aP@00en thermocouples were used to
measure the radial temperature of the material rolling inside the calciner. As measuring continuous
monitoring wasnot possible, the temperature readings of the materials were taken at multiple

intervals by stopping the calciner and inserting the thermocouples into the holes provided.

Figure 2.6: Laboratory calciner used by Chaudhuri et al. (2Q0) for heat transfer
characterization: (a) back view of the calciner, (b) side view of the calciner,)(series of
thermocouples used for temperature measuremenand (d) front end of the calciners
(Courtesy Chaudhuri et al., 2@0).
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This study proposed a method to determine the heat transfer coefficient between the wall

and particles inside the calciner usktBguation 2.1

.Y Y | Q0 0
NV T8 @)
Where,
Ms = Mass of alumina
As = Drum circumference
Cps = Heat capacity of alumina
€s = The fraction of the drum circumference touched by alumina
Ts = Temperature of alumina
Tw = Temperature of the wall
Us = Heat transfer coefficient
L = Length of the drum

The slope of the fitted straight line, as showifrigure2.7 along with Equation 2.1, was used to
calculate the heat transfer coefficient between the heated wall and the material rolling in the

calciner.
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Figure 2.7: Variation of scaled temperaturedifference with time (Chaudhuri et al., 20L0).
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The major drawback of the testing method used by Choudhari et &0) (@@s that the
material mixing profile was interrupted to collect the temperature readings by stopping the calciner
at multiple intervals.

Boeapple (2019) fabricated a similar calciner with an additional hot air valve to add hot air
into the calciner chamber, as showrFigure 2.8. In addition, an infrared camera was used for
continuous measurement of material and wall temperatures in the chamber, as shimunein
2.9. A sapphire window was used for the front end of the calciner to allow IR camera

measurements.

Figure 2.8: Modified Calciner used in the study by Boepp, 2009 Front view of empty
drum with sapphire window. b) Rear view of empty drum with air inlet duct and quartz
window (Boepple, 209).
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Figure 2.9: Infrared measurement taken by Boeapple, 200 (Boeapple, 229).

Boeapple(2019) used the same approach propose&quation 2.1 by Chaudhari et al.
(2019) to determine the heat transfer coefficient between the heated wsdi@dadone-silica glass
beads at room temperature.

Nafsun et al. (208) conducted a study to investigate the transversal thermal bed mixing
behavior for various materials, includingagtz sand, glass beads, expanded clay, and steel spheres
in a batch rotary drum. A stainlesteel rotary drum with 600 mm diameter, 450 mm length with
2 mm wall thickness was used for the study. The drum was heated externally using three electrical
heates to maintain wall temperature at 200 The study's overall objective was to determine the
time required for thermal mixing two material beds started at two temperatures. At first, hot
particles were placed at the bottom of the drum, followed by colitles; as shown ifigure
2.10. The drum was rotated to allow the thermal mixing of two layers with distinct temperatures

until they reachdthermal eqilibrium.
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Figure 2.10: Schematic of the experimental method used by Nafsun et al., B)(INafsun et
al., 201).

The temperature of the two material beds was measured using a measuring rod with 16
thermocouples attached at equal intervals. The temperature measuring rod position was fixed at
130 angle with the circumference to measure the temperature profile in the radial direction.
Minimum and maximum temperatures of the 16 thermocouples weredeagsito represent

temperatures of cold and hot particles, respectively, as showigure2.11.
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Figure 2.11: Change in temperature of hot and cold particles towards thermal equilibrium (Nafsun
et al., 20B).
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The hermal mixing time required for equilibrium was calculated usingixing index.

The mixingindex is a measure dhermal mixing quality inside the drum bed; calculated as

follows:
R ACER A
L O B R
Y'Y YY (2.2)
Where,
T ( t = Temperature difference with respect to tif@
T 0 = Initial temperature differeng€C
b = equilibrium temperature differendgeside the bed’C
M(t) = Thermal mixing index at time t

The time required for thermal equilibrium was calculated when the mixing index reached
0.9. It was assumed that the 90% thermal mixing index was good enough. However, this
assumption isighly subjective.

2.6 Available Technologies for Heating RAP

One of the many reasofw limiting usage of higher RAP contents in HMA is conventional HMA
production technology. The cold feed recycling method of processing RAP in HMA production
requires very igh unrealistic superheated temperatures of virgin aggregate for high RAP content
mixtures Zaumanis et al., 2014Preheating RAP before adding to virgin aggregate would reduce
the temperatures required for virgin aggregadeimanis et a(2014) visitedseveral asphalt plants
producing 100% RAP mixtures and documented several technologies available for heating RAP.
Table2.1 presents a summary of seVexaailable technologies for preheating RAP during HMA

production.
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Table 2.1: Summary of available technologies for RAP heating during production

Technology RAP Temp. Pro;jal{[(étlon Method of heating

All-RAP up to 300F - Uses conventional HMA plant components w

process a special blue smoke filtration system

Ammann up to 330 - This system uses a counterflow dryer, hot

RAH100 356°F from the combustion zone dry, and heat R
Heated RAP isdischarged before getting
direct contact with the flame

Alex-Sin up to 176F - RAP is heated in a drum dryer indirectly. Se

Manufacturing, burners heat the exterior wall of the drum dr

Inc in a heating chamber. Heat is transferred ft

the heated metal drum shell to the RAP rolli
inside through heat conduction.

Rapmaster up to 320F - RAP is heated indirectly using hot gases aro
the rotating drum. Hot gases enter heat tran
tubes that run around the rotating dr
throughout the length of the drum in t
counterflow direction to the RAP material.
RATech - 80-180 RAP is heated in an originally designed trian
ton/hr. profile drier. RAP is indirectly heated first wit
the hot air of 208100°C and then expose
diredly to the hot air of 12200°C; thereby,
there is less additional aging to the RAP bing
RapSaver up to 165 80-100 RAP is heated in a continuously fed sea
185°F ton/hr. conductive heating system. This system all
RAP to heat and dry using slow-moving
hollow screw heating auger. Hot heat exchal
fluid is pumped through the hollow jacket a
hollow auger flights that heat RAP indirect
through conduction.

2.7 Summary of the Literature Review

Cold feed recycling is the most common method APRprocessing in the production of HMA
mixtures. There is a great amount of discrepancy among existing superheated temperature
recommendations, and experimental validation is needed. Several research studies showed that the
thermal process between virgiggregate and RAP affects the performance of the HMA mixtures.
However, no experimental studies were conducted to characterize the heat transfer between virgin

aggregate and RAP. Experimental investigation of heat transfer in rotary drums was researched
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extensively in granular materials. The infrared thermal imaging technology was successfully used
in several research studies to measure the temperature of moving granular materials and in asphalt

mixtures.
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CHAPTER 3 DEVELOPMENT OF HEAT TRANSFER TEST PROTOCOL
Possible modes of heat transfer that can occur in an HMA pldny tndheat RAP material are
(a) heat conduction, (b) heat convection, and (c) radiation, shokigune3.1. However, itwas
reported by NAPANAPA [S-123 1996)that heat conduction between virgin aggregate and RAP
is the primary mode of heat transfer in a batch plant, counter flow drum plant, and double barrel
drum plant.Though heat conduction and heat convecti@ne statedas primary modes of heat
transfer in a parallel flow drum plant, several researchers estimated that 90% of the heat transfer
occursby heat conduction and 10% by heat convection between RAP and hstigalse drum
(Brock, 1998DeDene et al., 2014t is not realistic to continuously monitaeirgin aggregate and
RAP material temperatures/er mixing time ina full-size HMA plant Zhang 2016) As heat
conductiorbetween virgin aggregate and Ri&Fbeleved to be the primary mode of heat transfer
in an HMA plant an experimental laboratostudy based on heat conductisexpected tprovide

thenecessary understanding of heat transétween these two materials.

+————— Convedive heat
Conductiveheat

) Radiativeheat transfer

RAP Superheated virgin

Figure 3.1: Schematic of the heat transfer between virgin aggregate and RAP
material.

The following key steps were involved in the development of a new test method for

investigating the heat transfer between virgin aggregate and RAP in a laboratory setup:
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1 Development ofblendingchamber

1 Selection of a temperature measuring device

1 Devebpment of testing sequence,

1 Development of analysis framework to calculate heat transfer parameters.

Each step is discussed in detail in the following sections of the chapter.

3.1 Development ofthe Blending Chamber

It was necessary tievelop and fabricateldendingchambethatcouldprovide continuous mixing
with minimal heat losseto investigate the heat transfer process between superheated virgin
aggregate and RAP material. A schematic of the fabridatetingchamber and tempeiure
measuring systefns shown inFigure3.2. As shown inFigure3.3 (a), a 9 in diameteby 10.75 in
high steel drum was inserted into &1 in diametetby 13.5 in high laboratory asphalt bucket
mixture The gap between these two steel drwasfilled with a glass fiber insulating material to
reduceheat loss from thdlendingchamber.The nternal flight assemblyHgure 3.3(b)), the
rotational speedandtheinclination of theblendingchambemvere designed by ASTEQdlustries,
Inc. usinga Discrete Element Modelling (DEM) simulation methimd uniform and continuous
blending of virgin aggregate and RAP material.

A speed of 6 rpm was recommended by ASTEC however, due tthelimitations of the
speed controller attached to tbeendingchambey a speed of 8 rpmvas usedAn angle of
inclination of 13 for the blending chambevas recommended based on the DEM simulatioumts,
due to practical reasomasn angle of 21 5was usedluring heat transfer testing wooden plank
was used aslid to the front end of the chambeandcircular insulatiorwasattached to the mixer
lid to control heat losses from the front end of the mixer. A 3x8daningwasprovided to record

thetempeature of materials inside th@endingchamber during testing aradlow access to add
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RAP to theblendingchamberContinuous airflow across the openinigtiee front lid providd an
air curtain to control heat losses and pradtihe camera lens. The ddoped heat transfer test
setup is shown ifigure3.3(c).

A removable spiral flight assembly was designed for the internal flight system of the
blendirg chamber. The flight assembly divided into two halves in length, facedcwunter
direction to each other. The bottom half of the fligivess designed to move the material at the
bottom of theblendingchamber to the front end of the drum. The top offe flights inacounter
directionweredesigned to move material frattme front end of theblendingchamber to the back

to havea uniform and continuous mixing of particles in the chamber.

/ IR camera

Insulation

Processing and data
collection computer

Mixture

Rotating motor

Figure 3.2: Schematic of theblending chamber and temperature measuring system.
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l

3x3 opening with
air curtain

IR camera

Figure 3.3: Developed heat transfer test setup: (a) insulated blending drum, (b) designed
flight assembly, and (c) assembled blending chamber.

3.2 Temperature Measuring Device

Infrared thermography is a n@ontact surfaceemperature measuring technigqueerean infrared
(IR) camera measus¢heinfrared energy emitted from the surface of an object and caritvat
surface temperature. Infrared thermography technolway beensuccessfully used in other
researcl{Mohajeri 2013;Zhang, 2016; Boeapple, 201t study heat transfer in a rotary drum in
the powder industry and measure thermal segregdtiong HMA mixing in the laboratoryA
commercially available highesolutionlR cameraMicro-Epsilon TIMAO (Figure 3.4), wasused
in this study to measutbetemperature of aggregate and RAP particles ibkedingchamber.

The camerawas controlled by external computepféware (TIM connectlto settemperature
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measuring frequency amdcordinginterval. The cameravasplacedat a distance of 0.4 m from

the surface of the mixture in tidendingchambeto provide a Field of ViewFOV) of 5.3x 4.0

in (temperature measugrarea of the material surfacé#)was measured that the obtained FOV of

5.3 x 4.0 in. covered 38% of the surface of the mixture in the chamber, and this is assumed to be a
representative sample size of the material surface to explaentiperature behavior of the entire
mixture.At the set distance from the surface of the mixture, the IR camera can accurately measure
the temperature of particles with a minimum size of 1.04 mracameralividesthis entire FOV

into 110,016 (382 x 288)ixels, measure thetemperature of each pix@.35 mm)andstoresthe

data into the computer atdefinedmeasuring intervakor accurate temperature measurentbet

recommended minimum particle size is a 3x3 pixel matrix that is 1.04 mm.

Figure 3.4: Micro -Epsilon TIM 40 infrared camera (source: Micro-Epsilon).

For this study,@mperature readisgf the mixtureweremeasured at-se®nd intervak
from the point of introduction of RAP material at ambient temperatures to the superheated virgin
aggregatefor 15 minutes of mixing. A Ifninute test time was selected to gather enough
temperature data and determine the mixing time required for hedetranmpletion between

virgin aggregate and RAP

3.2.1 Calibration of the IR camera
Theselected IR camera can be operated in two temperature rangeslr@2ge 482 & range

2: 302 to 165%. A proper measuring range must be selected based on the metesnpacatures
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while operating the camera, as the measuring range cannot be changed during testing. The camera
was calibrated by the manufacturer for two measuring ranges. However, the IR camera measuring
temperatures had to be calibrated for the mateusésl in the study. A calibration study was
conducted to accurately measure the temperatures of materials selectled. study, four
aggregate types: Limestone, Basalt, Dolomite, Quartzite, and one RAP source were used for
testing. Therefore, the IR camaecalibration process was conducted on these five types of
materials.

These materials were placed in an oven set at the calibration temperature for three hours to
allow temperature stabilization in the material. A calibrated thermocouple was used toemeas
the temperature of each material type at the set temperature. Exhaust opening available at the top
of the oven was utilized as shownRigure3.5(a) to measure the material temperature under the
IR camera view Kigure 3.5(b)). The IR camera readings were taken for 20 seconds for each
material at theset temperaturd-{gure3.5(c)).

The same process of measuring temperatwigh thermocouple and IR cameraasv
repeated for all material types and omagange of temperaturdsigure 3.6 shows the comparison
of thermocouple and IR camera measurements using the two operating ranges available for the
canera.lt can be observed that the temperature data for all materials considered were overlapping.
Therefore, one calibration equation for an operating range is sufficient for all materials. The

calibration equations presentedrigure3.6 were used to correct all temperatures in this study.
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(€)
Figure 3.5: IR camera calibration setup: (a) IR camera looking inside the oven, (b) material
of interest placed under the IR camera view, and (c) temperature profile captured by the
IR camera (Areal).
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Rangel

Figure 3.6: IR camera calibration for: (a) Range-1, and (b) Range2 operating ranges.
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3.3 Heat Transfer Testing Procedure

The following sequentiadtepswerefollowed for heat transfer testing:

1 Virgin aggregate and RAP material were-died and screened to required sizes based on
the experimental matrix.
1 4,000 gamsof the total mixture (RAP + virgin aggregategmgused forthetesting. The

entire testing was based adry mixture withouanadditional virgin binder. For wet RAP
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casestherequired amount of water was added to the dried RAP at least 12 hours prior to
testing, andhe wet RAP was stored in a zip lock bag to allow water absorption into the
RAP.

The blending chamber was inserted into the rotating frame in the verticabpogih the

open end on top. The chamber was loaded with 4,0atgpf aggregate material to
preheat the chamber. The chamber was lowered to the required inclinatidhe lid was
placed on the chamber. The motor was turned on for 5 minutes to begotation cycle

and preheat the blending chamber.

The motor was turned off, the lid was removed, the assemdbrought back to the
vertical position, and the preheated blending chamber was removed from the rotating
frame It was placed back into tletating frame after transferringe preheadaggregate

to a cool pan for reuse.

Superheated virgin aggregate materials were heated to ieetessperatures to make sure
they werereduced to the required superheated temperature after 200 secondsigfimixi

the chamber. Thistepwas performed to account for the heat losses from the drum between
unloading preheating material and loading superheated aggregate material.
Superheated virgin aggregate was introduced to the blending chambarathleer was
lowered to the required inclinatipand the top lid was placed. Loading the preheated
chamber was accomplished quickly.

The blending chamber motor was started, and the virgin aggregate temperature was
monitored.Theinfrared camera waset torecording,and focus and field of view were-re

confirmed and adjusted accordingly.
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1 RAP was introduced into the blending chamber through the lid opening while the
superheated aggregate was in motibhe RAP material wasaddedwhen the virgin
aggregate matial reached the required superheated temperature, which took around 200
seconds fronthe time of loadinghe superheated aggregate into the preheated blending
chamber.

1 IR camera readings were collected adetond intervals for analysis. The heat transfe
testing was continued for a mixing time of 15 minutes.

1 The motor was turned qfthe lid was removed, and the blending chamber was brought
back tothevertical position. The blending chamber was removed from the frame to transfer
the tested material inta cool pan. Internal flight assembly was removed to clean any
material remaining in the chamber.

1 After cleaning,the internal flight assembly was inserted back to the chajdret the
blending chamber wasacedinto the rotating frame for further testing

The test method used in the study for heat transfer testing is presented as a standard in Appendix

A.

3.4 Heat Transfer Test Hypothesis

3.4.1 Test Hypothesis
Figure3.7 shows expectechanges irthe temperature data of virgin aggregate, RAP mateanal

theaverage temperature of the mixture in btendingchamber over mixing time. Right after the
incorporation of RAP into thdlendingchamber (At time t=0 sead), both RAP and virgin
aggregatareat two distinct temperatureRAP is at ambient temperature, and virgin aggregate is
at selected superheated temperaturéth Vkhixing, heat transfer occarbetween these two
materialsthetemperature ofhevirgin aggregate reduseandthetemperature of RAP increase

until a uniform temperature is achievel@fined in this studgs the time required for equilibrium
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(Tequ). At time t=0 seond, the average temperature of the entireturexcan be lower or higher
than the temperature at equilibrium, depending on the RAP/virgin aggregate proportigiting
mixing time and heat exchange, the average temperature of therersiabilizesto afinal

discharge temperatuomce the heat transfbetween these two materials is comphgt@equi

T, =\/irgin agg. Temp.
\ e=RAP Temp.
Y T3
2
=2
g Tp
[}
£
o T
= ! Tequi
To (Y
t, t, t, ts t, ts

Mixing time, sec

Figure 3.7: Schematic of the expected changes in temperatures of different components of
the mixture over mixing time.

3.4.2 Visualization of RawData
After the development ahe test blendinghambey temperature measuring device, and testing

procedure for the heat transfer testing, preliminary tests were carried out at 10% and 40% RAP
contentswith dry fine RAP (passing through #4 sieve) and se®AP (etairedonthe#4 sieve)

virgin aggregate gradations obtained from the blending exaveiseusedThese preliminary test

were used to explaithe data thatvasgenerated by thdeveloped heat transfegstingprotocol

The superheated virgiggregate temperatures were selected from the ASTEC recommended table
(ASTEC T-127) for a target discharge temperature of °BOBuperheatedirgin aggregate

temperatures of 386 and 469 were used for the 10% and 40% cases, respectively.
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Figure 3.8 presents thermal images showing complete FOV recorded by the IR camera at
different times during testing for the 40% coarse RAgec# can be observed froRigure 3.8
that RAP and virgin aggregate were at vergsierent temperatures at the start of the test and

started to convge to a uniform temperatuowerthe period ofmixing due to heat transfer.

| —T482.0

Virgin
agg.

RAP | o
(a) att=0 sec (b) att=20 sec
266.5
-
(c) att=60 sec (d) att=180 sec °10

Figure 3.8: Visualization of IR camera measurements over timefor 40% Coarse RAP at 465
superheated aggegatetemperature.

Figure3.9 andFigure3.10show ridgeline plots of temperature histograms of the FOV over
mixing time forthe 10% RAP case and 40% RAP case, respectively, with both fine and coarse
RAP at 10 second mixing timatervals. It can be noted froffigure 3.10 that the temperature
histogram of the FOV initially had a wide base (high standard deviation) with two distinct peaks,
one at a higher temperature range and the other at a lower temperature range. These two peaks
represent temperatures of virgin aggregatd RAP, respectively. Oviie mixing time, the width
of the temperature histograwasreduced (lower standard deviation) and became constant, and

two peaks of the histograms converged to a single peak. The convergence of the twaeageaks
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more evidenin the 40% RAP casd-{gure3.10) compared to the 10% RAP caségure3.9), as
the former case had more data points (pixels) that represent RAP material. Thus, it can be
concluded that the devised test method, the blending chamber, and the temperature measuring
device generated a reasonable dataset that can be used with appropriate analysis techniques to
investigate the heat transfer process between superheated virgin aggregate and RAP material.

As it was assumed the blending chamber resulted in a uniform and carstinlending of
the mixture, the temperature distribution of surface particles that the IR camera could measure was

assumed to represent the entire mixture.

10% Fine RAP (Agg. at 335F)

250

Temperature, F

50 100 150 200 250 300 350
Mixing time, sec

10% Coarse RAP (Agg. at 335F)

(i aan—

50 100 150 200 250 300 350
Mixing time, sec

Temperature, F
300

8 250
200
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Temperature, F

300
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150

Figure 3.9: Ridgeline plot of temperature histogiam of the FOV for the (a) 10% fine RAP,

and (b) 10% Coarse RAP.

54




40% Fine RAP (Agg. at 465F)
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Figure 3.10: Ridgeline plot of temperature histogram of the FOV for the (a) 40% fine RAP,
and (b) 40% Coarse RAP.
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3.5Analysis Framework for Heat Transfer Process

To investigate the effect of selected variables on the heat transfer process between superheated
virgin aggregate and RAP material, the followingpfparameters were considered:

1 Time required foheat transfer completion édu)
1 Heat conductance between virgin aggregate and RAP (H

Analysis frameworks developed to determine these three parameters using the data obtained from

the above heat transfer test protocol are explained in the followitigrsec

3.5.1 Determination of Time Required for Heat Transfer Completione(d)
As shown inFigure3.9 andFigure3.10, the width of the temperature histograrasreduced with

mixing time dudo heat transfer. This data was used to define the time of heat transfer completion.
The standard deviation of the mixture temperature (standard deviation of all pixels in the FOV at
a given time) was aomputed parameter representthg width of the himgram. The standard

deviation of the mixture temperature was plotted against mixing time and is shdvigune
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3.11(a) for the 40% coarse RAP caseaasexample. Frorrigure3.11(a), it can be seen that the
standard deviation of the temperature data reduced at an exponential rate and became asymptotic.
As the blending chamber developed in this study had heat losses from the sysizter,gbeion
of thestandard deviation curve acted as an asymptote. It was anticipated that the initial exponential
drop in standard deviation was due to the heat tearmstween RAP and virgin aggregatbeT
early length of theasymptotic part was due to a very slow rate of heat transfer, thieilénal
lengthwasdue to heat losses from tlhdending chambeafter thecompletion ofheat transfer
between virgin aggregatand RAP A mathematical analysis framework was developed to define
the completion of heat transfer.

Figure3.11(b) shows the standard deviation cuorea semiogarithmic scale. The form
of the curve represents a sigmoidal function with a negative rate. The standard deviation data with

time was fitted as a negative growth sigmoidal function in the form of Equation 3.1, as shown in

Figure3.11(b).
YOO Qo o (3.1)
Where,
0 = Mixing time, sec
YO0 = Sandard deviatiorof FOV at mixing time, tF
| A BRA = Curve fitting coefficiers
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Figure 3.11: Change inthe standard deviation of the FOV data (experimental data): (a) on
the arithmetic time scale, and (b) on logarithmic time scale witfa fitted negative sigmoidal
curve.

For sigmoidal functions, as shown in Equation 3.1, the asymptote will converge to the
value| when time {) equals infinity. However, defining completion of heat transfer as infinity is
not practical. Therefore, heat transfer completion should be the point beyond which change in

standard deviation is negligible (change in slopéhe SD curven Figure3.11(a) equals zero).
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As this is a negative sigmoidal function, the slope of this curve will never become zero but
converges to zero instead. Henceyils a point beyond which the rate of chanmgslope (second
derivative) converges to zero. Change in the slope of a negative sigmoidal curve (second
derivative) will start to converge to zero after the third inflection point of the second derivative of
the function, as showin Figure3.12. This inflection pointcan be calculated by equating fourth
order derivativeof "Q0 to zero (Tequ). Tequi Can be determined by solving Equation 3.2. This
anaysis procedure was used to determine thgifor all of the heat transfer testing conducted as

part of the experimental matrix.

0o (3.2)

200 4000
o 150 —e—2nd de.rivaf[ive L 3000 v
*§ 100 O 4th derivative L 2000 .E
g Tew - 1000 g
2 0 ) == 0 °
5 50 - -1000 B
5 100 - -2000 2
£ -150 L 3000 %

-200 -4000

1 10 100 1000
Mixing time, log (sec)

Figure 3.12 lllustration of the second and fourthorder derivative of negative growth
sigmoidal function.

3.5.2 Determination of Heat Conductance between Virgin aggregate and RAP
The thermal contact conductance coefficiéfd, is a property indicating the thernenductivity,

or ability to conduct heat, between two bodies in confaxidetermine W, the energybalanced

equation of the proposed test method was used (Equation 3.3).

QY .
U

0% 0 0 (3.3)

C
A
C

a o
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Where,
a = Mass of virgin aggregate, kg
0 Specific heacapacity of virgin aggregated/kg-°C
Temperature of virgin aggregat&C;
Mixing time, sec
Rate of heat transfdrom virgin aggregate to RAP, J/sec
Rate ofheattransfer from wall to RAP, J/sec
Rate of heat transfer fromrgin aggregate to air to RAP, J/sec
= Rate of heat loss from the wall through the insulated chanidéeec

~ <0

ci C Cca

If thethree heat transfer scenarios are neglected: heat transfer from the chamber wall to the
RAP, heat transfer from the virgin aggregate to air, and the heat loss from the wall through the

insulated chambethen, Equation 3.% reducel to:

o
! .. 3.4
0 ¢ 6 -5 (3.4)

<

The onductive heat trangférom virgin aggregate to RA€an also be written as:

. QY
' : o 3.5
0 6 8 —53 (3.5)
0 oY Y (3.6)
Connecting Equations 3.4 and 3.5 results in:
QY a o QY 3.7
06 & & 0o (3.7)
Connecting Equations 3.4 and 3.6 results in:
QY
a 6 — O 7Y Y (3.8)
Qo
By substituting Equation 3.7, Equation 3.8 can be solved into the following form.
a o
LA 0z A ‘ (3.9)
YEYTTY & o © '
Where,
Y = Temperature of RAPC
Y = Initial temperature of RAPC
Y = Temperature o¥irgin aggregate’C

59



Y = |Initial superheated virgin aggregatemperature°C
t = Mixing time, sec
'O = Heat conductancbetween virgin aggregate and RAPsec°C
= Mass of RAP, kg
= Specific heat capacityf RAP J/kg°C
= Mass of virginaggregate, kg
= Specific heat capacityf virgin aggregateJ/kg°C

Os Q- Os Q-
|

The slope of the line betweelt E——— and mixing time along with material

properties such as the mass of RAP and virgin aggregate and heat capR#fy and virgin

aggregate, can be used to calculate a heat conductance value for a given material combination at a

selected superheated temperature. However, to determine the slope t#téeenr—— and

mixing time, and eventudy, heat conductance, the temperature of RAP material, and virgin

aggregate over the mixing time needs to be extracted from the IR camera measurements.

The IR cameraised in thisstudy measure thetemperature of thentire mixture in the
FOV andcannot distinguisibetweenvirgin aggregate partickeand RAP partig@s. However, as
seen irFigure3.9 andFigure3.10, the RAP started at lower temperatures, and the virgin aggregate
startedat higher temperatures. Therefore, a histogram of the temperature data measured by the IR
camera 382 x 288pixels) at a given time frame could define the temperatures of RAP and virgin
aggregate temperatures at that time. Based on the assumption tteahpleeature of RAP is
always lower than the temperature of virgin aggregate, theescentile of the temperature
histogram was defined as the RAP temperature, and tHep&fentile of the temperature
histogram was considered as virgin aggregate teatyrerfor this studyThis use of the test data

to extract virgin aggregate temperature and RAP temperature can be supported by the early period
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of mixing when two distinct peaks appear in the pixel temperature distribas@mown irFigure
3.9 andFigure3.10.

Figure3.13 presents a temperature progression of RAP and virgin aggregate for 40% RAP
content with fine and coarse RAP. The abawentioned definitions of RAP temperature and

virgin aggregate temperature were used to calculate temperature progression over mexing tim

500
450
400

5 350

5 300

2 150 4 x RAP temp_Coarse RAP
100 # + Virgin Agg. Temp_Coarse RA
50 * RAP temp_Fine RAP
0 e Virgin Agg. Temp Fine RAP
0 200 400 600 800

Mixing time, sec
Figure 3.13: Temperature progression of RAP and virgin aggregate for fine and coarse
RAP.

The temperature progression of RAP and virgin aggregate over mixing time, along with

initial temperatures of RARNd virgin aggregate, were used to floE——— against mixing

time, as shown irFigure 3.14. The slope of this plot untiTequi Was used to calculate heat
conductance for a given combination, shown in Equation B&8at transfer between the virgin
aggregate and RARasnegligible afterTequi Consequentlytherewasno measurablexchange
of heat between virgiaggregate and RAP
YaEnQ

a o

P & 3 (3.10)
a o

O
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The mentioned analysis procedure for heat conductance computation was used to

determine heat conductance values for all of the heat transfer testing conducted ashgart of t

experimental matrix.
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Figure 3.14: Heat Conductance Calculation for (a) fine RAP, and (b) coarse RAP.

3.6 Validation of Assumptions During Development of the Test

From the blending chamber development toath@lysis frameworkhefollowing are the primary

assumptions made during the process:
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1 The fabricated blending chamhmm produce uniform and continuous mixing of RAP and
virgin aggrega.

1 Temperature characteristics within the surface FOV represent the behavior of the entire
mixture in the drum.

f The assumption of thé"mnd the 9% percentile of the FOV as RAP and virgin aggregate
temperatures are reasonable.

As validating thesassumptions with physical experiments is practically difficult, DEM
simulations were used to verify these assumptions. All the DEM simulations and the associated
data presented in this section belong to Andrew Hobbs with ASTEC industries. The simulation
data was used only as a complement to validate the assumptions made in the test method
development.

The DEM method simulates the movement of particles during the mixing and heat transfer
process based on particle dynamics. DEM simulation method latbdftcontact particlanodel
was usedor thermal exchangey following the approach proposed bypbbs et al(2020). Two
binary mixtures were simulated to replicate the heat transfer testing process used in this study. The

simulated particle temperatures of the mixtures are showigime3.15.
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Figure 3.15. DEM simulated particle temperature values at: (a) 10, (b) 110, (c) 210, and (d)
410 sec after RAP addition.

Two mixtures with 10% and 40% RAP were selected to include low and high RAP
contents. As densgraded mixtures are computationally expensive and take several days for
simulation, singlesized gradations were used for both RAP and virgin aggregate. BottafRAP
virgin aggregate used had the following gradatm®0% of the particles pashroughthe 1-in.
screen (25.4 mm) while 35% of the particle mass retaineal34-in. screen (19 mmandthe

remaining 65% retained on aitk screen (12.5mm).

3.6.1 Mixing Capability of the bending chamber
An image analysis technique was used to evaluate the uniform and continuous mixing capability

of the blending chamber using both DEM and experimental testing data. A segregation index
proposed byiau et al. (2017) wascorporatedto investigate the time required before RAP and

virgin aggregate arelendednto a homogenous mixre
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In the DEM analysis, RAP particles were colored as black spheres, and virgin aggregate
particles were colored as white. The images were egttdodtm the simulation every second and

converted to a greyscale image, as depictédgare3.16.

Time: 6 s | Time: 6

Figure 3.16. Screenshots from DEM simulation and converted greyscale picture at (a)1, (b) 3, and
(c) 42 seafter RAP addition.

Each greyscale screenshot was divided into 100 squares blocks to calculate the segregation
index at each second of mixing for 60 seconds after addition of RAP to virgin aggregate, as

follows:

H W (3.11)
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"B % @ (312)
v L e
o p (3.13)
Where,
® andow = Number of black and white pixels respectively within square block i.

S = Segregation Index
o = .
® = Mean of®.

When RAP and virgin particles are not mixed, the segregation index is high, and it is low
when uniform mixing happens between RAP and virgin aggregate.

Heat transfer experiment was conducted on 10% and 40% RAP mixtures with limestone
using the same gradations as the simulation for RAP and virgin aggregate. Thermal images after
the addition of RAP were extracted for evergelcond interval for 60 secondghese thermal
images were converted to a greyscale image, as showigune 3.17. It should be noted that
Figure3.17(a) andFigure3.17(b) are only examples and do not belong to the same testing. The
fore-mentioned segregation index calculation procedure was followed even for the experimental

data.

/®

(@) (b)

Figure 3.17: Thermal image from experiment and converted greyscale picture.
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Figure 3.18 presents the change in the segregation index of 10% and 40% RAP binary
mixtures.With mixing time, the segregation index dpmalrapidly andeventually stabilize to a
plateau valueThe steep drop in the segregation index was due to the dispersion of added RAP
particles into the mixture to form a uniform mixture. The segregation index for botaridwigh
RAP contents stabilized at aroundl8 seconds, which is reasonably quick dispersion of RAP
particles into the mixture. The segregation index calculated from experimental data was matching
with the value calculated using DEM simulation data. This reveals the fact that DEM simulation

was abldo recreate the particle mixing dynamics of the experimentation.
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Figure 3.18 Segregation index for both DEM simulation and experimental data for (a)
10%, and (b) 40% RAP mixtures.
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3.6.2 Surface Particles Vs. Total Mixture Temperature Characteristics
As mentioned in section 3.2, the selected IR camera at 0.4 m distance was able to measure the

temperature of the 5.3 x 4.0 in FOV on the surface of the mixture, mixing in the chamber. It is
important to understand how well the 5.3 x 4.0 in surface particle temperature characteristics
would represent the entire mixture temperature profile. But experimental confirmation of which is
practically difficult. Therefore, DEM simulation data for 10%da#0% RAP were usednd
temperature profiles from the DEM simulation are showrFigure 3.19. Average patrticle
temperatures of RAP and virgin aggregait¢he entire mixture were extracted for 10% and 40%

RAP mixtures. A sample area of 5.3 x 4.0 in was set on the surface, average particle temperature
of RAP and virgin aggregate in the surface sample area were extriaicieck 3.19 presents a
comparison of entire particle temperature characteristics and particles in the surface sample area
from the DEM simulationslt can be concluded that the surfaaeple area similar to IR camera
measurement is a good representative sample of the entire mixture to understand the temperature

characteristics of the RAP and virgin aggregate particles.
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Figure 3.19: Particle temperature of the entire particles in the blending chamber Vs.
Particles onthe surface sample area: (a) 10% RAP, and (b) 40% RAP mixtures

3.6.3 Mixing Capability of the bending chamber
One of the primary assumptions of the study is the definition of RAP and virgin aggregate

temperatures from IR camera measurements. As the IR caarerat distinguisibetweernvirgin
aggregate partickeand RAP parti@s, this assumption needs to be vaédaThe DEM analysis

is capable of labeling RAP and virgin aggregate particles and can keep track of RAP and virgin
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particle temperatures over time. Therefore, DEM simulation data was used to validate this
assumption.

Average RAP particle temperaturegaage virgin particle temperaturd! percentile of all
particle temperature, and ®Hercentile of all particle temperature in the blending chamber were
extracted for 10% and 40% RAP simulations. Both RAP and virgin aggregate temperatures were
compared over mixing time for 10% and 40% RAP cases.
Figure3.20 presentsa comparison betweeihne 5" percentile and RAP temperatusnd the9s™"
percentile and virgin aggregate temperature. BaseHigure 3.20 and Figure 3.21, it can be
concluded thathe definition for RAP and vigin aggrega temperatures made in this study is
reasonable. It should be noted that these assumptions were validated usirgjztdgiearse RAP
and virgin aggregate gradation. So, the change in gradations would change particle dynamics and

may affect the validatio process.
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Figure 3.20. Comparison of average RAP, virgin aggregate,percentile, and 9%
percentile of all particles in the DEM simulation for 10% RAP mixture.
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Figure 3.21: Comparison of average RAP, virgin aggregate,percentile, and 9%
percentile of all particles in the DEM simulation for40% RAP mixture.

3.7 Repeatability of Developed Heat Transfer Test Method

A total of 216 heat transfer test combinations were tested with three replicates each, and the results
of Tequiand heat conductae@re presented in Appendix B. Details of the experimental matrix are

discussed in detail in the next chapter. An attempt was made in this section to understand the
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variability of the calculated heat transfer parameters: (a) time required for completi@atof
transfer, Equi and (b) heat conductanceg.H

Most of the dataset produced repeatable results with three replicates foeJa@hdrH.
However, few combinations produced highly variable data with coefficients of variability (COV)
over 30% Figure3.22). With only three replicates, anterquartile range or-testanalyses were
not feasible to determine outliers. Therefore, the following analytical method basegliaafa
was adopted to identify the outliers:

1 The 216 computed values of COV fagliwere used as a data set. The me@vV@alue
plus three times the standard deviation was determined and used as a threshold value to
detect test combinations responsible for high variability (COV values higher than the
threshold)

1 For a material combination, heat transfer testing was coadluat three different
superheated temperatures. As three replicates were tested at a superheated temperature, in
total, there were nineedui values for a material combination. It was expected that all nine
data points fall in the same range.

1 The detectetkst combinations with high variability were analyzed to identify the existence
of replicate values not in the common range of the remaining data points; that data point
was identified as an outlier.

1 Any test combined with a detected outlier was omitteanffurther analysis, as it was
difficult to represent deviations in a dataketving two or one replicate data for a test

combination.
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1 The process was repeated four times until no outliers were identifigte end,ie mean
COV for Tequi changed from 13%, to 13.6%, to 12.3%, to 12.0%\nd the standard

deviation of COV for Tquireduced from 15.1% to 11.5%, to 8.9%, to 8.4%.
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Figure 3.22. Coefficient of variation histograms using the original database (216
combinations) for (a) Tequi, and (b) Hc.
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A total of 13 test combinations were identified and removed from the dafarsttrther
analysis. All the datasets identified as outliers belong to test combinations with-saggle
(passing #8 and retained on #32 sieve) fine RAP and siiggd (passing #8 and retained on #32
sieve) virgin aggregate gradations. Thereforeait be concluded that the developed heat transfer
test method may not be suitable for fine R#{ie virgin aggregate gradation combinations.

Figure 3.23 presents the histogram of COV otqli and H after removing the omitted test
combinations. The 98percentile COV off equiand H was 66.1% and 70.5% for the original data.
They decreasedo 32.3% and 41.7%, respectively, after removing the outliersci€aiy, the
developed heat transfer test method was capable of producing repeatable results with three

replicates.
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Figure 3.23: Coefficient of variation histograms after removing outlier test combinations
from the original database (200 combinations) for (a) dqui, and (b) Hc.
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3.8 Summary

The following observations and conclusions are extracted from the efforts of this chapter:

1 A new heat transfer test method was developed, which included the establishment of (a)
blending chamber with uniform and continuous mixing of particles, (b) IR camera, and (c)
consistent stepy-step test procedure.

1 A mathematical analysis framework was btd calculate the time required for thermal
equilibrium between virgin aggregate and RAP using raw data from heat transfer testing.

1 A theoretical solution was developed to calculate heat conductance between virgin
aggregate and RAP using raw data fromt ieensfer testing.

1 DEM simulation data was used to validate the assumptions made in the study for testing,
extracting, and analyzing the heat transfer test data:

0 Segregation index analysis based on image analysis of DEM and experimental data
confirmed thathe blending chamber achieves uniform and continuous mixing of
particles withinthefirst 8-12 seconds of mixing.

o0 Temperature characteristics of particles rolling on the surface of the mixtures are a
representative sample of the entire mixture.

o Assumption of 5" percentile and 9% percentile as RAP and virgin aggregate
temperature is reasonable.

1 The developed heat transfer test method and analysis framework produced repeatable

results with three replicates.
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CHAPTER 4 LABORATORY INVESTIGATION OF HEAT TRANSFER
The flow chart Figure4.1) presents the research methodology used to investigate the heat transfer

process between virgin aggregate and RAP in thistehap

Experimental Design:
1 Four RAP contents
1 Four RAP Moisture contents
1 Four RAP gradations
1 Four virgin aggregate gradations
1 Four virgin aggregate sources
1 Three superheated temperatures for a
material combination
v
Heat transfer testing
Thermal conductivity and
— Heat capacity testing of
virgin aggregateores
A 4
Determination ofl equiand Heat
conductancéom test data
v v
Determinatiorof discharge Development of new method fokqli
temperature calculationat anyinitial virgin
aggregate and RAP temperatures
v
N Validation ofexisting recommended v
superheatetemperatures Calculation of Fqito achieve
> mixtures at 308 using heat
conductance data
!
Statistical comparisoaf

mixture variablesaffecting Teaui

v

Conclusiors

Figure 4.1: Methodology flow chart used to investigate heat transfer.
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4.1 Experimental Design

The experimentamatrix presengéd in Table 4.1 was designed to understand the effect of RAP
gradation, virgin aggregate gradation, virgin aggregate thermal properties, RAP content, and RAP
moisture content on heat transfer time and final discharge temperature of asphalt mixtures.
1 Four virgin aggregate sources and one RAP sowuece usedo study the effect of virgin
aggregate thermal properties on final discharge temperature and heat transfer.
1 Four different sizes of RAReretaken,which areRAP passing through No. 4 sievaé
RAP), retained on No. 4 sievedarse RAP and two unifom sizes passing # and
retaining on #16 sieve (FA*), aqhssingl @nd retaining ot osieve(CA¥)).
1 Four different virgin aggregate sizes warsed. Two uniform virgin aggregatesizes
(passing # and retaining on #16 sieve (FA&ndpassingl @&and retaing oni oOsieve
(CAY¥)) were usd. Fortests containinne RAP andcoarse RARasesa blending exercise
was conducted to maintaihe gradation of the final mixture (RAP + virgin aggregate) for
all RAP contentsas closly as possible(shown inFigure 4.2). Test combinations with
blended virgin aggregate gradations are referred to as dense gradation combinations, and
combinations with uniform size RAP and virgin aggregate are referred to as theoretical
gradation combinations hereatfter.
1 Four RAP contents: 109%20%, 30%, and 40% by weight of the mixture and four RAP
moisture contents: 0%, 1%, 3%, and 5% by weight of RAP were selected for dense
gradations, and a moisture content of 3% by weight of RAP was used for theoretical

gradations.
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Table 4.1: Experimental design for the study.

Virgin Aggregate Gradation FA* Blend CA*
FA* | CA* FA | CA | FA* | CA*
Theoretical Dense Theoretical

RAP Gradation

RAP RAP Moisture
content content
0%

1%

3% ABCD | ABCD
5%
0%
1%
3% A A
5%
0%
1%
3% A A
5%
0%
1%
3% ABCD | ABCD
5%
FA -Passing through #4 sieve

10%

ABCD | ABCD

20%

30%

40%

ABCD | ABCD

AR IPIRIb bbb bRl sy
DB IPIRIB bbb bRl sy

CA -Retaining on #4 sieve

FA* -Passing #8 and retaining on #16 sieve

CA* -PassingJ dand retaining o dsieve

Blend -Blended gradation to meet the final target gradati
A -Limestonesource in Alabama

-Dolomite source in lowa

-Basalt source in Washington

-Quartzite source in South Dakota

OO0

For analysis purposes, the experimental matrix was divided into two major datasets: (a)
dense graded combinations and (b) theoretical gradation combinations. Dense graded
combinations were designed to have a consistent final gradation for different R&eRtsand
RAP sizes. As described in the previous chapter, for dense gradation testing scenarios, four

different RAP contents (0%, 10%, 20%, and 40%) were tested at four RAP moisture contents (0%,
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1%, 3%, and 5%) with two RAP sizes: passing through #4& iiave RAP) and retained on #4

sieve (coarse RAP).
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(b)
Figure 4.2: Gradations of the mixture for blended combinations using: (a) RAP passing
through #4, and (b) RAP retained on #4.

Theoretical gradation combinations are the material combinations with uniform particle
sizes (FA*& CA*) for both RAP and virgin aggregate. Four different aggregate sources

(limestone, dolomite, basalt, and quartzite) were tested at 10% and 40% RAP cantknts
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limestone aggregate sounvas additionally used for 20% and 30% RAPRAP moisture
content of 3% by weight of RAP was fixed for all theoretical gradation combinations.

One of the study objectives was laboratory validation of the recommended supérhe
temperatures fothe virgin aggregate based on RAP content, RAP moisture content, and target
mixture discharge temperature. It was expected that testing each material combination of the
experimental matrix at three different superheated virgin aggregate tempevaiulésesult in
three final discharge temperatures. The relatigm between superheate@mperature and
discharge temperature frotine experimentation could be used to deternthrevirgin aggregate
temperature required for any target discharge temperature of the ntinttawrgh interpolation or
extrapolation To select three virgin aggregatemperatures for a material combinatidhe
ASTEC recommendation (ASTEGI27) forthesuperheated temperatwas usedt a discharge
temperature of 306. The tree virgin aggregate temperatutsedfor testingeachcombination
of RAP content and RARoisture conterdire givenin Table4.2. T h e aTeropuby whiclf o
the lower and upper temperatures deviate from the referemperature was not aant.Three
replicates were tested for each combination at each virgin aggregate tempearatuhe

temperatures were adjustedmaximizethe numberof tests conducted in a day.
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Table 4.2: Superheated virgin aggregate temperatures used for testing.

RAP | Moisture | Syperheated temperature {F)
content | content :

(%) (%) Low Reference| High
0% 305 335 360
1% 305 340 360

10%
0% 3% 325 350 385
5% 335 360 385
0% 342 367 402
1% 355 375 410

0,
20% 3% 365 400 420
5% 385 420 445
0% 385 410 430
1% 392 427 462

0,
30% 3% 430 465 490
5% 490 505 530
0% 445 465 490
1% 465 490 505

40%
0% 3% 530 550 575
5% 575 610 635

4.1.1 Thermal Properties of VirginAggregate Material
Four virgin aggregate materials were selected for the study: Limestone (Alabama), Dolomite

(lowa), Basalt (Washington), and Quartzite (South Dakota), covering a range of thermal
conductivity values to investigate the effect of virgin reg@te thermal properties on heat
transfers. The thermal conductivity and heat capacity of virgin aggregate materials used were
tested on virgin aggregate cores. Cylindrical specimens required for thermal property testing were
cored from boulders of virgiaggregate quarrieBigure4.3 shows the virgin aggregate cores used
for thermal property testing. Due to existiggologic seam# the Basalt bouldernt was not
possible to core a-ih. diameter specimen; instead,-#2core was taken for testing.

Only one core from each aggregate source was available for testing. Therefore, thermal
conductivity and heat transfer tests were repeated three times on each sample. An improved and

simplified test method developed at NCAT was used to measure the thenattvity of virgin

83



aggregate cores (Geng and Heitzman, 2016; Alleman and Heitzman, 2019). Further, a test method
developed at NCAT was followed to measure the heat capacity of virgin aggregate cores (Alleman
and Heitzman, 2019An improved and simpliéd test method developed at NCAT was used to
measure the thermal conductivity cores (Geng and Heitzman, 2016; Alleman and Heitzman, 2019)
and heat capacitfAlleman and Heitzman, 2019¥ virgin aggregate core$he method requires

a cylindrical sample 4i in diameter and 5 irhigh. However, the samples used for testing deviate
from the required dimensions (shownTiable4.3), especially the Basalt spimen with a Zn.
diameter.Table4.3 andFigure4.4 summarize the measured thermal property values of selected

virgin aggregates.
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Al | A e

Figure 4.3: Virgin aggregate cores used for thermal property testing.

Table 4.3: Thermal Conductivity and Heat Capacity Values for the Aggregate Sources

Used.
Core Dimensions, Thermal Heat
Aggregate Type Location mm Conductivity, Capacity,
Height | Diameter W.m/°C J/kg.°C

Limestone Alabama 129.7 93.8 1.90 931
Dolomite lowa 119.9 101.1 2.43 924
Basalt Washington 131.4 50.2 0.85 949
Quartzite South Dakota| 126.2 101.5 3.57 780
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Figure 4.4: (a) Thermal Conductivity, and (b) heatCapacity values for the aggregate
sources used: error bars represent one standard deviation above and below mean.

4.2 Validation of Existing Superheated Temperature Recommendations

For the validation of exiting superheated temperatures, data corresponding to thgrddede
scenarios was used. As mentioned in the previous chapter, heat transfer testing for a material
combination was performed at three superheated virgin aggregaiertgures. The three tested

superheated temperatures yielded three final mixture discharge temperatures for a material
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combination; this relation was used to interpolate superheated temperature correspondftg to 300
discharge temperature for a materminbination. The exact process was repeated for all the-dense
graded material combinations considered in this study.

Final discharge temperature achieved during the heat transfer testing at a tested superheated
temperature was extracted using the proceexpéined below:

As mentioned in section 3.3.1, discharge temperature forixéure is the average
temperature of the mixture based on the entire FO\q@t However, because of the heat losses
from theblendingchamber, the final discharge temperatuerf the IR camera measurements
does not represent the true discharge temperature solely based on aggregate/RAP heat exchange.
Therefore, an adjustment had to be made for the measured discharge temperatuithe
following framework for accountingor the blending chambeheat losses during the blending
time.

An example of theneasured average temperature of the mixtutbe blending chamber
is shown inFigure4.5(b). The change ithemeasured average temperature of the miyite& equi
(calculated as per section 3.5d ylue to the combination of aggregate/RAP heat transfer and heat
losses from the blending chamband the change in average tenmgiarepostTequiis solely due
to heat losses from the chamber. Thereftireslope of the average temperature curve pegk T
can be used to calculate the temperature loss per second of the average temperature. A linear
regression equation was fitted for the measured temperature-padt i assumed that the slope
of the linear regression equation represents the averapgs$eper second 3 4 Aulg) Bom the
blending chamber for the material combination tested, showigure4.5(a). This average heat
loss per second waused to adjust the average temperature of the mixture for the chamber heat

losses, as shown Figure4.5-(b).
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Figure 4.5: lllustration of heat loss correction for the average temperature of the mixture:

(a) determination of kg ant(b)lacdumlsiergueadjusece c ond (
average temperatures.

The true discharge temperattdioe a material combination tested can be determirsug

Equation4.1.

YQa n YQan vy yyQan Y (4.1)
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Where,

YQan Y = Average measured temperature of the mixture at T&gui,

Y = Time required for heat transfer completion, sec

YYQ 4 _ Average temperature drops from the blending chamber
second?F/sec

Y = True discharge temperaturé;

Figure 4.6 and Figure 4.7 show the superheated temperatures versus final discharge
temperatures fdhe denseyradeccombinationsvith fine and coarse RAP, respectively. At a given
RAP content, discharge temperature lines shift to the right with a similar slope as the moisture
content increases. The developed experimdraaéd straigHine regressionguations were used
to interpolate or extrapolate the superheated temperature required for°a d66harge
temperatureThese resulteere based on ladvatorydata, not field plant production
In total, 32 densegradedmaterial combinations were tested as part of the experimental matrix,
resulting in32 straight line regression equations between superheated temperature and discharge
temperatureTwo out of 32 hada poor correlation between superheated temperature artthdie
temperature (R< 0.8). Neverthelessall the regression equations developed were used for the

interpolation of superheated temperasuagjuired for 308F discharge temperature.
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Figure 4.6: Superheated temperature versus discharge temperature for fine RAP at: (a)
10%, (b) 20%, (c) 30%, and (d) 40% RAP contents using limestone virgin aggregate.
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Figure 4.7: Superhe;fgd temperature versus discharge temperatl(JC:L for coarse RAP at: (a)
10%, (b) 20%, (c) 30%, and (d) 40% RAP contents using limestone virgin aggregate.
It was discussed earlier in Chapter 1 thal BS recommended superheated temperatures
were based on Equation 4.2 (ASTEG127). A comparison of ASTEC -I27 existing
recommendations versus the values obtained from this study is presefRigdrav.8 (x 2%

deviation lines from equality are also plottet)lower RAP contents and lower moisture contents,

values calculated using Equation 4.2 and the results from the laboratory were aggeament.
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However, formixtures withhigher RAP and moisture contenEquation £ resulted inhigher

superheated temperatures compardtieexperimental results of the study.

Y Y 8Y o
- T
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Where,
Tv.a
TRHMA

RapP

Superheating temperature of virgin aggrega?f€s,

Required temperature of recycled hot mix aspRélt,

Percentage oRAPby weight of the dry mixture (without virgin binder
as a decimal

Initial temperature of RAPC

Percentage oMoistureby weight of dry RAPas a decimal
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Figure 4.8: Comparison of superheated virgin aggregate temperature (SHVT) obtained
from the experimental results and Equation 4.2.

Equation 4.2 was based on the energy balance of excess temperature in virgin aggregate
shared to RAP at room temperature, as follows:
1 The first part of Equation 4 represents the increase in RAP temperature fromearntn
discharge temperature, assuming equal specific heat capacities for both RAP and virgin

aggregate.
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1 The second part of the equation represents the temperature requirestettse the
temperature of moisture in RAP aedaporatet.
o Thetermp 'Y represents the energy required to increase the temperature of
RAP from ambient temperature to 200(boiling point of water).
o The termu o pepresents the heat of vaporization of water, the energy required to
vaporize water, which is at 190.

The posible reason for disagreement between experimental results and energy balance
eqguation at higher moisture conterigyire4.8) can be that some tife moisture is trapped within
RAP did not evaporate even after reaching°COf Tequi. Therefore, a reduction factor was added
before the heat of vaporization of wagenrt of the equation anslas optimized using the solver
function in Excel to minimizéhe overall Root Mean Squared Percentage Error (RMB&tmeen
experimental results and the modified equationboth fine and coarse RAP. With the actuedt
balance equatiom Equation £, the overall RMSPE was 4%. However,the addition of an
optimized reduction factor of 0.6 to theat of vaporization of the watpartyielded an RMSPE
of 2.5%; the modified equation is presented in Equation Bh& addition of the reduction factor
to the equation wastrictly based othe assumption that sometb& moisture trapped within RAP
did not evaporate during testing.

A comparison of superheated temperatures obtained from this study with the values
calculated using modified Equation 4.3 is showhRigure4.9. In this case, the modified equation
was able to provide similar results as observed from the experimental results of this study. All data

points were close to the line of equality, with most fglwithin £2% from the line of equality.

"y Y Y 8Y a1 Y &v y i 43
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Figure 4.9: Comparison of superheated virginaggregate temperature (SHVT) obtained
from the experimental results and modified equation (Equation 4.3).

4.3 Investigation of Heat Transfer Process

Each material combination was tested at three different superheated virgin aggregate temperatures
for validating the existing superheated temperature recommendatibaisle(4.2). For a
demonstration of the data in this section, results of heat transfer tegtishgcted at the existing
recommended superheated temperatures (ASTEE7] for a given combination of RAP content

and RAP moisture intended to attain 3ddischarge temperature were used.

Although the plan was to test dense gradations at 0%, 1%, 3%G%rRIAP moisture
contents, some of the water was not absorbed for coarse RAP at higher RAP moisture contents
(3% and 5%). It was observed that an average of 2.8% and 4.2% RAP moisture went into the
chamber instead of 3% and 5%, respectively. There waschgpsablem at 0% and 1% moisture
contents or for fine RAP cases. Therefore, RAP moisture contents of 0%, 1%, 3%, and 5% were
used for fine RAP scenarios and 0%, 1%, 2.8%, and 4.2% were used for coarse RAP scenarios for

further analysis.
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Figure4.10(a) illustrates an example of temperature profiles of RAP and virgin aggregate
during heat transfer testing, and it shows the effect of RAP size on the hsfatrtpracess at 10%
RAP content. In theory, it was expected for fine RAP to have a rapid heat transfer rate compared
to coarse RAP because of higher surface area and potentially greater contact area with superheated
virgin aggregate. As expected, RAP am@gjv aggregate temperature curves converged earlier in
the fine RAP case than in the coarse RAP case due to the higher rate of heat transfer in the former
scenarioFigure4.10(b) shows the variation of the standard deviation of the FOV over mixing
time for both fine and coarse RAP scenarios using 10% RAP on dagarithmic scale. The fine
RAP reached the asymptotic regialong the xaxis time scaleapidly compared to the coarse
RAP case. It should be noted tiragure4.10(a) is presented in the normal time scale, Rigdre
4.10(b) is presented in the logarithmic time scale.

Similarly, Figure4.11shows the effect of RAP content on heat transfer. Coarse RAP results
are shown as an example. Even though higher superheated temperatures were used for higher RAP
contents Table4.2), RAP and virgin aggregate temperature convergence occurred at a slower rate
with the increase in RAP content. The possible reason could be that at higher Ré&Rs¢dhe
volume of virgin aggregate material that shares energy is less compared to a lower RAP content
case. At the same time, the volume of RAP material that receives energy is also higher in the higher

RAP content cases.
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Figure 4.10: Heat transfer testing results for 10% fine and coarse dry RAP(a)
temperature profiles of virgin aggregate and RAP, and (b) change in the standard
deviation of the FOV over mixing time.
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Figure 4.11: Heat transfer testing results for 10%, 20%, 30%, and40% coarse dry RAP:
(a) temperature profiles of virgin aggregate and RAP, and (b) change in the standard

deviation of the FOV over mixing time.

Figure4.12illustrates the effect of RAP moisture content on the heat transfer process. 40%
coarse RAP tested at various moisture contents are shown. RAP and aggregate temperature curves
of higher moisture contents converged later compared to the lower moiasggHowever,
materials witheitherlow moisture (0% & 1%pr high moisture (2.8% & 4.2%) showed similar

trends From visual observation of the data showrrigure4.12, the material with higher RAP

moisture required longer mixing times for complete heat transfer.
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For mixtures with moisture, the temperature of RAP did not chéorge short period of
time once it reacheapproximately212°F (plateau reign). This plateau region was evident for
higher moisture contents. The same phenomena were also observed in the standard deviation
curves; at the time RAP reached Z.2the rate of reduction of standard deviation reduced for
some time, forming a plateaeagion in the sigmoidal curvét. is expected thahe plateau region

is due to obstruction in the measurement of the IR camera, due to the formation of steam in the

mixing drum.
800
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1% Moisture (RAP temp) 1% Moisture (Agg. temp)
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Figure 4.12. Heat transfer testing results for 40% coarse RAP at 0%, 1%, 2.8%, 4.2%
moisture contents: (a) temperature profiles of virgin aggregate and RAP, and (b) change in
the standard deviation of the FOV over mixing time.
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4.3.1 Effect of Mixture Variables on Tqui
To investigate the effect of mixture variables on time required for thermal equilibrium between

virgin aggregate and RAP, the calculation procedure outlined in section 3.5.1 wabigseal.
4.13 presents the comparison of calculategiifor fine and coarse RAP (error bars represent +
one standard deviation from the mean). The amount of RAP significantly affegtechigher
RAP contents required a longer mixing tineeachieve g This was true for both RAP sizes
used in the analysisThe only exceptionsvere for 30% coarse RAP at 4.2% moisture (value
appeaedto be low) and 40% coarse RAP at 2.8% mwis (value appeared to be high

Along with the Tequi comparisonFigure 4.13 also presentghe final mixture discharge
temperatures of each mixture presented in the ptotvas intended that all these mixtures will
have a final discharge temperature of B0OHowever, due to incorsency in the existing
recommended temperatures (Equation 4.2), mixtures with higher RAP contents and moisture
contents yielded very high discharge temperatures. As the mixtures presdritpaed.13 were
with different final discharge temperatures, a statistical comparison to investigate the effect of
mixture variables (RAP content, moisture content, and RAP size) cannot be made directly on this
data. In asphalt mixture production, the mixtures are produced with similar final discharge
temperatures. Therefore, comparing mixtures with the same final discharge temperatlie (300

to investigate the effect of mixture variables is more logical.
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Figure 4.13: Effect of RAP content and moisture content on ¥qui along with mix discharge
temperatures for (a) Fine RAP, and (b) coarse RAP tested at existing ASTEC
recommended superheated temperature.
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4.4 Development of a New Method of Calculate &hui at Any Superheated Temperature

As mentioned before, for a more logicgthtistical comparison of time required for thermal
equilibrium, Tequi must be calculated with the virgin aggregate superheated temperature that can
yield 300F discharge temperature. Based on Equation 4.3, one can calculate the virgin aggregate
temperatues required for each mixture to yield a constanfB@ischarge temperature. However,
repeating heat transfer testing for the entire experimental matrix at superheated temperature
determined using Equation 4.3 is highly impractical. Therefore, a newtiaahlgolution to
calculate the time required for thermal equilibrium at any superheated virgin aggregate
temperature was developed using the existing test results.

Heat ©nductance presented in section 3.5.2 represents the rate of heat transfer per unit
contact area between RAP and virgin aggregate, per unit temperature difference between RAP and
virgin aggregate. Heat conductance is specific to the mixture type thadeigeimdent of the
superheated temperature of virgin aggregate and the initial temperature of RAP. As shown in
Figure4.14, heat conductance was affectgdRAP size, RAP content, and RAP moisture content.

By definition, heat conductance for a given material combination tested at different superheated

temperatures or different initial RAP temperatures should remain the same.
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Figure 4.14: Effect of RAP content and moisture content on heat conductance with (a) fine
RAP, and (b) coarse RAP tested at existing ASTEC recommended superheated
temperature.

Equation 4.4 presents the theoreticasib on which heat conductance was determined for

the material combinations tested in this study.

Yy oy P gTs ‘
a S"Y—" 0z —/—— 0] (44)
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Where,

= Temperature of RAPC

= Initial temperature of RAPC

= Temperature ofirgin aggregate at mixing timeC

= Initial superheated virgin aggregatemperatureat mixing time tPC
Mixing time, sec

= Heat conductancbetween virgiraggregate and RARB/sec°C
= Mass of RAP, kg

= Specific heat capacityf RAP J/kg°C

= Mass of virgin aggregate, kg

= Specific heat capacityf virgin aggregateJ/kg°C

L0 O Q. R
S o I i
|

Equation 4.4 can bewritten asfollows:

Ao Qo o,
5 i o on
N d 0 &L O -’: (4'5)
u U
oy v Y @

(4.6)

With Equation 4.6, the difference between virgin aggregate temperature and RAP
temperature can be calculated at any mixing time, with any initial temperature of RAP and virgin
aggregate, provided all mixture properties (weights and heat conductance aaduksdwn. A
virgin aggregate and RAP temperature difference curve can be constructed using Equation 4.6, as
shown inFigure 4.15. With a known threshold value for the temperature difference curve at which
thermal equilibrium between virgin aggregate and RAP is achieved, one can calculate the mixing

time required to reach that threshold temperature difference whigkuis T
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Figure 4.15: lllustration of virgin aggregate and RAP temperature difference curve.
In summary, using Equation 4.6, with known heat conductance results and known threshold
value for temperature differenceeqldi can be calculated at any superheated aggregate and any

initial RAP temperatures.

4.4.1 Establishing Threshold for Aggregate and RAP Temperature Difference for Thermal
Equilibrium
A total of 609 heat transféestswere conducted in this study, and thg.ifor all theseestswere

calculated using the procedure established in section JBeltemperature difference between
virgin aggregate (95percentile value) and RAP{5ercentile value) was extracted at the,bf
each testFigure4.16 presents a histogram of themperature differencgataset with a mean of

38.2F and a standard deviation of &9the histogram is normal distribution [N(38.2, 9.9)].
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Figure 4.16. Histogram of the temperature difference betweewirgin aggregate and RAP at
Tequi (609 tEStS).

As the threshold value obtained for temperature difference is a distribution instead of a
single value, a Monte Carlo simulation was used to calculgteiom the temperature difference
curve.

4.4.2 Monte Carlo Simulation for EquiCalculation
Monte Carlo simulation computes a dependent variable in an equation repetitivelgaising

randomly generated independent variablé® generation of random input values for each Monte
Carlo cycle depends on the type of distribution of the input petermTo calculate ehui using
Monte Carlo simulationit must be ompued using randomly generated threshold temperature
difference values based on the distribution obtained in the previous seetioa normal
distribution witha mean of 38%F andstandard deviation of ¥B.

To generate random values fitweshold temperature differendsvo random numbers
between 0 and, hamely, Ul and U2vere generatedn independent valuerascalculated from

the generated two random numbers using Equatigrag shown below.

Y ¢z, 1Y zoe "'y 4.7)
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This independent valyealong withthe averageand standard deviation of threshold
temperature differencevas usedo generate a randothreshold temperature differenealue for

a single MonteCarlo Cycle (Equatiod.8). This process was repeated 5@00cycles.

M o@ P uho (4.8)

Equation 4.6 was used along with randomly genertitesshold temperature difference
values to calculate a distribution ofqli. As observed in the previous section, the threshold of
temperature difference was a normal distribution. Therefakg, Was calculated multiple times
by randomly selecting a threshokigure4.17 shows an example of calculateghfusing Monte
Carlo simulation based on temperature difference cihigeire4.17(a) presents the distribution
of calculated Iqu, and Figure 4.17(b) illustrates the Mawe Carlo stabilization curve, which
showed that 5000 cycles were producing stable results for this method. The average of the
calculated Tquidistribution Figure4.17(a)) developed during MC simulation was considered as

the time required for the thermal equilibrium of a material combination.
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Figure 4.17: lllustration of Monte Carlo simulation to calculate Tequi from heat
conductance test data.

Tequi USiNg measured heat conductance, was determined by applying the proposed Monte
Carlo method. In addition, edui for all these test combinations was also determined using the

change in the standard deviation of the FOV method explained in section 3.5.1.
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Figure 4.18: Comparison of Tequi calculated from Monte Carlo method and the heat
transfer test data.

From Figure4.18, the new analytical efui calculation procedure using heat conductance
data and Monte Carlo simulation was able to reprodygeVvilues calculated from the test data
closely. Especially fothe dense gradations, the data is very close to the line of equality. Even
though there is a spread of the data around the line of equality for theoretical gradations, with an
overall RMSE of 58.4 sedf can be concluded that theew analytical methodising heat
conductance data is a good alternatovealculate Tqui. The main advantage of this new analytical
method is heat conductance data of any mixture tested at a specific superheated temperature can

be used to calculate:diiat any superheated temmpture of interest.

4.5 Investigation of Effect of Mixture Variables on Tequi

Statistical comparison of mixtures with varying levels of mixture parameters is more logical when
all the mixtures produce a constant final discharge temperature. Therefore, theestigok
temperature required to yield a final discharge temperature &f 3¢k calculated using Equation

4.3 for all dens@raded and theoretical mixtures considered in the study.
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For a given mixture, heat transfer testing was conducted at three satpdrteamperature
levels with three replicates at each temperature level. Thus, a total of nine heat transfer tests
returned nine heat conductance values for a mixture. These nine heat conductance values along
with the calculated superheated temperaturesyigld 300F), were used to calculateeql;

according to the procedure detailed in section 4.4.

4.5.1 Dense Graded Mixtures
Figure4.19 presents the time geired for thermal equilibrium values of derg®ded mixtures

with fine and coarse RAP. It should be noted that all these mixtures yielded a final discharge
temperature of 306.

To understand the effect of mixture variables on the time required forahegunlibrium,
a threeway Analysis of Variance (ANOVA) analysis onglidata was conducted. The generalized
linear model (GLM) in the Minitab statistical software was used for the ANOVA analysis. RAP
content, RAP moisture content, and RAP size were considered as main variables. Since moisture
content levels for fine RAP and &xse RAP were not the same, 2.8% and 4.2% moisture content
levels were replaced with 3.0% and 5.0% moisture contents, respectively, for coarse RAP mixes.
Main effects and twavay interaction effects were analyzed. The null hypothesis for any of these
termswas that there was no statistically significant difference between the means of the parameter
at selected levels of that term. The alternative hypothesis was that at least one mean is different

from the rest. A significance level was set at 5%djue =0.05).
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Figure 4.19: Calculated Tequi With Monte Carlo method to yield a final discharge
temperature of 300F for densegraded mixtures with (a) fine, and (b) coarse RAP.

Time for equilibrium, T, sec

The results of the ANOVA analysis are presentedable 4.4. The findings show that
there is a significant effect of RAP content, moisture contentRaxfel size on time required for
thermal equilibrium with pralues less than 0.01. Based on the diagnostic plots preseRigdra
4.20(c), the GLM modeldeveloped as part of the ANOVA analysis was satisfying all the

underlying assumptions of ANOVA analysis.

109



Tukeyds pairwise comparisons were conduct e

factorsonTq,and Tukeyds stati st iFigueh20ga o.upBaged somprE
comparison, it can be concluded thatulincreases with an increase in RAP content, RAP

moisture, and RAP particlezs.

Table 4.4: Three-way ANOVA analysis results of kqui for blended gradations.

Source DF | AdjSS Adj MS | F-Value | p-Value
RAP Content 3 1372016 | 457339 | 146.4 <0.01
Moisture Content 3 565262 | 188421 | 60.3 <0.01
RAP Size 1 1962519 | 1962519, 628.2 <0.01
RAP Content*Moisture Content | 9 225759 | 25084 8.0 <0.01
RAP Content*RAP Size 3 319179 | 106393 | 34.1 <0.01
Moisture Content*RAP Size 3 76054 25351 |8.1 <0.01

Error 265 | 827904 | 3124
Lack-of-Fit 9 96080 10676 | 3.7 <0.01
Pure Error 256 | 731824 | 2859

Total 287 | 5348693

To summarize, longer mixing times between RAP and virgin aggregate need to be provided
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Figure 4.20: Threeway ANOVA statistics: (a) main effects plot, (b) interaction effect
plot, and (c) model diagnostic plots.
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Residual Plots for Tequi, sec
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Figure 4.20: Three-way ANOVA statistics: (a) main effects plot, (b) interaction effect plot,
and (c) model diagnostic plots(continued)

4.5.2 Theoretical gradations
The time required for thermal equilibrium was calculated for mixturestivdbretical gradations

using the new analytical approach (Monte Carlo method), and the results are preséatad in
4.5. The main advantage of analygithe theoretical gradation data tlsatthese mixtures were
prepared with different virgin aggregate sourddsnce, the tatistical analysis will reveal the

importance of aggregate sous@a the heat transfer process.
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Table 4.5: Calculated Tequi with Monte Carlo method to yield a final discharge temperature
of 30C°F for theoretical gradation mixtures.

RAP content, i _ T equs SEC
Agg. Source Agg. Size | RAP Size
> % 99 Mean Std. Dev
CA* CA* 291.4 54.7
CA* FA* 43.9 4.6
10%
% FA* CA* 674.0 63.9
Limestone FA* FA* 279.3 120.0
CA* CA* 388.9 37.4
CA* FA* 2475 39.6
[0)
0% FA* CA* 442.4 80.2
FA* FA* 574.5 259.5
CA* CA* 321.2 114.8
CA* FA* 36.2 6.4
10%
’ FA* CA* 496.6 213.0
Dolomite FA* FA* 156.8 96.4
CA* CA* 402.5 39.5
CA* FA* 238.5 31.6
[0)
0% FA* CA* 521.9 71.1
FA* FA* 645.4 257.7
CA* CA* 326.1 96.8
CA* FA* 40.8 7.7
10%
% FA* CA* 435.5 166.6
Basalt FA* FA* 137.0 89.4
CA* CA* 390.1 43.7
CA* FA* 220.3 16.4
0,
FA* FA* 483.1 252.2
CA* CA* 381.6 123.8
CA* FA* 42.8 6.3
[0)
1% FA* CA* 440.0 26.3
Quartzite FA* FA* 99.5 20.0
CA* CA* 412.7 60.3
CA* FA* 215.2 21.7
[0)
A% FA* CA* 567.1 71.0
FA* FA* 666.9 322.7

The effect of mixture variables on time required for thermal equilibrium was investigated

with a fourway Analysis of Variance (ANOVA) analysis using GLM ogyfdata presented in
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Table4.5. The generalized linear model (GLM) in the Minitab statistical software was used for
the ANOVA analysis. The primary variables were the aggregate source, RAP content, aggregate
size, and RAP size. Main effects and tway interaction effects were observed in the analysis. A
significance level of 5% was consideredvgue = 0.05).

The results of the ANOVA analysis are presente@lahle4.6. From the results, it can be
concluded that there is a significant effect of RAP content, aggregate size, and RAP size on time
required for thermal equilibrium, with-yalues less than 0.01. The aggregate source was also
found to bea significant factor; however, thevalue is very close to 0.05. Hence, it can be inferred
that the aggregate source affects the heat transfer process, but not as much as other mixture
variables. Based on the diagnostic plots presentEdjure4.21(c), the GLM model developed as
part of the ANOVA analysis satisfied all the underlying assumptions of ANOVA analysis.

Tukeyds pairwise doctedi andérsandnbettervites refeect of anain
factorsonTq,and Tukeyds stati st Figueh2l(ga ).upBaged somprE
compaison, it can be concluded thagqdi increases with an increase in RAP content and RAP
particle size and decreases with an increase
grouping of aggregate sources shows that basalt transfers heat quickigveidothe thermal
conductivity of basalt was identified as the lowest among all four sources. Therefore, theoretically,
basalt should transfer heat slowly and take a longer time for equilibrium.

In summary, longer dry mixing times need to be providedddyce mixtures with high
RAP contents and coarser RAP sizes. This conclusion is validated based on thgraidede

mixtures.
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Table 4.6: Four-way ANOVA analysis results of Tequi for theoretical gradations.

Source DF Adj SS Adj MS | F-Value | p-Value
Agg. Source 3 141723 | 47241 2.7 0.046
RAP Content 1 1974364 | 1974364 | 113.3 <0.01
Agg. Size 1 2625559 | 2625559 | 150.6 <0.01
RAP Size 1 2204151 | 2204151 | 126.4 <0.01
Agg. Source*RAP Content | 3 188742 | 62914 3.6 0.01
Agg. Source*Agg. Size 3 138431 | 46144 2.7 0.05
Agg. Source*RAP Size 3 10695 3565 0.2 0.89
RAP Content*Agg. Size 1 96578 96578 5.5 0.02
RAP Content*RAP Size 1 1437488 | 1437488 | 82.5 <0.01
Agg. Size*RAP Size 1 207653 | 207653 | 11.9 <0.01

Error 269 4689847 | 17434
Lack-of-Fit 13 835387 | 64261 4.3 <0.01
Pure Error 256 3854460 | 15056

Total 287 13715232

Main Effects Plot for Tequi, sec
Data Means
450 Agg. Source RAP Content Agg. Size RAP Size
A A
A
400 -
=
o 350
=
300 -
B . B
250
g e & e e L
& & o i o) ) & ¥ & &
oF & & K3 WO S ES S <
¥ o &3 44
oF & o
(a)

Figure 4.21:Four-way ANOVA statistics (a) main effects plot, (b) interaction effect plot,
and (c) model diagnostic plots.
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Figure 4.21: Four-way ANOVA statistics (a) main effects plot, (b)nteraction effect plot,
and (c) model diagnostic plots(continued)
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4.6 Development of Regression Equation for Heat Conductance

Developing a regression equation for the heat conductance between virgin aggregate and RAP
helps the pavement research communitg asphalt producers to relatively compare the heat
transfer process among different mixtures. In addition, the predicted heat conductance can be used
in conjunction with the analytical method discussed in section 4.4.2 to calculate the time required
for thermal equilibrium.

A Multiple Linear Regression (MLR) analysis was performed in Minitab 19 software to
establish a regression model between heat conductance and variables selected in the experimental
matrix, namely RAP content, RAP moisture content, RA&RIgtion, virgin aggregate gradation,
virgin aggregate source, and superheated temperature level. For the MLR analysis, each parameter
must be presented in numeric form. Virgin aggregate and RAP gradations were characterized by a
parameter called averagerpee size (d), which is the weighted average particle size of the
gradation calculated using Equation 4v8asured thermal conductivity of the virign aggregate

material is used to represent the virign aggregate source in the MLR analysis.

Table 4.7 lists the average particle sizes of the virgin aggregate and RAP gradations used
in the study. For RAP and virgin aggregate combinations with fine and coarse RAP, a blending
exercise was condted to establish the virgin aggregate gradations to maintain a consistent final

mixture gradation.

, p T
Q S (4.8)
O
Where,
dp = Average particle size of the gradatianm
Pi = Percentage retained on sieve
Di = Average particle size of material between sieve i ahdmm
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Table 4.7: Average particle size of the RAP and virgin aggregate gradations used in the

study.
Average particle size, d(mm)
RAP Dense Gradations Theoretical Gradations
(%) Fine RAP Coarse RAP FA* CA*
VA RAP VA RAP VA RAP VA RAP

10% 2.82 0.68 2.41 9.83 2.66 2.66 18.88 18.88

20% 3.27 0.68 2.27 9.83 2.66 2.66 18.88 18.88

30% 3.98 0.68 2.07 9.83 2.66 2.66 18.88 18.88

40% 5.93 0.68 1.89 9.83 2.66 2.66 18.88 18.88
VA-virgin aggregate

An MLR analysis forheat conductancevas conducted to develop a model forat
conductanceprediction. Main variable effects and tway interaction betweerselected
independent variables were used for the analpsstepwise MLR analysis was used to eliminate
independent variables and interactions that are statistically significant in afécting heat
conductanceTable4.8 presents the results of the MLR analysisteat conductancé\ total of
203datasetsvere usedwith 70% of the dataelected randomly and used for developing the MLR

modeland theremaining 30%of datafor testing the MLRmodel

Table 4.8: Multiple linear regression analysis results for heat conductance.

Term Coef SECoef | T-Value | P-Value
Constant 12.19 0.76 16.1 <0.05
Virgin agg. gradation 0.29 0.05 5.9 <0.05
RAP gradation -0.90 0.09 -10.2 <0.05
Moisture Content -1.48 0.19 -7.9 <0.05
RAP Content*Virgin agg. gradation -0.01 0.00 -3.7 <0.05
RAP Content*RAP gradation 0.01 0.00 3.8 <0.05
RAP gradation*Moisture Content 0.12 0.03 4.4 <0.05
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Figure 4.22: Comparison of measured and predicted heatonductance.

Figure4.22 presents the predictive capability of the developed regression equation for heat
conductance prediction. With an adjustetid® 0.78 and RMSE of 2 W/°C, the developed
regression equatioshown in Equation 4.%/as able to predict heat conductance between virgin

aggregate and RAP reasonably.

O PROWMWQ g TN Q p& Y 0 O
™ip Y Q 5 mp Y Q

™ ¢ Q 06 (4.8)

4.7 Summary

The following observations and conclusions are extracted from the efforts of this chapter:
1 Based on the experimental results of the study, the existing equation for estimating

superheated temperaturequired based on target discharge temperature, and mixture

information was overestimating the temperatures.
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It was hypothesized that this owarediction could be due to incomplete evaporation of
moisture trapped within RAP particles. A new modified eguatvas recommended for
estimating superheated temperatures required.

An analytical methodavas developed to calculate the time required for thermal equilibrium
with any initial RAP and virgin aggregate temperatures us@aj conductance datatbg

mixture tested at a specific superheated tempetature

A regression equation to predict heat conductance was developed. The established
regression equation along with the analytical method can be used to calculate the time
required for thermal equilibrium.

Basedon the ANOVA analysis results, longer mixing times between RAP and virgin
aggregate needs to be provided to produce mixtures with high RAP contents, high moisture
contents, and coarser RAP sizes.

Mixing times needed for heat transfer completion in a métwith varying RAP content

and RAP moisture contents are expressed as a ratio to the mixing time required for a 10%

RAP and a 0% moisture mixture (ledvy RAP mixture) inFigure4.23.
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Figure 4.23: Relative comparison of mixing times required for heat transfer
completion/thermal equilibrium for (a) fine, and (b) coarse RAP mixtures.
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CHAPTER 5 CONCEPT OF PREHEATING RECLAIMED ASPHALT PAVEMENT
DURING HMA PRODUCTION

During the production of HMA mixtures with RAP, it is expected that sufficient heat transfer
between superheated virgin aggregate and RAP happens in the dry mixing zone before the addition
of a virgin binder to the mixture. Adequate heating of RAP befwggnvbinder entry helps RAP
binder to activate, break agglomerated fine particles, and blend with virgin binder thoroughly.
Based on the results of the previous chagterthermal equilibrium, it was discovered that the
cold feed recycling method necitates longedry mixing times for mixtures with higher RAP
contents, RAP moisture, and coarse RAP gradationthe cold feed recycling method, where
RAP is added at ambient temperature to virgin aggregate, possible solutions to allow longer dry
mixing times are: (a) increase the length of the drum to allow a longer dry mixing zone or (b)
reduce the production rate. However, both these solutions are practically difficult. Themefore,
hypothesis was explored analytically to chediether preheating RAP @m feed recycling) for
high-moisture RAP mixtures would lead the same mixing times for thermal equilibrium
compared to lowdry RAP mixtures (cold feed recycling).

As explained in section 4.4.2, the developed analytical method of calculating thertime fo
thermal equilibrium can be used to calculate thg; ®f a mixture with any initial temperatures of
RAP and virgin aggregate. As heat conductance values were determined as part of the study for
the densggraded mixtures used in the study, the analytisethod was used to calculateylof
the densgyraded asphalt mixtures with varying preheated (initial) RAP temperatures.

When initial RAP temperatures are varied, the initial virgin aggregate temperature should
also be changed to achieve a constaal filscharge temperature of 3B0Equation 5.1 was used

to calculate initial virgin aggregate temperatures needed for different RAP initial temperatures and
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presented iMable5.1. For RAP preheated to temperatures of ovePR 12 was assumed that all

the moisture in RAP was evaporated during preheat process.

vy Y Y 8Y 80 Y & vy , 51
88 o Y T o Y pTT T2 U 0 X (5.1
Y Y YO 'Y & (5.2)

Table 5.1: Virgin aggregate temperatures needed for varying initial RAP temperature to
yield 30C°F discharge temperature.

RAP preheat
temp, °F
RAP, % | MC, %
10% 0% 325.2 322.2 318.9 315.6 312.2 308.9 306.7
10% 1% 328.4 325.3 321.8 318.4 314.9 311.4 309.1
10% 3% 325.2 322.2 318.9 315.6 312.2 308.9 306.7
10% 5% 325.2 322.2 318.9 315.6 312.2 308.9 306.7
20% 0% 356.8 350.0 342.5 335.0 327.5 320.0 315.0
20% 1% 356.8 350.0 342.5 335.0 327.5 320.0 315.0
20% 3% 356.8 350.0 342.5 335.0 327.5 320.0 315.0
20% 5% 356.8 350.0 342.5 335.0 327.5 320.0 315.0
30% 0% 397.3 385.7 372.9 360.0 347.1 334.3 325.7
30% 1% 397.3 385.7 372.9 360.0 347.1 334.3 325.7
30% 3% 397.3 385.7 372.9 360.0 347.1 334.3 325.7
30% 5% 397.3 385.7 372.9 360.0 347.1 334.3 325.7
40% 0% 451.3 433.3 413.3 393.3 373.3 353.3 340.0
40% 1% 451.3 433.3 413.3 393.3 373.3 353.3 340.0
40% 3% 451.3 433.3 413.3 393.3 373.3 353.3 340.0
40% 5% 451.3 433.3 413.3 393.3 373.3 353.3 340.0

73 100 130 160 190 220 240

Tequi for various preheat RAP temperatures were calculated using the analytical method
developed in section 4.4.2 for dergraded mixtures with fine and coarse RAP and plotted in

Figure5.1.
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Figure 5.1: Change in calculated TEqui with preheating RAP before adding to virgin aggregate

using: (a) fine and (b) coarsedry RAP.

FromFigure5.1, it can be observed that with an incieas preheat temperature of RAP,
the amount of time required for thermal equilibrium reduces. Therefore, preheating RAP before
adding to virgin aggregate shortens the mixing time needed for complete heat transfer. It can be
concluded that for mixtures withigh RAP and moisture contents, RAP can be processed by
preheating in a separate plant addto produce mixtures with complete heat transfer without
changing the plant configuration and production rate. Therefore, a warm feed recycling technique
can be a alternative for higher and moist RAP mixtures to allow sufficient heat transfer between

RAP and virgin aggregate, ultimately enhancing the quality of produced asphalt mixtures.
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Based orFigure 5.1, RAP preheat temperatures required for higher RAP and moisture
mixtures can be determined to reach thermal equilibrium within the same time-esy|®RRAP
mixture (10% RAP and 0% moisture mixture). An automaiggpt was written in MATLAB to
calculate the required RAP preheat temperatiigsire5.2 shows the algorithm used to calculate
preheat temperature ewed for any asphalt mixture to attain thermal equilibrium at the same

mixing time as a 10% dry RAP mixture.

1 Initial RAP preheatemp, Trar=73.CF

 Heat conductance for the mixtuséinterestfrom test dataHc

Calculate virgin aggregate temp v£)

A

required for 30€F with RAP temperature

A

CalculateT gqui using Trari = Trapi+0.5
A

Temperature difference method

Difference

No

between Tqui

ReportTrar as preheat temperature required to havg
thermal equilibrium of the mixture at the same time as
reference mixture.

Figure 5.2: Flowchart of the algorithm usedfor MATLAB code to calculate required RAP
temperature.
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Figure5.3 shows the recommended preheat temperatures of RAP so that an asphalt mixture
with either 10% RAP or 40% RAP can reach thermal equilibrium at the same mixing time. These

recommendations are leson the laboratory test results from this study.
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Figure 5.3: RAP preheat temperatures required for mixtures with varying RAP and
moisture contents to achieve dqui as of 10% and 0% RAP moisture mixfor: (a) Fine, and
(b) Coarse RAP.

5.1 Energy Consumption Analysis

For high RAP mixtures and mixtures with high RAP moisture, the warm feed recycling method

can produce higlquality mixtures compared to cold feed recycling technology. As in the warm
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feed recycling method, the RAP binder will be heated to sufficient textyses in the dry mixing
stage before the addition of the virgin binder. This will help better activating the RAP binder and
form homogeneous mixtures by breaking fine RAP agglomerates. However, recommending warm
feed recycling for HMA production has to based on energy consumption analysis besides the
benefits in terms of the heat transfer process.

In an HMA plant, heat energy required to superheat virgin aggregate is the primary source
of heat energy consumption, apart from that needed for heating birgier and maintaining a
storage silo at mixing temperature. However, the heat energy required for heating virgin binder
and maintaining storage silo remains the same for both processing methods. Hence, in this section,
only the heat energy required tmduce one metric ton of HMA before the wet mixing stage was

analyzed for both conventional cold feed recycling and warm feed recycling methods.

5.1.1 Energy Consumption in Cold Feed Recycling Method
In a conventional cold feed recycling method, virgin aggesgaire superheated to required

temperatures to attain the target discharge temperature. Equation 5.1 was used to calculate
superheated temperatures required for various RAP contents and RAP moisture contents. As virgin
aggregate has to be heated from raemperature to superheated temperatures, Equation 5.3 was

used to calculate the energy required to heat the virgin aggregate in a cold feed recycling method.

O a 0 YooY (5.3)
Where,
0O = Heat energy required tsuperheat virgin aggregate, J
a = Mass of virgin aggregate, kg
0 = Specific hetcapacity of virgin aggregatd/kg°C
Y = Temperature of virgin aggregatéC
Y = Ambient temperaturéC
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5.1.2 Energy Consumption in Warnteed Recycling Method
In warm feed recycling, there are two sources of energy consumption to: (a) Preheat RAP and (b)

Heat virgin aggregate. For heating RAP material, RAP has to be heated from ambient temperature

to the required preheat temperature, asvshio Equation 5.4.

O a 0 Y Y (5.4)
Where,
O = Heat energy required to preheat RAP, J
a = Mass of RAP, kg
0 = Specific heacapacity of RAPJ/kg°C
Y = Preheat temperature of RAP requiré@,
Y = Ambient temperaturéC

For RAP with moisture, RAP moisture should be evaporated in the RAP preheating system.
It was assumed that for preheating temperatures abo%€, HAP moisture would be evaporated
in the preheating systenBased on the validation analysis resulteergy required for the
evaporation part of the RAP moisture is reduced to .60Perefore, e energy required to
evaporate RAP moisture was calculatsithg Equation 5.5, where latent heat of vaporization of

water was taken as 2,260 kJ/kg.

O @ a Y CQoeTp T (5.5)
Where,
O = Heat energy required to evaporate RAP moisture, J
a = Mass ofRAP, kg
Y = Percentage of moisture by weight of dry RAP, as decimal
SSSS

Heating temperatures required for virgin aggregate were calculated using Equation 5.1. To yield a
final discharge temperature of 360 the heat energy needed to heat virgin aggestp required

temperatures was calculated using Equation 5.3.
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Heatenergies required for both cold feed recycling and warm feed recycling were calculated for
the following mixtures and presentedliable5.2 andTable5.3

1 RAP contents: 10, 20, 30, and 40%

1 RAP size: fine and coarse RAP

1 Moisture contents: 0, 1, 3, 5% for fine RAP and 0, 1, 2.8, 4.2% for coarse RAP
Based on the energy results, it can be concludedbtitat cold feed recycling and warm feed
recycling methods of processing RAP néeslsame heat energi€Bhe total energies required for
virign aggregate an®RAP heating remained same @® energ required to preheaRAP is
balanced by the reductiom required superheated temperatur@s warm feed recycling

methodssss

Table 5.2: Heat energies required to heat virgin aggregate and RABsing both cold and warm feed
recycling for fine RAP.

Cold F?Ed Warm Feed Recycling Extra Heat
Recycling
RAP R.AP Energy Energy
Content Moisture | Total Heat Required to Energy Total Needed for
o " | Content, Energy h o Required Energy | Warm Feed
0 % Required eat Virgin to preheat | Required Recyclin

q ' aggregate b 9 ' ycing.

MJ MJ ’ RAP, MJ MJ %

0.0% 117.4 117.4 0 117.4 0%

10% 1.0% 118.9 118.7 0.2 118.9 0%

3.0% 121.9 116.2 5.7 121.9 0%

5.0% 124.8 116.7 8.1 124.8 0%

0.0% 117.4 106.4 11 1174 0%

20% 1.0% 120.4 106.1 14.3 120.4 0%

3.0% 126.3 103 23.3 126.3 0%

5.0% 132.3 103 29.3 132.3 0%

0.0% 117.4 93.2 24.2 1174 0%

30% 1.0% 121.9 93.3 28.6 121.9 0%

3.0% 130.8 93.3 37.5 130.8 0%

5.0% 139.7 93.3 46.4 139.7 0%

0.0% 117.4 82.1 35.3 117.4 0%

40% 1.0% 123.4 82.1 41.3 123.4 0%

3.0% 135.3 82.1 53.2 135.3 0%

5.0% 147.2 82.1 65.1 147.2 0%
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Table 5.3: Heat energies required to heat virginaggregate and RAP using both cold and warm feed
recycling for coarse RAR

Cold Fged Warm Feed Recycling Extra Heat
Recycling
RAP Energy
RAP Moi Energy | Needed f

Content oisture Total Heat Required to Energy Tota ceeded for
" | Content, o Required Energy | Warm Feed

% Energy heat Virgin . -
% . to preheat | Required, | Recycling,

Required, MJ | aggregate, RAP. MJ MJ %
MJ '

0.0% 1174 117.4 0 117.4 0%

10% 1.0% 118.9 118.7 0.2 118.9 0%

0 2.8% 121.6 116.2 5.4 121.6 0%

4.2% 123.7 116.7 7 123.7 0%

0.0% 1174 106.4 11 117.4 0%

20% 1.0% 120.4 106.1 14.3 120.4 0%

0 3.0% 125.7 103 22.7 125.7 0%

5.0% 129.9 103 26.9 129.9 0%

0.0% 117.4 93.2 24.2 117.4 0%

30% 1.0% 121.9 93.3 28.6 121.9 0%

0 3.0% 129.9 93.3 36.6 129.9 0%

5.0% 136.2 93.3 42.9 136.2 0%

0.0% 117.4 82.1 35.3 117.4 0%

20% 1.0% 123.4 82.1 41.3 123.4 0%

0 3.0% 134.1 82.1 52 134.1 0%

5.0% 142.4 82.1 60.3 142.4 0%

5.2 Summary

The following observations and conclusions are extracted from the efforts of this chapter:

1 Preheating RAP before adding itwogin aggregate would reduce the time required for
thermal equilibrium.

1 Preheating RAP temperatures required for asphalt mixtures with various RAP and RAP
moisture content to attain thermal equilibrium at the same mixing time as 10% dry RAP
mixture are reommended.

1 Based on the energy consumption analysis, the warm feed recycling method requires the

same amount of energy to process RAP as cold feed recycling.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS

The primary objective of this study was ¢baracterize the heat transfer between superheated
virgin aggregate and RAP material. However, there was no standard test method available to
achieve the objective of the study. Therefore, a new laboratory test method was developed to
characterize the heatansfer between these two materials that included the fabrication of a
blending chamber with reduced heat losses and having uniform and continuous mixing of particles
in the chamber. Two analysis frameworks were developed to calculate: (a) the timedrégui
thermal equilibrium (Zqw) and (b) heat conductancedHuising raw data from the heat transfer
testing.An experimental matrix was designed to evaluate the effect of asphalt mixture variables
on the heat transfer processeTfollowing conclusionsvere madebased on the results the

study:.

6.1 Conclusions

1 DEM simulation results were used to validate the assumption made for the heat transfer
test method. Segregation index analysis conducted on DEM images and Infrared images
concluded that the blendimpamber used in the study achieved uniform dispersion of RAP
particles into the mixture in-82 sec. DEM results also concluded that temperature
characteristics of the particles on the surface of the mix were representative of the entire
mix, and the 8 and 9% percentile of the FOV temperature data were reasonable estimates
of RAP and virgin aggregate particle temperatures.

1 Based on the variability analysis results, the heat transfer test method used in t@astudy
able to produce repeatable reswith threereplicates, with an average COV ¢% and

14% for Tequiand H, respectively
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1 Based on the discharge temperature results of this studyistiagenergy balancbased
equation for superheated temperature determination was overestimatspénkeated
virgin aggregateemperatureequired, specially formixtures withhigher RAP contents
and higher moisture conten&s.modification wasrecommendedo the existing equation
to calculate theecessarguperheated temperature based on the d#tsstudy(Equation
4.3).

1 The time required for thermal equilibrium is affected by the size of the RAP material. For
example, Equiwas determined to be 45 seconds for 10% dry, fine RAP compared to 116
seconds for 10% dry, coarse RAP.

1 Based on the ANOVAanalysis RAP content, RAP moisture content, RAP gradation,
virgin aggregate gradatipand source werglentified as statistically significant mixture
variables thatan explairthetime required fothermal equilibrium variability

1T Tukeyds cemparisan shows thafbllowing general trends for the time required for
thermal equilibrium with mixture variables:

0 Tequiincreased with an increase in RAP content,

0 Tequiincreased with an increase in RAP moisture content,

0 Tequiincreased with amcrease in RAP particle size,

0 Tequidecreased with an increase in virgin aggregate particle size,

o Virgin aggregate source limestone took longer time for thermal equilibrium,
followed by quartzite, dolomite, and basalt.

1 The new analytical method developedhe study to calculate-duiusing heat conductance
from testing and Monte Carlo simulation was proved to be a reliable method based on the

comparison of dquiobtained from testing and the new analytical approach.
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1 A regression equation was constructedestimatethe heat conductancasing mixture
variables. Tie regression equation, coupled with the analytical approach, can compute the
time required for thermal equilibrium.

1 The preheating RAP hypothesis was tested, it was concluded that preheatinesRléd®l r
in reduced time required for thermal equilibrium.

1 Preheating RAP temperatures required for asphalt mixtures with various RAP and RAP
moisture content to attain thermal equilibrium at the same mixing time as 10% dry RAP
mixture were recommended.

1 Enrergy consumption analysis was conducted to compare cold and warm feed recycling
methods of handling RAP. It was concluded that the warm feed recycling method needs

the same amount of energy to process RAP as cold feed recycling.
6.2 Recommendations

1 The modified equation for superheated temperature estimation is based on the experimental
results; this needs to be verified using asphalt plant production Itdasadifficult to
measure aggregate and RAP particle temperatures insidiuitme but it is possible to
measure the mixture temperature as it is discharged from the drum. This measure of particle
temperatures (not jusiveragemixture temperature) combined with the estimated contact
time within the drum could be compared to thedgtresults

1 The present study characteriZseht transfebetween virgin aggregate and RAahout
the use of hot gases and a continuously heated chamber. The scope of the study can be
extended to add these two heat sources to the blending chambeertodpditate the heat
transfer mechanisms in an asphalt plahis study was a fundamental examination of the

interaction between thargin aggregate and RAP. While there are numerous variations in
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the configuration of asphalt plants, all plants haveiosources of heat that influence the
change in aggregate and RAP particle temperature

The present study characterized the heat transfer and mixture variables affecting the heat
transfer process. The scope of the work can be extended to evaluate ¢hefeffieat
transfer on the performance of an asphalt mixtureparticular, how the superheated
aggregate surface temperature in contact with the RAP inflséme@ged asphalt binder
coating the RAP

Further literature review on thermal properties akiorevealed thapecific heat capacity

of rocks depends on temperature of the matéRabertson, 1988LandoltBornstein
2002 Silva & Schmidt, 201 The scope of the work can be exted to validate the
existing superheated temperatteeommendations by taking the temperature dependency

of aggregate specific heat into account.
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APPENDIX: A

Test method for the laboratory evaluation of heat exchange between superheated virgin
aggregate and reclaimed gshalt pavement (RAP) material
1. Scope:

The scope of this test protocol is to have a detailed test procedure tarsfdpdamentaheat
transfer between superheated virgin aggregate and the cold RAP material using infrared camera
measurements.

2. Test Sample Preparation:

The sample preparation should be completed one day prior to testing.

1 Thedry weight of the test sampilecluding virgin aggregate and RABhould be 4000+£40
g. Prepare a blending sheet for blending the aggregat&\P materials for 4000 g tests
along with the weight of water to be added to the dry RAP material based on the percent
RAP moisture content required.

1 Obtan dry virgin aggregate material from the required processed aggregatéiens
amount of material taken from the bin should be 2 to 4 times the amount required for the
sample weightThen, lit the virgin aggregate material to the required sample sing us
a quartering splitting technique.

1 Similarly, obtain dry RAP material from the processed RAP.ihe amount of material
taken from the bin should be 2 to 4 times the amount required for the sample Weggtht.
split the dry RAP material to the reqad sample size using a quartering splitting
technique.

1 Adjust the weight of the dry virgin aggregate material obtained from the split bin sample
to form the aggregate portion of the total test sample weight of 4000+40 g, based on the

blending sheet
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1 Adjust the weight of dnRAP material obtained from the split bin sample to formRiAd®
portion of the total test sample weight of 400040 g, based on the blendingPheet
thedry RAP sample in a gallon zilpck bag and add the amount of water reggiito the
RAP material. Gently shake the dry RAP material with added water to uniformly disperse
the water. Sampled wet RAP material should be prepared the day ahead of testing and
allowed to cure overnight (minimum of 12 hours).

1 Place theontainer witithevirgin aggregate sampie an oven at the required temperature
for testing for a minimum duration of 6 hr., an oven with a timer can be used to exactly
start the oven 6 hr. before the testing.

1 Obtain a sample of singlzed virgin aggregate (4.75 mng preheat théblending
chamber beforghe start ofeach testThe weight of the preheating sample should be
4000+40 g. Place threheat sampl|to the same oven with the test sangdléeast 6 hr.
prior to testing

3. Apparatus:

1 Weighing balances

1 AggregatéRAP Blending ChambeA steel drum with 9 in. diameter and 10.75 in. height
inserted into a laboratory asphalt bucket mixture with 11 in. diameter and 13.5 in. height,
the gap between these two steel drums is filled with a glass fiber insulating ntaterial
reduce heat losses from thiendingchamberThe schematic of the blending chamber is
shown inFigure A.1. Internal flight assemblyRigure A.2), the rotational speed of the
blendingchamber, atitheinclination of theblendingchamber were designed by ASTEC
Industries, Inc. usintheDiscrete Element Modelling (DEM) simulation methd@® have

a uniform and continuous blending of virgin aggregate and RAP material inside the
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blendingchamber. A rtational speed of 8 rpm and an angle of inclination of 2dré&

used for testing.

A segregation index analysigas conducted using mixture temperature information
obtained during testing. The brief analysis showed that virgin aggregate and RAP in the
chanber are uniformly blended in 5 sé&cwoodensheetis used as lid to the front end

of the chambercircular insulation was attached to the lid of the mixer to control heat
losses from the front end of the mixer. A 3x3 in. opening is prouiaexligh thdid to
recordthe material temperature during testing audl RAP to théblendingchamber
Continuous airflow is provided across the opening on the front lid to provide an air curtain
to control heat losses from the opening on the lid and protet¢ribeof the cameras
shown inFigureA.3.

Infrared camera with telephoto lenSet up the Infrared camera at @4rom the surface

of the aggregate g®rpendicular to the plane of the aggregate matesipbssibleAdjust

the infrared camera using the desktop software to ob@mecessary focus and the
required Field of View. Set the infrared camera controlling software to record infrared
measuremas every 1 sec.

Computer

Tripod

Funnels to charge the material.

Pans for sampling and cooling the material.
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Insulation

Kick back paddles

Aggregate material

Figure A.1:Schematic of theblending chamber.

Figure A.2:Schematic of the Flight Design inside thélending chamber.
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IR camera

Processing and data
collection computer

Drive motor

(@)

Insulated chamber lid Thermal camera

Insulated blending chamber

Blending flights

(b)

Figure A.3: Schematic of the heat transfer test setup: (a) entire assembly (tending
chamber.
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4. Testing Procedure:

A preheat timef 5 minutes isequired for th@reheat material to heat the chamber

1. Settheblendingchambeinserted intdhe rotating framen the vertical positionRemove
the preheat material from the oven and transfer thettetblendingchamber Lower the
blendingchamber and frame to the reepd inclination and lace the lid on the chamber
Turn on the chamber blending motor to begin the preheat rotation cycle.

2. After 5 mirutes stop the rotation motor, removed the Add bring back the rotating frame
assembly to the vertical positioNext, remove theblendingchamber from the frame to
place the preheat aggregate into a cool pan for reuse, set the blending chamber back into
the rotating frame assembly.

3. Load theheated aggregate sampito the blendingchamber, lower theotating frame
assenbly to the required inclination and place the lid on the chanf®emoving the
preheat material and loading and aggregate sampl¢hiatpreheated chamber needs to
be accomplished quickly.

4. Start the motor of thdlendingchamberand sért recording the infrared camera,-re
confirm the focus and field of view of the infrared camera and adjust accordingly.

5. Introduce the RAPsamplethrough the lid opening vém the superheated aggregate
reached the required testperheatemperaturePlace theRAP inside a 2 inpipe, extend
it 3 in. into the chamber, and discharge the RAP to the right of the superheated aggregate.

6. Continue the test for 15 minutes after the introduction of RAP into the chamber.
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Stop the motor, remove the liahd biing back thdrameassemblyo the vertical position
Next, removeheblendingchambeifrom the frame to place the testing material into a cool
pan and store it for other testing purposes

Setblending chambédbpackinto theframe repeat stepsame procedur®r the emaining

replicates of the test.

5. Analysis Procedure:

The following steps present the standard method for calculating heat transfer parameters from the

abovementioned standard test method.

Time Required forThermal Equilibrium:

T

T

Calculate thestandard deviation of the FOV from excel files collected from the IR camera,
calculate the standard deviation for every second.

Smoothen the standard deviation versus mixing time with the Sav@olay filter
method.

Fit a negative growth sigmoidal cunietween standard deviation and mixing time as

shown in Equation A.1

YOO Q0 o 0 (A1)
0 = Mixing time, sec
YO0 = Sandard deviatiorof FOV at mixing time, fF
| AR = Curve fitting coefficiers

Calculate the econdinflection point ofthe second derivativef the fitted functionby

equating fourtkorder derivativeof "Q0 to zerg which isTequi
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Heat Conductance Determination
1 Determine the time required for thermal equilibrium fromdheve section.
1 Determine virgin aggregate and RAP temperatures from the collected IR camera data at
every second of the mixing. Thé &nd 9% percentile temperatures of the FOV are RAP

and virgin aggregate temperatures.

f Calculated E——— at each second of mixing time. Plbtt——— againsimixing

time until Tequi
1 Fit a straighfline regression equation to the plot. Calculate heat conductance using the

slope of the fitted straight line, as follows:

. Ya€nQ
(@] —
a o
P a3 (A.2)
a o
Where,
Y = Temperature of RAPC

"Y = Initial temperature of RAPC
‘ = Temperature ofirgin aggregate®C
Initial superheated virgin aggregatemperature®C
Mixing time, sec
= Heat conductancbetween virgin aggregate and RAFsec°C
= Mass of RAP, kg
= Specific heat capacityf RAP J/kg°C
= Mass of virginaggregate, kg
= Specific heat capacityf virgin aggregateJ/kg°C

.-O:Q‘_ 3
o 2 O~ <<
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APPENDIX: B

Example plotsused to determine Equi and heat conductance.
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Standard deviation, °F
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