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ABSTRACT

Each year in California, the State Department of Transportation (CalTrans) spends
over $100 million maintaining approximately 33,000 lane-miles of flexible pavement
(Asphalt Concrete - AC) and 13,000 lane-miles of rigid pavement (Portland Cement
Concrete - PCC). A portion of these maintenance activities involves the sealing and
filling of cracks (approximately $10 million per year) which, when properly performed,
can help retain the structural integrity of the roadway and considerably extend the mean
time between major rehabilitations. A typical operation to seal meandering cracks in AC
pavement involves a crew of about eight individuals which can seal between one and two
lane miles per day. The associated costs are approximately $1800 per mile with 66%
attributed to labor, 22% to equipment and 12% to materials.

Proper maintenance of pavement cracks involves the periodic application of a
bituminous hot-pour sealant to cracks that have been thoroughly rid of debris and
moisture. As is currently the case however, there are few quality standards common
throughout the various State departments of transportation regarding crack cleanliness
and dryness prior to sealant application.

Currently, research is underway at the Mechanical Engineering Department of the
University of California, Davis to develop prototype automated machinery that will
sense, prepare, and seal (or fill) cracks and joints on pavement. As part of this overall
project, this research reports on the design, testing and implementation of an automated
pavement surface preparation unit that best meets crack sealing project goals in terms of
feasibility, effectiveness, and efficiency. Specifically, means to improve upon and
automate current crack cleaning and heating techniques are presented.

First, a feasibility study and literature search was performed to examine practical

means of automating methods of crack cleaning and heating. Since the automated crack

Copyright 2011, AHMCT Research Center, UC Davis



sealing machine being developed is a possible prototype for future commercialization, a
heating system that will allow for traveling speeds faster than walking was necessary.

To best determine the relative differences between convective and radiant heating
and to develop a design tool that could help in evaluating the pavement heating
performance of available commercial equipment, finite difference heat transfer models
were constructed using basic principles of classical heat transfer and experimentally
formed hypotheses from literature. Verification of the accuracy of the models was then
proven through comparisons with other authors' experimental data and through testing of
a commercial heater. Simulations using the developed models were then run resulting in
the choice to discard radiant heating as a viable heating alternative since the lengthy
heater that proved necessary would be difficult to articulate through turns.

After tests were conducted, formal design constraints were assembled and trade-off
issues concerning the system to be selected for the crack sealing project were presented.
Among these, general overall project goals, mechanical compatibility with the concept
vehicle, performance of the heater, ability to integrate, and debris removal procurement
and compatibility were identified as the important issues for design. Formalized
specifications based on these criteria were then developed for purchasing and vendors
with possible products meeting these specifications were contacted. The advantages and
disadvantages of the available equipment were then discussed.

Finally, the cleaning and heating system components selected for procurement and
integration with the automated crack sealing machine were chosen, followed by

recommendations for commercialization.
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CHAPTER 1 - INTRODUCTION

1.1 - Problem Description

Worldwide, a tremendous amount of resources are expended annually maintaining
highway pavement. In California alone, the State Department of Transportation
(CalTrans) spends about $100 million per year madintaining approximately 33,000 lane-
miles of flexible pavement (Asphalt Concrete - AC) and 13,000 lane-miles of rigid
pavement (Portland Cement Concrete - PCC). A portion of these maintenance activities
involves the sealing and filling of cracks (approximately $10 million per year) which,
when properly performed, can help retain the structural integrity of the roadway and
considerably extend the mean time between major rehabilitations.

Proper maintenance of pavement cracks involves the periodic application of a
bituminous hot-pour sealant to cracks that have been thoroughly rid of debris and
moisture. As is currently the case however, there are few quality standards common
throughout the various State departments of transportation regarding crack cleanliness
and dryness prior to séalant application. All the more, recent studies have shown that
through proper preparation, AC pavement life can be extended perhaps 3-6 years between
major rehabilitations. The most critical task in crack sealing therefore is often times, not
the sealing itself, but rather the preparation of the crack involved prior to sealing.

Having to clean, dry (or heat), and seal thereby makes the sealing and filling of
cracks a very tedious, labor-intensive operation. A typical operation to seal meandering
cracks in AC pavement involves a crew of eight individuals which can seal between one
and two lane miles per day. The associated costs are approximately $1800 per mile with
66% attributed to labor, 22% to equipment and 12% to materials. Furthermore, the crack
sealing work team is exposed to a great deal of danger from moving traffic in adjacent

lanes.
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1.2 - The Need for Automated Crack Sealing/Filling Technology

In order to improve on the average crack seal, and thereby extend the life of road
surfaces, an automated means to affect the quality of roadway surface seals must be
developed. By doing so, long term crack sealing costs can be minimized through a
reduced labor force, mean pavement life can be extended by an improved quality seal,
and worker safety can be increased. And, as can be inferred from above, a critical aspect
to the success of automated crack sealing/filling machinery is the development of an
improved method of cleaning and drying (or heating) pavement cracks prior to sealing.

Currently, research is underway at the Mechanical Engineering Department of the
University. of California, Davis to develop prototype automated machinery that will
sense, prepare, and seal (or fill) cracks and joints on pavement. The primary objectives of
the project are to design machinery for the sealing and filling of joints and cracks in

pavement in order to:

L]

Increase the cost-effectiveness of these operations,

Increase the quality, consistency, and life of the resultant seals and fills,

*

Increase the safety of workers and highway users, and
« Increase the use of remote operation and control of equipment to attain the
above. |
Machinery that satisfies these objectives will additionally reduce lane and highway
closures and thus, will play a significant role in reducing traffic congestion, an area of

considerable concern in the major urban regions around the world.

1.3 - Purpose of this Research

In support of the ébove stated objectives, the purpose of this research is to report on
the design, testing and implementation of an automated pavement surface preparation
unit that best meets the goals of the overall crack sealing project in terms of feasibility,

effectiveness, and efficiency. Specifically, means to improve upon and automate current
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crack cleaning and heating techniques will be examined. Each chapter of this report
therefore, discusses steps taken in the development of such a system.

In Chapter 2, computational heat transfer models are developed and verified that
will help in evaluating pavement crack heating abilities of available commercial
equipment. In Chapter 3, actual tests are performed to determine the surface heating
abilities of available equipment. Chapter 4 discusses design requirements and trade-off
issues concerning the system to be selected for the crack sealing project. And finally,
cleaning and heating system component selection and recommendations for
commercialization are presented in Chapter 5. First though, some basic background
information on current crack cleaning/heating technology is presented followed by a

literature search and feasibility study into the possible means of achieving the said goals.

1.4 - Current Cleaning/Heating Methods

In order to develop automated crack sealing machinery, it is necessary to determine
a method of efficiently and effectively cleaning and heating road surface cracks
automatically prior to sealant application. The current manual method of choice, the hot
compressed air (HCA) lance used for cleaning and heating road surfaces, is discussed
below.

Rossman, et al. (1990) conducted a survey of States to determine current methods
of crack preparation and found that the principle equipment used is the hand held hot
compressed air (HCA) lance or compressed air jet alone. This does not mean that either
of these methods is necessarily effective. However, it can be inferred from this survey
that automated crack sealing machinery which uses a form of HCA lance to heat and
clean the road surface would probably be accepted by the majority of end users.

The typical HCA lance resembles a high pressure, 30" long, hand held car wash jet
with a wide burner chamber at the nozzle end. The main transfer of heat from a hot
compressed air heat lance occurs via the main burner chamber. The chamber is fed with

liquid propane (LP) gas at approximately 25 PSL. Air is also fed into the burner chamber
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at approximately 80 PSI. The two are mixed and combusted. The exhaust is then ejected
from a 2 1/2" diameter stainless steel tube onto the crack to be heated. In doing so, the
moisture formed in the chemical reaction that takes place during combustion is driven
into the pavement. The lance portion of the HCA lance or “air knife” is mounted
tangentially on the inside of the most aft part of the burner tube. It is assumed that the
combustion heat is transferred to the compressed air passing through the exhaust tube
thereby heating this new “hot dry air”. This new dry air is then ejected out a nozzle onto
the pavement. The user directs the small air knife portion of the lance into the crack in
order to utilize the force of the rapidly expanding air from the small nozzle while heating
the crack at the same time. The hot dry air impinging on the pavement after the
combustion exhaust has already passed by does not force the moisture into the pavement
but helps to evaporates it - the extent of which remains to be determined. In discussions
with vendors it seems that the temperature rise inside of the hot dry air portion may only
be on the order of 100°F. This implies that virtually no heat transfer will take place via
the lance portion of the HCA lance at vehicle speeds on the order of 5 MPH. Also, it is
doubtful that the heating tube portion of the HCA lance, in absence of the high pressure
air knife portion, would actually remove significant debris from the road surface since the
heating tube alone would not provide enough force to remove debris, which is generally
composed of inert materials that do not burn (Davidson and Callahan, 1987).

Rossman, et al. (1990) nevertheless, recommend the hand held HCA lance as the
preferred tool of highway crews for crack cleaning since it is capable of producing
exhaust temperatures as high as 3,000°F (1650°C) with operating exit air lance velocities
of approximately 3,000 ft/s (800 meters/second) at the small nozzle orifice. In general,
these devices can remove loose debris and dust from cracks, as well as dry out and
remove excess moisture before sealing which can aid in extending the sealing season in
cold or damp weather (Chehovits and Manning, 1984; Rossman, et al., 1990). However,

the ability of current HCA lances to transfer enough heat at speeds desirable in
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automation, remains to be addressed. Workers typically determines the amount of heat to
be applied to a crack (loiter time) by the changing color it exhibits. When AC pavement
turns a dark gray/black or begins to smoke, the worker moves forward. In an automated
machine though, this is unacceptable. Better standards are necessary.

Furthermore, Schultheis and Velinsky (1991) determined that with a crack
eccentricity greater than 1/2", compressed air jetting, in effect the air knife portion of an
HCA lance, becomes ineffective at speeds greater than 5 MPH. This appears to be
significant since, accuracy to within 1/2" places extreme demands on vehicle sensing and
positioning systems. Alternative methods of cleaning/heating must therefore be

examined to ensure proper crack preparation.

1.5 - Feasibility Study and Literature Search

It is widely accepted that cleanliness of the crack and the local road surface is very
important to ensure that effective sealant adhesion to the road surface is achieved
(Chehovits and Manning, 1984; Peterson, 1982; Rossman, et al., 1980; Belangie, 1989).
These references, in addition to numerous others on this subject, unequivocally note that
the crack must be free of moisture, dust, loose aggregate, and other contaminants for best
sealant adhesion and life.

Therefore, to ensure the best seal from an automated crack sealing machine, the
roadway should be heated prior to crack sealant dispensing to insure that the pavement is
dry and to allow ample time for the 425°F hot-pour sealant to flow into the crack before
cooling. As mentioned above, it is generally accepted that an off-the-shelf HCA lance is
the preferred method of crack cleaning and heating among the labor crews today.
However, typical existing HCA lances were built guided by different design criteria.
They were designed to be hand held, to be simple to operate at slower than walking
speeds, and to utilize a readily available air compressor as a means of supplying air to
blow out the crack. These design criteria differ significantly from those of an automated

crack sealing machine. Since the machine is to be designed for speeds greater than the
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current walking speeds, the heat output must be appropriately adjusted. A control
package must also be implemented which will provide for automatic start-up and shut-
down, and related safety features currently not available on HCA lances. Also, the air
flow must be powerful enough to blow out a crack and/or its routed path given the
inevitable errors associated with automatic sensing, robotic path planned motion, and
vehicle positioning. For these reasons this section presents the finding from the
feasibility study on various alternate methods of crack cleaning and heating and provides
recommendations for the machine component design. Since both cleaning and heating
need not be completed simultaneously, i.e., it is possible to use a simple air knife coupled
with a radiant heat source to perform the given cleaning and heating tasks, cleaning is
first briefly examined followed by an examination into viable heating methods.

1.5.1 - Crack Cleaning Methods

An in depth examination into possible pavement crack cleaning methods is not
presented here. Instead, the interested reader is referred to Schultheis and Velinsky
(1991) for a thorough investigation into automated pavement crack cleaning methods.
Schultheis and Velinsky (1991) determined that abrasive vacuum blasting perfornis best
in removing most forms of crack debris and road surface film. However, equipment
costs, speed of operation, and power requirements proved significant and it was discarded
as'a viable method. As was pointed out though, centrifugal blowers may prove to be an
effective method.

There has been a recent trend in the street sweeping industry. Cities across the
nation are gradually shifting towards the purchasing “recirculating air sweepers” rather
than the traditional mechanical sweeper. Roughly 60% of the market in 1987 was
composed of mechanical sweepers as compared to 95% in 1977 (Layman, 1987). The
shift is seen as a trend towards more reliable, simpler, and environmentally better
equipment. Since dust and sound are major design issues in building a street sweeper, the

recirculating air sweepers are well received in communities.
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Typically, a street sweeper generates a velocity of approximately 200 MPH through
the use of a 12,000 CFM blower (Novak, 1988). This volume and velocity produces
enough sucking and blowing action to clean widths three times that of older mechanical
sweepers. For details see Palmiter and Chermak (1974), Layman (1987), Toynton
(1986), Best (1975), and Neise and Koopmann (1984).

This use of blowers on recirculating air street sweepers prompted an investigation
into using blower air rather than compressed air to clean out cracks as well. Typically
compressed air is ejected out of a nozzle at approximately 80 PSI and 75 CFM. This air
expands very rapidly after leaving the nozzle and thereby does not have a long, wide
“reach.” This can best be visualized by holding the compressed air line from a gas station
4 feet off the ground and comparing its blowing effect to that of a garden leaf blower.

Compressed air cleaning is currently used in highway heating operations because
compressors are readily available and crack eccentricity is not a major concern when
using a hand held HCA lance. Nor is speed of much concern. However, on a crack
sealing machine traveling much faster, a given robot end-effector can perform best by
allowing the most tolerance, i.e., by rounding corners. And, as mentioned earlier, an
existing HCA lance’s compressed air knife does not effectively remove debris outside of
an approximate 1" wide strip (+-1/2") and at speeds greater than 5 MPH (Schultheis and
Velinsky, 1991). On the other hand, a high pressure centrifugal blower (relative to a.low
pressure 0-1 PSI blower) operates at roughly 2-4 PSI and therefore is able to clean a
wider band since the air does not expand significantly after leaving the exit. Thus, a
blower may be the best choice for crack cleaning. |

The space savings by using a blower would be significant. A large 185 CFM
compressor requires much power and roughly 72 ft* of space, whereas a hydraulic
blower, which can tie into existing hydraulics used to power other subsystems, requires
only about 2 ft* of space. Furthermore, the blower intake is available to be used as a

vacuum source, possibly to catch and suck up dust and router debris (A router is a unit
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used by crews to cut a uniform rectangular cross-sectional reservoir before sealing,
similar in principle to a woodworker's router. This cutting, in theory, minimizes stress
concentrations present in a jagged edged unrouted crack that could lead to seal failure. It
is planned that a router will used on crack sealing machinery under development at UC
Davis). Since the router propels debris away from the blade at a high velocity, a
“catcher” with a vacuum line could be attached in such a way to capture most of the
debris. The vacuum line could then be plumbed through a dust collector where the
pavement chunks and road dust could be removed prior to entering the blower face for
recirculation.

Therefore, by using an off-the-shelf centrifugal blower as a means to clean the
pavement prior to sealant application, cost can be minimized, travel speed can be
enhanced (over the HCA lance) given the larger permissible crack eccentricity, a wider
routed band can be cleaned, and the suction side of the blower can be used in a manner
similar to a modern street sweeper.

1.5.2 - Crack Heating Methods

There are primarily two available methods of pavement heating, those being radiant
and convective, and an extensive literature search has been conducted to gather
information regarding each of these two pavement heating techniques. Radiant heating is
currently being used in asphalt recycling and reworking operations and convective
heating can be seen in use on the HCA lance. As mentioned, it is desirable to examine
the feasibility of borh heating methods since the conditions upon which the HCA lance
was designed for are no longer accurate for the automated crack sealing machine. Also,
one of the primary goals of the crack sealing project is to use existing off-the-shelf
technology when possible to facilitate quick, reliable development of components and
subsystems. Therefore, in order to best move forward in designing a useful heating

system, it was decided to develop heat transfer models for both radiant and convective
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heating to not only determine the relative differences between the two heating methods
but to determine the heating capabilities of currently available commercial heaters.

These models can be developed to output the temperature of the asphalt surface as a
function of exposure time (or vehicle velocity), source temperature, and exit velocity
(convective model only). The analytical development of such models is presented in
Chapter 2, followed by testing of available commercial heaters in Chapter 3. Findings
from literature are presented here first.
1.5.2.1 - Radiant Heating

There is a large body of literature available concerning radiant heat transfer to AC
pavement. While none located relates directly to the rapid heating of pavement surfaces
necessary for this project, much has been done in predicting temperature distributions
within pavement relating to daily heating cycles, climatic variations, new construction
paving, and AC pavement recycling.

Dickinson (1978) presents an in depth analysis of the 24 hour cyclic heating
pavement undergoes using a finite difference computer model. The author is able to
predict the temperature of a given sample of asphalt with known initial conditions to
within 3°C. Marek and Dempsey (1972) examine the stresses and deflections in
pavement systems through implementation of a similar finite difference model.

A two dimensional finite difference study to determine the average bulk
temperature of windrows of hot-mix Asphalt Concrete under various environmental
conditions was conducted by Fishback and Dickson (1973). A table of thermal
diffusivity, thermal conductivity, and density of Asphalt Concrete (AC) at various

temperatures was constructed by Highter and Wall (1983). The thermal properties for

AC here were assumed to be those of aggregate, which is the common employed

assumption since AC is made up of approximately 95% aggregate by weight (Carmichael
et al., 1972). It should be noted however, that the thermal properties of a non-

homogeneous material such as AC is at best an approximation and is subject to error.
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Asphalt recycling operations provide the most applicable use of radiant heating
technology to pavement crack sealing. Highway crews currently use radiant heaters to
soften asphalt before scarifying and recycling. A number of papers have been written on
the use of radiant heaters during these pavement recycling operations. Many discuss the
implementation of a classical thermodynamic finite difference computer model applicable
to the radiant heating of any homogeneous substance in order to produce temperature-
depth history of the pavement. As noted, it is generally assumed that asphalt behaves as a
homogeneous substance with properties of the aggregate. Carmichael, et al. (1972)
developed a computer program that models the temperature distribution history within
AC pavement subject to a radiant heating source. The program and its results are
presented, but the model was nor verified experimentally. Corlew and Dickson (1971)
developed a similar computer model employing both radiant and convective boundary
conditions but base it on a constant heat flux rather than the constant temperature source
of Carmichael, et al. Both experimental and computational results are presented. Neither
of these papers have considered cooling of the pavement surface as both were concerned
only with heating in pavement recycling operations.
1.5.2.2 - Convective Heating

As cited previously, a recent value engineering study surveyed Departments of
Transportation from 23 States and concluded that an HCA lance is the “most effective
preparation tool for the majority of conditions encountered” (Rossman, et al., 1990).
While it is generally accepted that using a hand held HCA lance to heat and clean
pavement is effective in lengthening the life span of pavement, there is no available
analysis that estimates the local heat transfer coefficient at the pavement surface which
could lead toward the optimization of the heater exit velocity, temperature, and loiter
time. Such information is necessary to examine the feasibility of using existing HCA

lances at significantly higher travel speeds (perhaps as high as 10 MPH), the effects of
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modifications to such devices, and for the possible design of new generation heating
systems.

However, the transfer of energy via an HCA lance combustion chamber, or any
burner system chamber, strongly resembles the classical thermodynamic case of a
turbulent axisymmetric jet impinging normally on a flat plate (as long as the flame is not
impinging on the surface). Results of the numerous studies that examine this problem
typically present the heat transfer coefficient in non-dimensional form as a function of the

Nusselt number as:

Nuy, = ---—-—hw;D (1.1)

where h.,,, is the local heat transfer coefficient, k is the thermal conductivity of the exit
gas evaluated at the average film temperature, and D is the diameter of the hot gas exit.
Many recent studies have been conducted concerning optimization of heat transfer
between an impinging jet on a flat surface. Baughn and Shimizu (1989) present results of
experiments using liquid crystals to measure heat transfer from a fully-developed jet
impinging on a flat plate. The two significant factors that affect the heat transfer, the
height of the jet exit above the material, Z/D, and the lateral distance from the stagnation
point along the surface of the material, r/D, were studied. The authors showed that
maximum heat transfer occurs for a jet-to-plate distance of approximately 6 and, that for
a height greater than Z/D of 6, entrainment effects of the surrounding air start to become
significant. Additionally, they showed that at a Reynolds number, Rej, of 23,750, the
Nusselt number generally decreases from Nu,=160 at r/D=0 (the stagnation point) to
Nup=30 at r/D=14, where r/D is the number of diameters down stream from the
stagnation point parallel to the surface. (The Reynolds number is a non dimensional
measure of the degree of turbulence a fluid flow exhibits. It is expressed as: Rep=DV/v

where D is the pipe or nozzle diameter, V is the exit velocity, and v is kinematic viscosity
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of the exit gas.) An HCA lance operating at maximum heat, based on manufacturers
specifications, has an approximate burner tube Reynolds number of 3,000.

Hrycak (1983) studied flow impinging on a flat plate with Reynolds numbers
ranging from 14,000 to 67,000. Like the previous study, he concluded that the maximum
heat transfer at the stagnation point occurs at 6 < Z/D < 7. Hrycak’s testing at Reynolds
numbers of 56,000 produced a maximum Nusselt number of approximately 260 at
stagnation. Non-dimensional curve fit equations of the experimental Nusselt number data
were derived from two samples made of materials with differing roughness. The results
differed greatly and Hrycak (1983) concluded that surface roughness definitely plays a
role in forced convective heat transfer. However, he offers no solution as to how to
model the Nusselt number, Nup, as a function of surface roughness.

The effects of entrainment of the surrounding air was investigated by Hollworth and
Gero (1985). The authors found that for modest temperature differences between the jet
and the surface of the sample, AT=60°C (140°F), the effective heat transfer is
significantly decreased, the extent of which is not explained. The study also provided
more evidence showing the increase in heat transfer with increasing Reynolds numbers.
An experimental setup simulating jet motion across the surface of a substance, similar to
the motion an HCA lance exhibits as it passes over the pavement, was constructed. Plots
show Nusselt number/radial distance trends similar to those presented by Baughn and
Shimizu (1989). The authors state though, that for large temperature differences, on the
order of those sought by use of an HCA lance, density changes of the air may play a large
role in affecting the energy transfer.

Goldstein and Behbahani (1982) measured the effects of cross flows on heat
transfer performance. Reynolds numbers as high as 121,000 were examined with cross
flow velocities of 8.5 m/s and 16.5 m/s. Results indicate that, given a cross flow,
axisymmetric jet symmetry is lost and the location of the maximum Nusselt number is

pushed downstream radially. Plots of the Nusselt number are presented at jet-to-plate
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distances of 6 and 12 diameters as a function of radial distances as high as 50 diameters.
Based on experimental data, a regression analysis was performed to solve for the mean

Nusselt number. For Z/D=6 this equation was found to be:

-6
— Rep

Na= . 12
“=3329+0.273(r/ D) (1.2

This finding appears to be significant as it compares well to much of the literature cited.
Also, it is valid for any turbulent Reynolds number.
The equations and methodology outlined above form the basis for the heat transfer

models developed in the next chapter.
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CHAPTER 2 - HEAT TRANSFER MODEL
DEVELOPMENT

2.1 - Introduction

Based on initial automated crack sealing machinery goals, an approximate relative

speed between the heater and pavement of 2 MPH is desired. So, given any reasonably |

sized heater, this means that only a few seconds of heat are available for crack heating,
rather than the longer exposure times typically available during pavement recycling and
current manual crack sealing operations. This short heat exposure and thereby shallow
heat penetration coupled with the non-homogeneous, rough surface of pavement, make
the accurate prediction of pavement surface temperature difficult. Therefore, any tool
that can help to estimate the performance of commercially available heaters to be used in,
to date, an untested application, is a welcome instrument that will aid in the designing of
automated crack heating equipment. This chapter discusses the development of such
tools, computational heat transfer models, based on the literature discussed in Chapter 1.
These tools will then be used in developing an automated means of cleaning and heating

pavement cracks prior to sealant application.

2.2 - Radiant Model Development

When sealing cracks it is only of interest to heat the surface of the roadway as this
aids in the formation of the bond between the sealant and the pavement and forces the
evaporation of any latent moisture. Any excess heat which penetrates down into the
pavement is incidental. During recycling operations however, it is important to heat the
pavement to a significant depth and much research has been presented as to how this heat
penetration can be enhanced.

Typically, recycling crews are interested in heating the asphalt from 1.5" to 3" in

depth to a temperature of approximately 175°F. In order to prevent combustion of the
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asphalt during this radiant heating process, the surface temperature must be limited to
350°F (Highter and Wall, 1983). Therefore, to maximize the effectiveness of the
“rework”, i.e., to heat the Asphalt Concrete (AC) to a reasonable depth for recycling, the
pavement must be heated slowly to prevent overheating of the surface while still allowing
the heat to “soak in”. A heating time of approximately 2-5 minutes is normally required
for such a recycling operation (Osborne, 1988). During crack sealing operations
however, the conditions for the heat transfer drastically differ.

As discussed in the previous chapter, Corlew and Dickson (1971) presented
experimental and theoretical radiant heating data based on a constant heat flux model and
Carmichael, et al. (1972) presented an unverified simulation model for radiant heating
based on a constant temperature source. The approach taken in this report for developing
a useful model includes the modification of this Carmichael, et al. model to reflect the
types of heaters that can be used for crack sealing operations. The predictions from this
modified model are then compared with Corlew and Dickson’s experimental data to
verify its accuracy. The model is then used, in Chapter 3, to evaluate available
commercial heaters of interest for use on the crack sealing project.

Carmichael, et al. (1972) models AC pavement as a semi-infinite solid initially at
ambient temperature. The temperature above the surface is then suddenly changed to
maintain a source temperature Ts. The program uses the finite difference numerical
method to solve for the temperature of each incremental depth, dz after an incremental
time step, dt. Conductive heat transfer effects at the surface are neglected as well as

convection effects within the asphalt. The exact asphalt temperature distribution is

represented by:
oT 6T
ot 6%
or incrementally as:
T/ =Tiv oL (11 + T, +2T)) 22)
i Ay aE?( i+l i-1 i .
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where i is the depth increment, j is the time increment, and « is the thermal diffusivity of
the asphalt, 6.314 x 10 ft®/s (Highter and Wall, 1983). The surface boundary condition

is represented as:

sz " —Tij:-l — T/ = T

=0

where i=1 at the surface, k is the thermal conductivity of the asphalt (.7 BTU/hr+ft-°F)

(2.3)

and # is the total heat transfer coefficient at the surface made up of a radiant part, ,,; and

a convective part, A,,,. Incrementally the boundary condition is represented as:

dbx(T})+ dx(T;)
dbx + dx

i+
)" =

(2.4)

where dbx=k/h. The radiant heat transfer coefficient, 4,,,, is determined by arranging the
equation for radiation between two flat plates of equal area in a form similar to the
convection equation O=hAAT as follows:

_ o(T? +TT,+T\T; +T;)

1-¢ 1 1-¢,
+—+
g F g

A(T,-T,). (2.5)

The large product on the right side of Eqgn. (2.5) represents the effective radiant heat
transfer coefficient, h,,,. Carmichael, et al. (1972) give h,,,,~=1.4 BTU/hreft?°F for air at
7.5 MPH. This value is acceptable for heating at crack sealing vehicle speeds. The total
heat transfer coefficient &, is then represented as the sum, Apsthoon. The author,
nevertheless, chose to neglect the convective contribution, A, since the radiant, A,
was found to be approximately 20-30 BTU/hr*ft2+°F. In Eqn. (2.5) above, the authors
take T, and T, to represent the temperature of the surface of the heater and asphalt,
respectively. & and &,, the heater and asphalt emissivity, are taken to be .9 and .95,
respectively, and F, the shape factor, is taken to be 0.9. Boltzman’s constant is 1.7121 x

10? and is shown as ©.
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In order to meet project needs, this model was first modified to account for the free
convective heating coefficient, A,,. Second, a calculation for the rectangular shape
factor consistent with typical radiant heaters (as opposed to an estimation) was added.
The following equation provides the three-dimensional shape factor F for two rectangular

parallel plates of length L and width W separated by a distance D (White, 1988):

Y

\V1+ X?

+X+1+Y?tan™ X —Xtan? X -Ytan™ Y]

F

2 ln[(l +X*)1+7?

)1/2
= A +Y41+X?*tan™
XY 1+X°+Y

(2.6)

J1+Y?

where X=W/D and Y=L/D. It should be noted that this shape factor is given for two plates
that are stationary with respect to each other. During an actual crack sealing operation,
the heater moves over the road surface thereby constantly changing the actual local shape
factor from 0, when the heater is infinitely far down the road, to approximately 1, when it
is just above the point of interest, then back to 0 as it passes. Eqn. (2.6) does however,
provide an estimate of the relative magnitude of heat exchange that takes place when
compared to other heater sizes, speeds and fly heights, D.

Lastly, the model was altered to account for the cooling of the pavement. Accurate
modeling of the road surface temperature as it cools provides a means for determining the
maximum distance between the sealant applicator head and heater surface in order to
promote optimal adhesion. During cooling, both convective and radiant effects are

significant and are accounted for in the following equation of the cooling process:

AxpC,%=k%€——eon§ b (T,~T.y) @7

The resulting finite difference FORTRAN model is presented in Appendix A. However,
it remains unverified and therefore, its performance must be validated in order to

correctly rely on its performance predictions of commercially available heaters.
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2.3 - Radiant Model Verification

There are two possible ways of verifying the radiant model developed above. The
first requires an experimental set-up designed to measure the temperatures at various
depths in a pavement sample as radiant heat is passed over it. The second method
requires altering the developed model in such a way as to accommodate for the
experimental conditions Corlew and Dickson had in their verification tests. In this case,
if the developed model, with its slight alterations, could give temperature profiles which
match those measured by Corlew and Dickson, it could reasonably be assumed that it
would serve as a useful tool in evaluating commercial equipment. In the interest of time,
the second method was selected.

For their experiment, Corlew and Dickson used a simple direct-fired propane heater
to heat a 4" diameter asphalt core insulated on its sides, as shown in Figure 2.1 below.
Temperatures at various depths were measured using thermocouples. White (1988) gives
the following equation for the three-dimensional shape factor F for two circular parallel

plates of radius R; and R, separated by a distance D:
F=0.9x-(x*-42;/2})"| 2.8)
where X =1+(1+27)/Z} andZ =R,/ D and Z, = R, / D. Since data was not provided

as to the distance D below the heater that the nozzle was placed nor the nozzle radius R,
nominal values were chosen for verification testing to be 2" and 1/2", respectively. R,
was set equal to 2" (1/2 the 4" core diameter).

Also, since the Corlew and Dickson experiments were based on a constant heat flux
rather than a constant temperature source, it was necessary to use their experimental
information that was provided to solve for the equivalent heat source temperature. This
temperature could then be used as input into the developed model. Corlew and Dickson
stated that their propane burner provided a heater release rate of 75,000 BTU/hr+ft* with a

thermal efficiency of 60%. To solve for the equivalent heater source temperature for this
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condition, iterative computer runs using the developed model were made at various input
source temperatures, ;. During these runs the radiant heat transfer coefficient #,,, was
plotted with each time step and the average value was then multiplied by the average
temperature difference between the heater surface and pavement surface temperature (7'
T,) to obtain the average heat flux. Iterations of the source temperature T, were made
until the average heat flux was found to be 45,000 BTU/hrft* (60% of 75,000
BTU/hreft?). This method resulted in the determination of an average source temperature
of 1813°F which corresponds well with the typical value of 1800°F of a propane heater

(Carmichael, et al., 1972).

Propane Burner

—_— 1" (R,=1/2")

D =2"

R 2=2l'

. Thermocouples

Figure 2.1 - Corlew and Dickson’s experimental set-up. For illustration purposes, the
insulation sleeve outside the core sample is not shown.

As an additional check, the new constant temperature source model was then altered
to behave as a constant heat flux model. This required changing the method by which the

surface temperature was calculated with each time step. Both the average value of /.
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AC Pavement Temperature History
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Figure 2.2- Radiant model comparisons with experimental and theoretical data.

Copyright 2011, AHMCT Research Center, UC Davis

22



found above and the source temperature became inputs to the new constant heat flux
model.

With these changes complete, the Corlew and Dickson experimental and theoretical
data could then be compared against the data provided by these two new models, the
constant temperature and the modified constant heat flux models. The FORTRAN
program for each of the verification models is presented in Appendix A. These models
were then run and the results plotted for AC depths ranging from 1/4" to 2" verifying the
performance to within an approximate +/- 10°F error. (Figure 2.2 depicts a representative
plot with the rest presented in Appendix A). This seems reasonable given the various
assumptions made in simulating the Corlew and Dickson experiment, the difficulty
associated with accurately extracted particular data points from their plots, and the non-
homogeneous structure of asphalt. Certainly a model of this accuracy should prove

adequate in assessing the feasibility of the radiant heating approach.

2.4 - Convective Model Development

It is desirable to build a convective heat transfer model, similar to that constructed
above, to size a burner that can heat the road surface while traveling at speeds of perhaps
as high as 10 MPH. Fortunately, a minimum number of modifications to the radiant
model are necessary since heat conducts within a material in the same manner, whether it
got there by radiation or convection. Therefore, a modification to the boundary layer
condition is the only significant change needed to transform the radiant model into a
convective model. This is accomplished by using Eqns. (1.1) and (1.2) from Chapter 1 to
find the forced convective heat transfer coefficient, A, as a replacement for Eqn. (2.5)
used in the radiant model. The temperature distribution is then determined, as in the
radiant model, from Eqns. (2.2), (2.3), and (2.4) neglecting radiant effects (this is
permissive since the emissivity of a gas is negligible).

Of course other supporting changes are needed in the program code to properly

implement these equations. Gas tables must be installed in the software to reflect the
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changes in density, kinematic viscosity, and thermal conductivity of air as a function of
temperature. Also, due to end-effector space limitations and the extreme dissipation of
the high volume hot gases, an assumption as to effective lateral reach (parallel to the
surface) of the hot air must be made. Baughn and Shimizu (1989) contend that heating
effects are measurable well past 14 diameters since the Nusselt number is still significant.
However, their study was conducted using a smooth surface sample with a relatively
small air flow and AT. It is believed that in this application the extreme mixing that takes
place immediately after exiting the burner tube imposes a limitation. Also, blast shields
and safety skirts are to be placed adjacent to the burner to help contain the heat thereby
further limiting the flow. It was decided therefore, that heating effects can only be valid
to approximately 4 diameters, r/D=4, and this assumption is reflected in the developed
software.

It should be noted that in modeling a convective heater using this new model,
additional user inputs particular to the specific heater in question are required. In using
the radiant model one must only be concerned with the source temperature and heater
face geometry. In using the convective model however, one must also know the amount
of air, in cubic feet per minute (CFM), and fuel in CFM that the burner is receiving.
Since most manufacturers specify the heat output of their burner in BTU/hr, a conversion
to CFM of fuel is needed. For LP gas (propane), the fuel to be used by automated sealing
machinery, this is found by dividing the rated heater output in BTU/hr by the heat of
combustion for propane, 21,591 BTU/lbm, and by dividing that number by the density of
propane, 0.3519 Ibm/ft?, (62°F, 30 PSI) (Baumeister and Marks, 1967) and converting the

result to CFM. Together this means:

BTU

—_— 29
455,872 @)

CFMy, . =

Eqn. (2.9) represents the volume flow of the propane entering the burner at a given

heater BTU. This volume flow can then be added to the CFM of air and the total divided
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by nozzle area to determine the exit gas velocity. For convenience Eqn. (2.9) is handled
in software requiring the user to enter only the BTU/hr of the heater and the CFM of air
being supplied. Typically the CEM of fuel will only make up a tiny fraction of the total
exit volume and could be probably be neglected. However, in the interest of
completeness it is included in the modeling program.

The resulting convective model predicts AC pavement temperature profiles as a
function of vehicle velocity, CFM of supply air, BTU of heat, exit gas temperature, and
nozzle diameter. FORTRAN code for this computational model is presented in Appendix
B. It is important to again point out that data produced by the model may be in
significant error due to pavement non-homogeneity, surface roughness, expansion effects,
and ideal combustion estimates. Thus, detailed verification testing is necessary to rely on

its predictions.

2.5 - Convective Model Verification

Unlike with the radiant model, verification of the convective model is not possible
through comparisons with published experiments since no literature reporting on the
surface temperature history of AC pavement under convective heating has been located.
Instead, unique experiments must be devised to determine the accuracy of the convective
model in estimating heater performance. This would require the construction of a
propane burner heating system and test apparatus. Once verified the model could then be
confidently used to gage the crack surface heating ability of commercially available
equipment.

Time and money however, are a prime concern in the crack sealing project - as in
any engineering project. The supposition was therefore posed: should the model prove
to be accurate during verification testing, then time spent constructing heating equipment
and measurement systems used in verifying the model could have been better spent

verifying the heating ability of an actual commercially available heater. Therefore, in
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Chapter 3 accuracy of the convective model is assumed and tests of available equipment

are performed. Model accuracy is then proved implicitly by examining test results.
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CHAPTER 3 - HEATING EQUIPMENT TESTS

3.1 - Introduction

In this chapter, both radiant and convective off-the-shelf heating equipment is
examined using the heat transfer models developed above to determine the most viable
heating system for automated pavement crack repair. From the literature study, it was
determined that for this project, the most feasible means of cleaning pavement cracks
automatically is by using high volume air from a centrifugal blower. In the discussion to
follow, therefore, it is assumed that this crack cleaning method will be employed.

Before discussing the testing, a crucial design issue must be resolved. To this point
in the report, the desired crack temperature before sealing has not been discussed. This is
because there is not any conclusive evidence, to this author's knowledge, dictating
optimum crack surface preheat temperature. As mentioned earlier, road crews today
currently heat cracks until the surface begins to smoke and discolor. They then typically
follow some time afterwards applying sealant. This delay between crack heating and
sealant application often approaches several seconds thereby allowing the crack surface
time to significantly cool (see Figure 3.1). By permitting the crack to cool, the freshly
applied, 425°F sealant sets up quicker, inhibiting good sealant flow into the crack.
Therefore, the heating done to enhance sealant quality is often partially negated by
delayed sealant application.

Through automation, a goal of the crack sealing project is to shorten this delay by
minimizing the time (or distance) between heating and sealant application. This will help
ensure adequate sealant flow into pavement cracks. Yet, the temperature of the optimum
surface preheat is still unknown.

A brief investigation was conducted by UC Davis crack sealing project personnel to

estimate the temperature at which AC pavement discoloration begins. Through the use of
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a hand held infrared measurement devic;e, this temperature was estimated to be 280°F.
This seems reasonable since Highter and Wall (1983) determined that AC pavement
combusts at 350°F. Therefore, in the interest of safety and a quality seal, it was decided
that a conservative surface temperature goal of 250°F be adopted in devéloping the
heating unit. At such a temperature, moisture should be evaporated and sealant flow
should be much enhanced compared to current sealing methods.

Because of the non-homogeneous substance structure of AC and its typically rough
surface texture, accurate modeling of individual points on the pavement surface is
difficult. And, due to the strong insulating property AC pavement exhibits, its
temperature changes dramarically with depth increments as small as .02" (see Figures 3.1
and 3.2). Thus, it is important to examine the pavement's temperature/depth profile in

small incremental steps near the surface to gain a full understanding of pavement heating

phenomena. Taking this into consideration, the models do give a reasonable estimate of -

the average surface temperature and are quite useful for this application.

3.2 - Radiant Heating Tests

In this section, the verified radiant model developed in Chapter 2, is used to size a
radiant heater that can perform the crack preheat required. A variety of commercially
available radiant heaters were simulated to determine their appropriateness for use on
automated crack sealing machinery. Most of these heaters employ proprietary infrared
heating techniques using, for example, propane heated metal mesh or absorbent bricks as
the radiant source. Typicaliy the output of the heaters is expressed in terms of BTU/hr
per linear foot of heating surface (usually 1 ft. wide).

Based on simulations of commercially available heaters, Maxon Corporation's
Infrawave heater with a source (face) temperature, Ts, of 2100°F provides the best
heating results. This heater produces 132,000 BTU/hr/linear foot, the highest output
found amongst commercially available heaters. By trial and error a heater length of 4 ft.

was determined as necessary to reach a surface temperature of 250°F while traveling at 2
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MPH (assuming a 3" fly height), i.e., approximateiy 528,000 BTU/hr of radiant heat (see
Figure 3.1). While a radiant heater 4 ft. in length would appear feasible for 'a machine
that addresses strictly straight, long cracks, it is apparent that a heater of this length
coupled with blower air from the cleaning system would be quite difficult to articulate on
a machine that addresses random, meandering cracks. Thus, convective heating will now

be examined which has the potential for a much more compact design.

AC Pavement Temperature History
Maxon Infrawave Radiant Heater
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Figure 3.1 - Maxon Infrawave radiant heater passing at a relative speed of 2 MPH.
Length =4 ft., Ts = 2100°F, fly height = 3", width = 9”.

3.3 - Convective Heating Tests
Convective heating as a crack heating method appears, immediately to have one
advantage over radiant. The exhaust gas from the heater could dually serve as a means to

heat and clean the pavement cracks, as in the HCA lance. This could add to the
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compactness of any heating system. In order to test such a commercially available
conveciive heater and thereby implicitly verify the validity of the convective model, it
was first necessary to construct a test apparatus.
3.3.1 - Set-up

To best simulate the relative motion between the vehicle and pavement surface, a
movable test apparatus was built. The top portion was made from steel channels to serve
as rails upon which a motorized cart containing the propane heater could ride. This cart
could then be moved across the asphalt sample, heating its surface as it passes by (see
Figure 3.3). As can seen from Figure 3.2, an infrared pyrometer was used to
continuously measure the surface temperature of the sample just after the heater is passed
over. This method of temperature measurement was chosen since a real-time, non-tactile
means of measuring pavement temperature would most likely be necessary on the final
cleaning/heating system. Also, a pyrometer provides a means of averaging the
temperature variations, inevitably present from point to point on the non-homogeneous
pavement surface, over the region of interest. It does this by measuring the total heat
seen through its lens and dividing it by its focal area. While a matrix of thermocouples
placed at various depths in the sample are very inexpensive and have been used in studies
previously, the tiny 0.005" diameter K-type thermocouples needed to meet the quick
response requirements (less than 100 ms) for this application proved to be very fragile
and electrically noisy for the data acquisition hardware in use (see below). As such,
thermocouples were discarded as a viable test measurement device. While thermocouples
do appear in some of the photos that follow, their outputs were not used in analyzing any
of the test data. A pyrometer is generally very accurate and quick, yet is much more
expensive.

The pyrometer purchased is a Raytek Thermalert ET3LT. It features adjustable
emissivity, 12 bit digital circuitry, and outputs a standard linear 4-20 mA control signal

representing a surface temperature between 0 and 400°F. For this temperature range, this
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means a resolution of roughly one 0.1°F can be achieved. It has a 95% response time of
80 ms (2.88" of pavement surface at 2 MPH). Also, the water cooled housing and air
purge collar options were purchased to keep the circuitry cool and the lens dust-free in a
harsh environment. To continually store the pyrometer surface temperature readings as
the heater is passed over the sample, a Microsoft QuickBASIC program was developed
using a DAS-16 data acquisition card from Keithley/Metrabyte (program code available

upon request).

Motion Controller
& l«—110vac | Heater Controller [«#—110 VAC

Pyrometer Power

S
Q) &) /D

& $° (’Qq?& LP Gas
110 VAC 12 VAC P/ S 110 VAC /

Movable Test
£ Pyrometer Apparatus
Reversible
AC Motor
1-3 GPM air
0.5 GPM wzltrer Data PC with
Acquisitionp»{ Hard
Board Disk
110 VAC

Pyrometer output (4-20 mA)

Figure 3.2 - Experimental set-up.

A commercially available burner was then needed to attach to the test apparatus.
Using the convective heat transfer model, a burner system able to heat the surface of the
roadway as close to 250°F as possible while passing by was sized. It should be noted that
burner size is not directly proportional to vehicle speed. This is because heat can only be

transferred to the surface of a medium via the local heat transfer coefficient which, as
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shown earlier, is a non-linear function of Reynolds number or, more specifically, exit
diameter. Thus, from Eqns. 1.1 and 1.2, a large BTU rating coupled with a small exit
diameter provides the best heat transfer.

It was desirable to maximize the heat transfer and automation of the heating
process. Vendors were contacted and various burner configurations were examined. It
became apparent during this process that to achieve a surface temperature of 250°F at 5 -
10 MPH would require an expensive, inefficient, noisy, and cumbersome heating system.
Keeping in mind the scope of this project, to produce prototype crack sealing machinery
that can be used in developing a machine for later commercialization, smaller, more
reasonably sized burners and burner control systems were therefore looked at that, during
commercializatiop, could be replaced with a larger unit.

The choice was made to test a 1.8 million BTU/hr tube burner by Sur-Lite
Corporation because of its high convective heat transfer ability and small size. It was
estimated, using the computational model, that a surface temperature close to 250°F with
a relative speed of 2 MPH could be attained with a slightly modified stock unit. The
standard stock unit uses air from an onboard 300 SCFM blower mounted to the burner to
produce an exit velocity estimated to be 35 MPH from its 6" diameter flame tube. It was
felt that by necking down this exit tube to effectively create a nozzle, the exit velocity
could be greatly increased, perhaps to over 100 MPH. However, to do so, the standard
1/3 HP, low pressure blower (less than 1/4 PSI) must be replaced with an optional 3-
phase electric or hydraulic high pressure blower (approximately 10-15 HP, 2-4 PSI)
which would be better equipped to handle the associated pressure losses that accompany
the addition of a nozzle. The Sur-Lite system cornés as a complete integrated package
and is therefore more reliable than a currently used hand held HCA lance. A flame
safeguard system is provided which includes automatic ignition, throttling, shut-down,

and emergency shutdown.
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Figure 3.3 - Test apparatus ser up with Sur-Lite burner installed.

Figure 3.4 - Close up of sample being heated with Sur-Lite burner. Note:

thermocouples mounted in the sample were not used in this study.

Copyright 2011, AHMCT Research Center, UC Davis

the



Figure 3.5 - Sur-Lite Burner with Raytek pyrometer mounted adjacent. Note the water
cooled housing and air purge attachments on the pyrometer.

Figure 3.6 - Data acquisition station. The control box on the left provides power to the
cart motor. To its right is the scrap panel that houses the spark ignitor
push button and solenoid valve toggle switches for the burner. On top of it
is the transformer providing 12 VAC power to the pyrometer and the
connector board for the inputs to the DAS-16 card. On the floor a
thermocouple is connected through a DVM to measure ambient
remperature.
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Sur-Lite was contacted and a standard low pressure tube burner, model 12031-4,
configured with a low firing fuel train was sent to UCD on loan. While if given the
choice, a fully equipped, high firing unit with an optional hydraulic high pressure blower
would have been tested, Sur-Lite personnel were kind enough to loan their equipment for
the study. The test results therefore reflect the significantly low heat output of the burner
(approximately 200,000 BTU/hr) and low burner exit velocity (approximately 35 MPH)
associated with the large 6" diameter exit. For purposes of these tests and comparison
with the heat transfer model though, these factors were not important.

The borrowed Sur-Lite heater thus described was then mounted on the test
apparatus described above, wired through a scrap bench test control panel, and tested
against model predictions (see Figures 3.3 - 3.6). As seen in these figures, a K-type
thermocouple was placed in the center of the exit stream at the end of the burner tube,
approximately 1" from the pavement in most cases. This was done to record the
temperature of the impinging air flow for later entry in the software model.

3.3.2 - Procedure

To best compare temperature profile data from the convective model with data
gathered testing the Sur-Lite burner, a formal test procedure was adopted. Test runs were
typically performed as follows. First, the ambient temperature was measured using a
cold-junctibn compensated, K-type thermocouple device connected to a digital voltmeter
and entered into the data acquisition program - and later in the heat transfer model.
Next, the height of the burner, sample number, and pyrometer location (distance aft of
duct) were recorded. Third, with the heat off, the cart was rolled across the sample at a
constant rate (determined by measuring the time taken to cover the test section distance of
62") while collecting surface temperature data. The heater was then ignited and allowed
to warm up for several seconds. Then, again with the computer acquiring surface

temperature data, the heater was passed over the sample. The surface was then allowed
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to cool before the next run. These steps were repeated with varying speeds, samples, fly
heights, and exhaust temperatures (a function of LP gas pressure).

During each run, the DAS-16 QuickBASIC program recorded to disk, the heat
source temperature according to the thermocouple located at the tube exit, and the surface
temperature that the pyrometer encountered based on its .95 emissivity setting. Since the
data collection program had to be started before the heater was passed over the sample, to
capture the entire run, it was useful to develop a method of flagging the data so as to not
analyze data that was not of interest. This was accomplished by placing aluminum plates
at the both ends of the AC sample. Since, the pyrometer measures reflected infrared
energy using emissivity in its calculation to solve for temperature, a drastically incorrect
reading is recorded when it comes across a substance with an emissivity that does not
match that which it has been set for. In a test run data file this shows up as a spike in the
temperature. Therefore, only the data between the two flags or spikes in the file is of
interest for analysis.

3.3.3 - Analysis

Following the above described test procedure, 30 tests using the Sur-Lite burner
were conducted. For each test, a data file containing pavement sample surface
temperature and burner exit temperature at each sampling time was stored on disk. These
files were then transferred to spreadsheet file format in order to graphically compare the
results to those predicted using the model.

To compare the surface temperature data gathered from each of the test runs to the
surface temperature predicted using the convective heat transfer model, the sampling
frequency, average source temperature, cart velocity, ambient temperature, and initial
surface temperature, had to be entered as parameters to the model. After entering those
values, specific to a given test run, into the model's input file, the model was run and an

output file was generated.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #13

500

4503
400 : M 7w
350
300
250

] / =
200

I 50 7 AI\'AJAW "V\"‘M‘\.,,.,_\}I

IEEERENN]

Temperature (°F)

o
]
3
4
é

0 5 10 15 20 25 30 35 40
Time (seconds)

—[J— Actual Surface (139.7° avg)
—O— Predicted Surface (138.6°)
—A— Heater Exhaust (411° avg)

Figure 3.7 - Sur-Lite burner test #13. Note the flags (spikes) in the data representing
the beginning and end of the pavement sample. The average temperatures
calculated was based only on the data between these spikes.

The output file created by the model contains the predicted surface temperature at
each time step in the heater's journey across the pavement sample. More specifically, the
model predicts the temperature that a specific point on the surface of the sample should
experience as the heater is passed over it. For example, given a 6" diameter heater exit
and a cart velocity of 10 in/sec, at the beginning of the run (time #=0.0), when r/D=4 in

the model, the predicted surface temperature remains unchanged from ambient since the
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- point on the surface is not yet inside of the 4 diameter range (24" in this case) of assumed
heating effects (see Chapters 1 and 2). At the next time step, which may be in this
hypothetical example, at r=0.02 seconds, the heater has moved a distance of 10 in/sec x
0.02 sec, or 0.2" and, r/D is now equal to 23.8"/6", or 3.967. Using Eqn. 1.2 the Nusselt
number is then computed which eventually leads to a new surface temperature which is
saved as an entry in the model's output file.

As explained, the model forecasts the temperature history of a specific point on the
sample's surface. However, during the tests, the surface temperature is sampled
continuously as the heater is passed over the sample. So, to graphically compare the
continuously measured temperatures to the model's single predicted temperature, the
measured temperature can be plotted as a function of time and the predicted value can be
shown as a horizontal line across the graph. To attain a reasonable first order comparison
between the two, the average of the surface temperatures measured between the spikes or
flags can also be calculated and shown. A plot of a representative run is thusly shown in
Figure 3.7. Plots of 28 of the 30 tests can be found in Appendix C (tests #1 and #6 were
conducted in error).

In plotting the test data, the model's predicted temperature had to be corrected for
the location that the temperature was measured at during the tests, i.e., the location of the
pyrometer aft of the centerline of the burner. The distance was measured and divided by
the cart velocity to determine the time taken to cover that distance. This time was then
added to half of the total predicted time (to account for the heating that took place as the
cart approached) to arrive at the total exposure time. The temperature at this time in the
output file was taken as the predicted temperature and plotted in the comparison charts.
As can be seen, the surface temperature predicted by the model compares reasonably well
to that actually measured.

It should be noted that test runs 25-30 were designed to examine the ability of the

model to predict pavement surface temperature under longer heat exposure. This was
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #27
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Figure 3.8 - Sur-Lite burner test #27 (long exposure run). Note the low actual
temperature measured during the first half of the run. This is because,
during the first 300 seconds, the pyrometer was not aimed at the sample
being heated - due to its position aft of burner. After turning off the heater
and moving the pyrometer over the hot sample, the actual surface
temperature is registered. The average source temperature used in
modeling the run is based on the first 300 seconds of data.

accomplished by slightly modifying the convective FORTRAN model to accommodate a
stationary heater, i.e., setting 7/D=0 and applying heat for 2-5 minutes while acquiring
surface temperature measurements. Due to the physical limitations of the test apparatus

though, it was impossible to measure the temperature of the pavement surface while it

Copyright 2011, AHMCT Research Center, UC Davis

39



was being heated (see Figure 3.4). But, the pyrometer could be moved over the heated
section just after removing the heat to monitor the sample while cooling. It was felt that
if the cooling curves of the experimental and predicted approximately matched, it would
be reasonable to assume that the surface was heated to roughly the same temperature and
therefore, that the model does adequately predict surface temperature under longer
exposure. As can be seen in Figure 3.8, the predicted and measured cooling curves do
compare reasonably.
3.3.4 - Results

Overall, plots of the Sur-Lite burner tests show strong correlation between actual
and predicted pavement surface temperature. This can be seen upon qﬁick examination
of the plots of the 30 test runs located in Appendix C. No statistical analysis was
performed to quantify this level of correlation however, since any hypothesis formulated
would have been based on the assumptions made earlier in Chapter 2, those being: a
homogeneous substance structure, a smooth surface texture, a maximum effective
convective reach of 4 diameters (r/D,..=4) and, negligible air density changes. Also,
since only one heater, the Sur-Lite burner, was used in the tests, nothing conclusively, in
the strictest sense, can be stated about the accuracy of the model in simulating other
burners. However, for the design aid purpose it was intended, it has been qualitatively
proven that the convective model does serve as a sufficient instrument in predicted heater

performance.

3.4 - Test Conclusions

Based on the tests and simulations performed above, when fitted with a high
pressure blower and appropriate fuel train assembly, the Sur-Lite burner does have the
potential to adequately serve the needs of this project (see Figure 3.9). As opposed to the
Maxon Infrawave radiant heater, the Sur-Lite burner offers compactness and simplicity to

the design while achieving a similar end result. And, since most road crews today use an
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HCA lance as a cleaning and heating method, a similar convective heating method would
be more readily accepted by fhe end user.

Before committing to the Sur-Lite system however, it was felt that because of the
physical complexities associated with mounting this burner and blower unit, flame tube,
and fuel train on the crack sealing machinery end-effectors, certain design issues must be
further discussed. For these reasons, a trade-off study between various available
convective heaters that addresses the design requirements of the heating system is
performed in Chapter 4. It is in this chapter that the total cleaning and heating system is

specified for design.

AC Pavement Temperature History
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Figure 3.9 - Predicted modified Sur-Lite burner performance. Relative speed is 2

MPH, nozzle exit diameter is necked down to 3.5", and the exit gas
temperature is estimated to be 2000°F .
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CHAPTER 4 - CRACK CLEANING AND HEATING
SYSTEM DESIGN

4.1 - Crack Sealing Machinery Concept

Before beginning a discussion of the relevant cleaning/heating system design issues,
an overview of the crack sealing machinery concept for which this system is being
developed is presented.

Crack sealing project goals dictate the development of machinery to seal two types
of pavement cracks, longitudinal and general (random or meandering). Longitudinal
cracks exist along the edge of the lane (construction joints, shoulders, etc.) and general
cracks meander through the pavement and may extend across a full lane width. In
developing such machinery, it is obvious that sealing each type of crack presents unique
design challenges. Random or meandering crack sealing machinery requires more
degrees of freedom and unsteady operation of many of its components. Longitudinal
crack sealing requires fewer degrees of freedom, has less stringent sensing requirements,
and permits steady-state operation of many machine components. However, many of the
same components are necessary to seal both types of cracks. As such, a dual purpose
machine with portions to address each type of crack is the logical choice for development
and is currently being built at UC Davis.

A 3-D conceptual sketch for this machine is shown in Figure 4.1. As can be seen,
the longitudinal crack sealing portion of the machine is mounted on the side of the truck
and the general crack sealing portion takes the form of two SCARA type robot arm
manipulators mounted on the rear. The components that make up the longitudinal portion
include a local laser range finder sensor, a router, a cleaning/heating system, and a sealant
applicator. Automatic positioning takes place via an error signal fed from the laser range

finder to a hydraulic positioning linkage. (The router can be described as a rotating set of
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Figure 4.1 -Automated crack sealing machine concept. Longitudinal sealing
components operation, general sealing components stowed.

blades used to cut a shape factor profile, typically a 4:1 width to depth ratio, into the
pavement surface in order to provide a clean, uncontaminated surface for the sealant to
bond to.)

For meandering cracks, a computer vision system mounted on the front of the truck
is used to locate cracks across the lane width and the two robot arms mounted on linear
slides are used to move two process carts along cracks to perform the related sealing
operations. The first cart contains the laser range finder and router and the second
contains the cleaning/heating system and sealant applicator unit.

In light of this machine concept, it is immediately obvious that space, weight, heat

loss, plumbing, and harnessing/tethering pose the potential to cause significant obstacles
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in design. Therefore, it is best to assemble a formal set of design constraints and
requirements that can be used in evaluating the advantages and disadvantages of various

commercial equipment.

4.2- Design Requirements

In this section, the various constraints on design of the crack cleaning and heating
system to be used with the machine concept outlined above are discussed. It has been
determined that five general requirements must be met in order to meet project
requirements.

4.2.1 - General Requirements

~ Since the development of a prototype automated crack sealing machine can be
viewed as a monumental task in itself, early in the development phase it was decided that
off-the-shelf components should be used when possible. By doing so, proven
performance and reliability can be achieved while time is not spent building and testing
parts unnecessarily. It is therefore important and necessary to discuss the details of
particular vendor's products as part of this report. Later in this document, manufacturer's
specifications are provided and discussed.

Since the crack sealing machine being developed should accommodate the crack
maintenance needs of a variety of States and Departments of Transportation (DOT),
modularity should be built in to any commercially developed machine. This will allow a
district, for instance, which may not route cracks, to remove the router from the machine '
and proceed without it. In the case of crack cleaning and heating, it is fair to say that
many DOTs do not heat cracks, yet still clean them before sealing. This may be because
of the presence of paint stripes or raised reflective markers. Therefore, the system
developed should allow for a CLEAN ONLY mode where the burner is not used.
Obviously noise, safety, and cost should also be addressed during development.

In developing a commercial automated crack sealing machine, cost savings due to

component modularity could be achieved through the design and testing of only one set
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of components to seal both longitudinal and general cracks. While in a commercial
sealing operation it may be desirable to seal both types of cracks simultaneously, for the
purposes of this research and development, it places undo financial burden on the funding
agencies to develop two sets of components. Therefore, when sealing longitudinal
cracks, the robots will be stowed as shown in' Figure 4.1. When sealing general,
meandering cracks, the longitudinal linkage will be retracted to rest on the truck bed and
the robots will be in use. By designing mounting couplings for the local laser range
finder, router, cleaning/heating system, and sealant applicator to be interchangeable
between the two configurations, significant cost savings and modularity can be realized
during both prototype development and commercialization.
4.2.2 - Mechanical Constraints

It is immediately obvious that significant mechanical constraints have been placed
on the cleaning/heating system by choosing to build the vehicle shown in Figure 4.1.
Robots and hydraulic systems, by their nature, are more expensive the larger the load they
must carry. It was therefore determined that, in terms of space and weight, a
cleaning/heating system entirely located on the longitudinal linkage or a géneral process
cart was not feasible. The options were to place the blower on the truck bed (the heaviest
and bulkiest component) and plumb its cool air to the burner located near the pavement if
space permitted, or, to place both the blower and burner on the truck bed and plumb the
heated air to the road. In discussions with vendors and burner manufacturers it became
apparent that most burners in the output range being considered require at least 2 feet of
straight, smooth walled firing tube downstream from the burner face. This allows
adequate space for complete combustion of the LP gas and prevents heat concentrations
on the walls of the firing £ube and upstream from occurring. Also, the safety in plumbing
LP gas from the side of the crack sealing vehicle may be questionable should a stray
driver ever collide with the crack sealing vehicle. Given these additional constraints,

both the burner and blower must be located on the truck bed. Therefore, properly routing
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the high temperature plumbing and minimizing the pipe friction and heat loss become
substantial design issues.

In order to allow for the relative motion of the longitudinal and general end-
effectors, flexible plumbing must be used. This tubing must also be smooth walled in
order to minimize pressure loss and blower size. However, plumbing like this is difficult
to find since there is not a large market for high temperature, flexible, large diameter,
smooth walled tubing. Vendors were contacted and the best product found was only able
to withstand 1500°F. Therefore, the burner purchased must output exhaust air no greater
than 1500°F. A sufficient amount of insulation should also be purchased in order to
reduce the surface temperature of this tubing and the burner to a safe level, perhaps to
140°F.

Daily fuel consumption of the burner must not exceed that fuel which is available
on the crack sealing truck. A bitumen melter that heats its material using 2-100 1b. vapor
withdrawal LP gas tanks will be mounted on the crack sealing truck bed. It is desirable
that the burner in the heating/cleaning system use fuel from similar tanks, perhaps 2-4
more of them, since the exact layout of the truck has not yet been determined and such
tanks are standard items for procurement and are easily relocatable.

Also, a pair of linked 2-way diverter valves should be placed in line with the
blower, (upstream of the burner) to allow the user to deflect flow from the pavement
when the vehicle is not moving. This will permit the user to keep the blower operating
while’not disturbing dust in the immediate vicinity of the vehicle.

Lastly, as has previously been stated, the blower purchased should be powered
hydraulically, as opposed to electrically, since three phase power would be necessary at
. the predicted load (10-15 HP). Hydraulics are also already present on the crack sealing
machine powering the router and the longitudinal positioning system and are generally

more compact.
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4.2.3 - Performance Limits

While it has been stated that the Sur-Lite burner tested in Chapter 3 should meet the
surface temperature goal of 250°F if modified with a high pressure blower and fitted with
a convergent nozzle, that estimate was made assuming a 2000°F exhaust gas temperature.
Above it was shown that an output temperature of only 1500°F is possible given flexible
plumbing constraints. Therefore, if the Sur-Lite system were used, its full heating
potential could not be realized meaning that the original reasoning behind the choice to
utilize this burner may be now invalid. Thus, more general performance requirements are
outlined here, in order to effectively weigh the pros and cons of purchasing the Sur-Lite
system versus one from another manufacturer.

As mentioned earlier, the amount of convcctive heat transfer that takes place is a
function of exhaust velocity and exhaust temperature. Exhaust velocity increases with
decreasing exit area (as the square of the flow diameter). In general, exhaust temperature
varies as a function of the heat that the burner can produce and the volume of air being
heated. At this point, the exhaust temperature appears to be fixed, because of materials
considerations, at 1500°F. As a general approximation, 1.1 times the volume of air being
heated (CFM) multiplied by the temperature rise (°F) equals the amount of heat required
(BTU/hr). So, if a 1 million BTU/hr burner were to be examined and a 1500°F maximum
temperature were desired (1430°F rise assuming 70° ambient), approximately 635 CFM
of air could be heated.

Since the maximum exhaust temperature has been determined to be 1500°F, the
requirements for the maximum allowable volume flow (CFM), dependent on velocity and
exit diameter, remain to be determined. Quantifying an acceptable maximum velocity is
difficult, but nozzle diameter is more straight forward.

Based on the maximum router band width (4 cm), computer vision limitations, and
hydraulic and robotic response time, when automatically sealing a crack, a centerline

offset between the end-effector and crack of perhaps 2" is possible. Therefore, the
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cleaning/heating air nozzle must be wide enough to still maintain significant air flow into
the crack and/or routed region. Quantifying the amount necessary to clean the crack in
all cases obviously means that a 4" wide nozzle should be chosen. However, in the
interest of maximizing heat output and assuming that future nozzle modifications could
be made, a 2.5" wide nozzle was chosen since it offers an exit velocity nearly 60%
greater than a 4" nozzle (velocity varies as the square of diameter) and still provides 1/2"
of direct air flow into the crack. At this time it is assumed that a round nozzle will be
implemented since the details of a rotational degree of freedom at the end-effector remain
to be determined.

Given a 2.5" diameter nozzle, it is possible to model the performance of available
commercial equipment and, utilizing the general rule from above, determine the BTU/hr
of heat output required and related fuel consumption. This is done in Section 4.3.

4.2.4 - Integration and Operational Considerations

While mechanical and performance issues seem to provide the most severe
constraints on the cleaning/heating system design, others still remain. Optimally, it is
desirable to totally integrate the cleaning and heating system with the main logic center
on the automated crack sealing machine, the Integration and Control Unit (ICU).
However, during this phase of prototype development it is important to manage costs and
maintain safety and reliability. For these reasons, the cleaning/heating system to be
specified should operate as a stand alone unit, meaning that communication links between
it and the ICU should be limited. There are two reasons for this. Most commercial
burner packages are sold as stand alone units and offer minimum communication to
outside devices. As such, many companies do not specialize in digital communications
and therefore it would be very expensive to order a customized unit. Secondly, legal
issues become significant since industrial burners fall under federal regulatory codes and,
in most cases, must operate safely regardless of communication links. However, during

later development and commercialization, integration of the cleaning/heating system is
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desirable. Therefore, when purchasing equipment, future generation supervisory
communication should be kept in mind. A computer simulation modeling a possible link
between the cleaning/heating system and the ICU has been developed and tested and is
available upon request.

In order to regulate fuel flow as a function of pavement surface temperature, a PID
type controller connected to proportional fuel control valve should interface directly with
the pyrometer. A PID controller will allow a target surface temperature to be set when
heating the roadway.

4.2.5 - Router Debris Removal

During testing of the automated crack sealing machine components it was apparent
that the debris cut loose with the router leaves a fair amount of ground up asphalt on the
road surface. The possibility of using a means of vacuuming up this debris was
investigated and it was decided that a cyclone separator could be connected in line with
the blower inlet to the cleaning/heating system.

- In principle a separator works similar to a home vacuum. The debris enters a
shrouded collector mounted on the front of the rotating router wheel. It then is sucked up
a flexible hose where it enters a cyclone separator. There the dust and chunks fall to the

bottom of a large drum and the cleaned and filtered air then continues through the blower

- face and on to the burner.

The significant design issues affecting the cleaning/heating system design are the
pressure losses associated with the collector entrance, hose length, and cyclone separator
and the volume flow of air necessary to sustain the debris in motion. After discussions
with vendors it was determined that approximately 2 PSI may be lost in the debris
removal system and that air flowing at a minimum of 7500 ft/min ( approximately a 400
SCFM through a 3" diameter line) is necessary to suck up small asphalt chunks.
Therefore, a 400 SCFM, 5 PSI centrifugal blower has been specified which should be

able to handle the pressure loss on the inlet side (2 PSI), the pressure loss across the
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burner (~1 PSI), and the pressure loss associated with the burner side plumbing (~1 PSI)
through a standard 3" diameter flex line.

Also, since there is an increased possibility of the blower becoming clogged, safety
pressure switches should be installed appropﬁately to prevent fuel flow to the burner
when no air flow is present. |

In light of the requirements outlined above, detailed major equipment specifications
were developed to be used in evaluating commercial equipment. These detail
specifications are presented in Appendix D and include the blower, burner, and flame
safeguard/fuel train system. Required features of the debris removal unit were not
included as this unit can be viewed as a specialty item. Features of the flame safeguard
and fuel train system have been included mainly to provide detail on the non-standard
modifications necessary. However, since most fuel train/flame safeguard system vary

only slightly, selection criteria are not discussed in this report.

4.3 - Equipment Trade-offs

Based on the specifications detailed in Appendix D and the requirements noted
above, additional burner companies were contacted to determine their ability to provide
equipment able to meet the formalized requirements. Four potential heating systems
were identified and are briefly discussed below, a Maxon LV AIRFLO burner, a Maxon
STICKTITE/PILOTPAK burner with VENTITE inspirator, an Eclipse Thermal Blast Air
Heater, and the previously examined Sur-Lite tube burner.

Due to machinery space and weight constraints and the need for a high pressure
blower, it was decided to examine it separately from the burner, keeping in mind that Sur-
Lite offers integrated units. The debris removal unit which interfaces with the blower is
also discussed separately.

4.3.1 - Burners
Maxon's LV AIRFLO burner is mainly designed for high volume, low velocity air

heating. Commercially it is used to heat massive amounts of process air coming from

Copyright 2011, AHMCT Research Center, UC Davis

50



large ducts. This burner was first investigated because it is a very inexpensive means of
heating air and a maximum output of 2,000,000 BTU/hr/linear foot of burner surface is
possible. This burner is limited however because of its velocity envelope and size. Since
it primarily was designed to heat a high volume of air, it is relatively large (the smallest
burner would require the construction of a duct measuring 12" x 16"). And, like any
burner, a minimum air flow velocity is required to sustain the flame, approximately 3000
ft/min. Therefore, just to operate at minimum output, 4000 CFM of air would be needed.
When considering the duct length associated with necking down this huge exit area to a
reasonable diameter nozzle, it is obvious that tremendous losses would take place along
with incredible noise.

The other burner choice presented by Maxon, one of the largest burner companies
in the United States, is the STICKTITE/PILOTPAK with a VENTITE inspirator.
Basically the STICKTITE/PILOTPAK is a nozzle with a spark ignitor and flame rod that
screws onto the end of the air inspirator (VENTITE). This inspirator uses the venturi
principle to mix LP gas with ambient air for combustion. Normally this burner is used td
fire into a tube for solution heating. As such, the high velocity convective force of a
blower is typically not needed. If a blower were to be connected to provide forced
combustion air, a custom duct assembly would have to be constructed to encompass the
aft portion of the burner and venturi inspirator. This modification does not seem
unreasonable. However, it must be weighed against the possibility of an unsuccessful
attempt at modifying this configuration to heat in a manner for which it was not designed
(with a blower).

The Eclipse Thermal Blast Air Heater is immediately the most appealing. The unit
is made to operate using combustion air supplied at up to 50 PSI, which could prove
significant should higher pressure crack cleaning ever be deemed necessary or desired by
an end-user. The maximum air flow that the burner can handle is 400 SCFM, yet it can

heat this air to a approximately 1600°F, slightly greater than the 1500°F materials
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constraint noted above. The burner includes a flame rod, and spark ignitor and is
relatively compact. A 4" diameter exit can be easily necked down to 2.5" to achieve
maximum convective heating - meaning only a small pressure loss with minimal exit
noise. The pressure loss across the burner itself approaches 1 PSI at maximum flow,
including the 30" straight section of smooth walled tubing required downstream of the
face of the burner. All in all, this burner seems very promising for use in this application.
In Chapter 5, its heating capability is modeled.

The Sur-Lite burner tested in Chapter 3 showed extreme promise yet must be
modified. To be successful in this application the blower must be detached from the
burner and relocated. A higher volume (400 CFM or greater) and higher pressure (5 PSI)
blower must also be incorporated. And, a necked down nozzle, to no less than 2.5", is
necessary to increase exit velocity. While the flexibility of its design seems to afford
these modifications, questions remain as to the ability of the burner to perform well given
this degree of customization for which it was not built to operate. Flame stability may
become a critical issue.

4.3.2 - Blowers

With the specifications outlined in Appendix D, various blower companies were
contacted. EG & G Rotron and Paxton are two of the industry leaders and provide what
appear to be the best products. EG & G Rotron's solution to the needs of the crack
cleaning and heating system include purchasing a motorless centrifugal blower, model
DR-12, and having a hydraulic motor attached independently. Paxton actually sells a
centrifugal blower powered hydraulically, model CB-87 with hydraulic option. Both
blowers, when all necessary parts are considered, price comparably.

4.3.3 - Debris Separators

Three companies selling off-the-shelf industrial vacuum units were also contacted.

In short, EG & G Rotron provides the nicest set-up, the Vacu-Master utilizing a 55 gallon

drum mounted on casters. It was felt that this option was necessary since the weight of
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routed asphalt could be quite burdening to move around. The Vacu-Master can remove
99.97% of the particulate matter which should be of sufficient quality for combustion.

In the next chapter, actual equipment is selected for procurement based on the trade-
offs outlined above. Integration of these components with the crack sealing vehicle is

discussed and recommendations for commercialization are made.
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CHAPTER 5 - CONCLUSIONS AND
RECOMMENDATIONS

5.1 - Review of Development Procedure

The purpose of this report was to report on the design, testing and implementation
of an automated pavement crack cleaning and heating system that best meets the goals of
the overall crack sealing project in terms of feasibility, effectiveness, and efficiency.

To begin the development, in Chapter 1, a feasibility study and literature search was
performed- to examine practical means of automating methods of crack cleaning and
heating. Since the automated crack sealing machine is being developed as a possible
prototype for future commercialization, a heating system that will allow for traveling
speeds faster than walking is necessary and must be provided. Given the nature of
robotic path planning algorithms, whereas faster sealing performance can be achieved the
more the actual path is allowed to deviate from the desired path, sealing of cracks can
occur more rapidly if increased crack eccentricity is permitted. A high volume
centrifugal blower, similar to that on a street sweeper, therefore, was chosen as the
preferred means of crack cleaning as opposed to a small nozzled compressed air jet.

Next, radiant and convective heating methods were examined. It was decided that
for this application, to best determine the relative differences between these heating
methods and to develop a tool that could help evaluate the heating performance of
available commercial equipment, finite difference heat transfer models should be
assembled. In Chapter 2, these models were constructed using basic principles of
classical heat transfer and experimentally formed hypotheses from literature. Verification
of the accuracy of the models, to the reasonable extent necessary to effectively estimate
the performance of commercial equipment, was proven through comparisons with other

authors' experimental data and through testing a commercial burner in Chapter 3.
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Simulations were also run in Chapter 3, resulting in the choice to discard radiant heating
as a viable heating alternative since the lengthy heater that proved necessary would be
difficult to articulate through turns.

The convective heater tested, a 300 CFM Sur-Lite tube burner correlated well with
predicted résults in the laboratory test stand. It relied on a built-in 300 CFM centrifugal
blower to provide combustion air for the burner and exhausted the resultant hot
combustion gases to the pavement surface in much the same way a garden leaf blower
operates. The tests performed were used to dually evaluate the performance of this off-
the-shelf heating system and to verify the model's accuracy. While the Sur-Lite burner
studied showed much promise for use in this application it was apparent that further
design considerations needed to be considered before deciding on a system to be
purchased.

In Chapter 4, the concept vehicle for the overall crack sealing project was outlined
and design constraints concerning integration with it were discussed. Among these,
general overall project goals, mechanical compatibility with the concept vehicle,
performance of the heater, ability to integrate, and debris separator compatibility were
identified as the important issues for design. Formalized specifications based on these
criteria were then developed for purchasing, and vendors with possible products meeting
these specifications were contacted. The advantages and disadvantages of the available

equipment were then discussed.

5.2 - Equipment Selection
The main objective in undertaking this report was to arrive at a total system
designed to clean and heat pavement cracks as part of an automated crack sealing
machine. The heat transfer models that were built, tests that were run, and design
constraints presented can now be used to select the best equipment for this application.
As presented in Chapter 4, four heating systems from major burner manufacturing

companies appear to closely meet the performance criteria discussed in the previous
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chapters. However, two can logically be concluded to best meet the design criteria: the
modified Sur-Lite unit and the Eclipse Thermal Blast Heater. As mentioned, Sur-Lite's
modular design affords the possibility of incorporating a larger blower. However,
Eclipse's Thermal Blast Heater is limited to a maximum 400 SCFM of air flow. Yet, this
burner is built for high pressure operation, up to 50 PSI, and has been designed around
the operating envelope specific to this application. The Eclipse burner also ejects its hot

exhaust via a 4" diameter duct as opposed to Sur-Lite's 6" exit. This means that in order

to reduce the exhaust area at the nozzle to increase flow velocity, the Sur-Lite system will

experience a much greater pressure drop. The Thermal Blast Heater is also designed
specifically for remote blower placement. In the case of the Sur-Lite burner, less routine
modifications would be necessary. Therefore, it seems reasonable to conclude that if the
heat output from the Eclipse burner is not significantly limited by the 400 SCFM
maximum flow and the burner can heat the crack to 250°F at a relative speed of 2 MPH,
“then it should be selected as the preferred method. A simulation using the convective
model was run and indeed a sufficient surface temperature of 260°F was achieved (see
Figure 5.1 below). Thus, the Eclipse burner was chosen for integration with the
automated crack sealing vehicle. As mentioned, the flame safeguard and fuel train were
not discussed in this report because they are fairly straight forward and available through
most burner manufacturing companies. For convenience, a local vendor, Control
Technology Specialists, was chosen to help install and fine tune the heating system as
needed.

More straight forward are the component selection choices for the blower and
debris separator. As discussed in Section 4.3, Paxton's CB-87 comes as a complete
package and therefore, best meets project goals in terms of off-the-shelf reliability. EG &
G Rotron provides a debris separator that is able to be easily emptied using a standard 55
gallon drum mounted on casters. Both of these units were therefore purchased for use

with the heating system outlined above.
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AC Pavement Temperature History
Predicted Eclipse Thermal Blast Heater Performance
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Figure 5.1 - Predicted Eclipse Thermal Blast Heater performance. Relative speed is 2

MPH, nozzle exit diameter is necked down to 2.5", and the exit gas
temperature is set at 1S00°F.

5.2.1 - System Description

Currently, there are two crack sealing machine component subsystems in parallel
development at UCD, the longitudinal crack sealing method, used for sealing highway
shoulder cracks and joints, and the general crack sealing method, used to address
meandering highway cracks. Both concepts will be demonstrated on the final vehicle
however, as mentioned, they will not run concurrently due to the project team's avoidance
of redundant development costs. When commercialized, both systems could run
concurrently should a second set of components be provided. The resultant cleaning and
heating system therefore, was designed with modularity in mind. By specifying off-the-

shelf modular components, development costs are minimized. And, testing of the two
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concepts on the final vehicle and intermediate laboratory and shop platforms can easily
take place. For the sake of discussion, it is assumed that the system discussed below is
mounted to the longitudinal cart deployed from the side of the automated sealing vehicle
(See Figure 4.1).

The automated pavement crack cleaning and heating system designed and
purchased primarily consists of an EG & G Rotron debris separator, model IVM2000PF
(approximately the size of 2 - 55 gallon drums stacked vertically), a 5 PSI, 400 SCFM
hydraulically powered centrifugal blower, Paxton Centrifugal Blowers model CB-87, a
692, 000 BTU/hr Eclipse Thermal Blast Heater, and an infrared pyrometer, Raytek model
ET3LT, which measures crack temperature and thereby modulates fuel flow to the
burner. Overseeing safe operation of the burner is a standard flame safeguard control
panel built by Control Technology Specialists. It features additional control panel
functions for diverter valve actuation, CLEAN ONLY operation (no heat), and a PID
controller to interface with the pyrometer. The pyrometer is located just aft of the burner
exhaust nozzle on the longitudinal sealant cart. Both the blower and burner units are to
be located on the truck in a location which minimizes pressure and heat losses through
minimal bending and plumbing distance. Proper insulation will protect subsystems and
operators from danger. Hydraulic power to the blower is provided by the central
hydraulic system. Perhaps in the future, a drive train power take-off unit could be used to
power other subsystems. Figure 5.2 illustrates a mock-up assembly of the longitudinal
sealing linkage. Appendix E contains the manufacturer's speciﬁcations for the major
equipment purchased exclusive of the flame safeguard unit and fuel train. |

The Eclipse burner purchased, at maximum output, consumes approximately 28 1b
of liquid propane (LP gas) per hour, meaning that for a normal eight hour work day, 224
1b of fuel could be consumed. By outfitting the support vehicle with 2 additional vapor
withdrawal 100 Ib. tanks, in addition to the 2 tanks already present for use with the

melter, this consumption rate can be met.
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Figure 5.2 - Mock-up of longitudinal crack sealing unit deployed from test vehicle.
Note the placement of the pyrometer and cleaning/heating nozzle between
the router and sealant unit.

5.2.2 - Description of Operation

The cleaning and heating system has been designed using all commercially
available components. As such, manufacturer's specifications detailing the features of
each of the components of the system can be found in Appendix E.

In general, this system operates similar to most LP gas burner packages with a few
exceptions. Fuel flow control is maintained through a PID controller connected to the
pyrometer as opposed to a manually or permanently set flow rate. Based on the surface
temperature of the pavement, the pyrometer sends a signal, roughly between 12 and 16
mA (200°F and 300°F), back to the PID controller which in turn sends out its own 4-20
mA signal linear over the turn down range of the fuel control valve either increasing or
decreasing fuel flow in order to approach the pyrometer's measured surface temperature.
The burner output is therefore automatically proportionally adjusted for the set point

programmed into the PID controller.

Copyright 2011, AHMCT Research Center, UC Davis



Additionally, the cleaning and heating system can operate in the CLEAN ONLY or
HEAT AND CLEAN mode. In the CLEAN ONLY mode the heater is not ignited and
the blower is used by itself, with or without the debris removal attachment. This is an
obvious and necessary feature since many DOTs do not heat the roadway prior to sealing.
The diverter valve is also necessary to adjust for the proper component pressure loads
during system qualification. This will ensure maximum performance of the components

while not causing damage to them.

5.3 - Recommendations for Commercialization

As a final section to this report, recommendations for a commercially developed
crack cleaning and heating system are made. One of the main difficulties in developing
an optimal heating system was the lack of specific performance criteria relative to the
heat required to remove entrained crack moisture and decrease the sealant to surface
temperature gradient. To realize the greatest economic advantage from wide scale
automated crack sealing, a formal study should be embarked upon examining the optimal
surface pre-heat temperature required to best enhance the quality of the seal. Also, a cost
benefit analysis detailing the average surface life enhancement as a function of
cleaning/heating performance should be completed. By doing so, optimum return on
investment can occur in the form of decreased nationwide highway maintenance costs.

Due to a delay in the delivery of the automated crack sealing vehicle platform
shown in Figure 4.1, installation of the components selected could not take place in a
manner timely for the publishing of this report. Upon integration of the system with the
crack sealing machine, it is therefore recommended that a full battery of tests be
performed in order to effectively make recommendations for commercialization
concerning performance and overaﬂ design.

During development of the cleaning and heating system, CalTrans technical
personnel expressed interest in a means of deflecting the heat from raised reflective

markers when detected. This design feature could be supplied simply by adding a tactile
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sensor or mechanical linkage designed to cause a deflection of flow momentarily until the
pavement marker is passed. By adding such a feature, many end users who currently
have many miles of raised pavement markers placed on cracks could be accommodated.
Lastly, since the collected router debris has the potential to form a massive amount
of dust and debris very quickly (varies as a function of size of cut and vehicle speed), it
may be of interest to investigate the development of an automatic means of dispensing or
sprinkling the collected debris back over the newly applied sealant. This would allow for
a more abrasive surface finish providing better traction for vehicles, could shorten lane

closure time, and may enhance the aesthetic appearance of the seal.
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APPENDIX A - RADIANT MODEL CODE AND
VERIFICATION PLOTS

c This program estimates the temperature profile of AC pavement
c heated by a radiant heater moving by at a constant velocity. The
c assumption of a conductive semi-infinite slab with a free

c convective-radiant boundary has been made. It was designed for
c use in modeling pavement surface heating and cooling as it relates
c to the automated highway crack sealing project.

c

c define variables

c

c temp output temperature matrix

c d depth matrix

c ts source temperature matrix (heater temperature)

c pi arithmetic pi

c blzs Blasius radiation constant

c ta the ambient air temperature

c alpha asphalt thermal diffusivity

c dt sampling frequency

c dx depth between samples

c thk asphalt thermal conductivity

c’ el heater emissivity

c el asphalt emissivity

c hl heater length

c width heater width

c dist heater height above asphalt surface

c v heater velocity

c nu velocity code (1=ft/s, 2=ft/min, 3=mph)

c cool cooling time (seconds)

c m number of depth increments to model

c ndepinc frequency of depth increments to print out

c tinc frequency of time increments to print out

c f shape factor

c ext sample exposure time to radiant heat source

c

dimension temp(50,5000), d(50), ts(5)
open(unit=1,file='radin.dat‘,status='old‘)
open(unit=2,file=‘radout.dat',status='new‘)
pi=3.141592654

blzs=1.7121e-9

10 nb=1
c
c read input data
c
read (1, *) ta,alpha,dt,dx,thk,el,ez,hl,width,dist
read(1l,*) v,nu,cool,m, ndepinc
read(1l,*) (ts(i),i=1,nt)
c
c shape factor calculation
c

x=hl/dist
x2=1.0+x**2_0
y=width/dist
y2=1.0+y**2.0
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c
c
c
20
c
c
c
30
40
50
c
c
c
60
70
80
c
c
c
90
100
110
c.
c
c
c
c
c
c
c

f=(2.0/(pi*x*y))*(alog(((XZ*y2)/(x2+y**2.0))**.5)+y*x2**.5*
‘atan(y/xZ**.5)+x*y2**.5*atan(x/y2**.5)-x*atan(x)-y*atan(y))

define depth matrix

ly=m+1l
d(1)=0.0

do 20 i=2,1ly
d(i)=dx* (i-1)
continue

velocity conversion

go to (30,40,50), nu
feet per second

go to 60

feet per minute
v=v/60.0

go to 60

miles per hour
v=1.46666667*v

number of time increments

ext=hl/v
nx=ext/dt
ax=ext/dt
di=ax-nx
if(di-.5)70,80,80
n=nx

go to 90

n=nx+1

preset temperature at ambient

write(2,190) ts(nb),v,hl,dx, £
write(2,200) (d(i),i=1,m, ndepinc)

do 110 i=1,1ly

do 100 j3=1,n

temp (i, j)=ta

continue

continue

write(2,210)0.0, (temp(k,1),k=1,m,ndepinc)

calculate an equivalent convection coefficient for radiation

do 140 j=1,n

tl=temp(1l,j)+460.0

t2=ts(nb)+460.0
h=1.4+blzs*(tl**3+t1**2*t2+t1*t2**2+t2**3)/(((1.0—e1)/e1)
+1.0/£+((1.0-e2)/e2))

dbx=12.0*thk/h

calculate surface temperature
temp (1, j+1) = (dbx*temp (2, j) +dx*ts (nb)) / (dbx+dx)

calculate temp at depths required
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do 120 i=2,m
temp(i,j+1)=temp(i,j)+0.04*alpha*dt*(temp(i+1,j)+temp(i~1,j)
'-2.0*temp (i, 3)) / (dx**2)

120 continue

c
C set temperature at boundary
c
temp (ly, j+1) =temp (m, j+1)
c .
c determine when to write data
c
time=j*dt
130 write(2,210)time,(temp(i,j+1),i=1,m,ndepinc)
140 continue
c
c begin to cool
c
icool=cool/dt
do 170 j=n+1,n+icool
c
c calculate surface temperature
c
temp (1, j+1)=temp (1, j)+(.04*alpha*dt/ (dx*dx))* (temp (2, j) ~temp(1,3))
'-(12.0/3600.0)*e2*alpha*dt*((temp(l,j)+460.0)**4)*blzs/(dx*thk)
'-1.4*((12.0/3600.0)*a1pha*dt/(thk*dx))*(temp(l,j)-ta)
c
c calculate temp at depths required
c
do 150 i=2,m
temp(i,j+l)=temp(i,j)+0.04*alpha*dt*(temp(i+1,j)+temp(i~l,j)
2. 0*temp (i, j))/ (dx**2)
150 continue
c
c set temperature at boundary
c
temp (ly, 3+1) =temp (m, j+1)
c
c determine when to write data
c
time=j*dt
160 write(2,210)time,(temp(i,j+1),i=1,m,ndepinc)
170 continue
c
c format statements
(o}

190 format (1x, 'source temperature = t,f6.1,' deg. F',
'/,1x, theater velocity = ',£7.4,"' ft/s', /., 1x,
‘'heater length = ',£7.4,°' feet',/,1x,
t'depth increment = ',£5.4,°' inches'/,1x,

1

*shape factor = ',£5.4,/)

200 format (5x, 'time?,12(5x,£7.4))
210 format (12£12.4)

1000 close(l)

close (2)

stop

end
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AC Pavement Temperature History

Verification of Radiant Model
Comparisons Made at 0.25" in Depth
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Figure A.1 - Radiant model verification plot, depth = 0.25".
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AC Pavement Temperature History

Verification of Radiant Model
Comparisons Made at 0.50" in Depth
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Figure A.2 - Radiant model verification plot, depth = 0.50".
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AC Pavement Temperature History

Verification of Radiant Model
Comparisons Made at 0.75" in Depth
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Figure A.3 - Radiant model verification plot, depth = 0.75".
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AC Pavement Temperature History
Verification of Radiant Model

Comparisons Made at 1.00" in Depth
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Figure A4 - Radiant model verification plot, depth = 1.00".
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AC Pavement Temperature History

Verification of Radiant Model
Comparisons Made at 2.00" in Depth
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Figure A.5 - Radiant model verification plot, depth = 2.00".
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APPENDIX B - CONVECTIVE MODEL CODE

c This program estimates the temperature profile of AC pavement
c heated by a convective heater moving by at a constant velocity.
c The assumption of a conductive semi-infinite slab with a free
c convective-radiant boundary has been made. It was designed for
c use in modeling pavement surface heating and cooling as it relates
c to the automated highway crack sealing project.

c

c define variables

c

c temp output temperature matrix

c d depth matrix

c ts source temperature

c pi arithmetic pi

c blzs Blasius radiation constant

c ta the ambient air temperature

c alpha asphalt thermal diffusivity

c dt sampling frequency

c dx depth between samples

c thk asphalt thermal conductivity

c emiss asphalt emissivity

c diam heater diameter (inches)

c vel heater velocity (ft/sec)

c effdis effective total reach of heat (diameters)

c cfm rated CFM of blower

c thkexit thermal conductivity of exit gas

c vexit exit velocity (ft/sec)

c cool cooling time (sec)

c m number of depth increments to model

c ndepinc frequency of depth increments to print out

c viskin kinematic viscosity of exit air (ft”~2/sec)

c ext sample exposure time to convective heat source

c

dimension temp(82,1500),d(82)

open(unit=1, file='convectin.dat"',status='old"')
open (unit=2,file='convectout.dat',status="‘new')
pi=3.141592654

blzs=1.7121le-9

c
c read input data
c
read(l,*) alpha,thk,emiss,cool,m,ndepinc
read(l,*) dt,dx,diam,vel,effdis,cfm,ta,ts
c
c define depth matrix
c
dd=dt*vel
n=2*int ( (effdis*diam/ (12.0*dd))+.5)
ddadj=2.0*effdis* (diam/12.0)/n
ly=m+1l
d(1)=0.0
do 20 i=2,1ly
d(i)=dx* (i-1)
20 continue
c
c calculate kinematic viscosity, thermal conductivity at exit
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c and velocity at exit

viskin=2.083567e-10*ts**2,0+5.7070707e-7*ts+1.229302e-4
thkexit=-2.616527e-9*ts**2,0+2.108487e-5*%ts+1.325811le-2
denfac = 4.020954E-10*ts**3.0 + =5.714779E-T*ts**2.0

+ 1.999122E-3*ts + B8.566306E~-1
vexit=((cfm*1.04)*denfac/60.0)/((diam**Z.O*pi/4.0)/144.0)

c
c preset temperature at ambient
c
90 write(2,190) ts,vexit,diam,dx
write(2,200) (d(i),i=1,m,ndepinc)
do 110 i=1,1ly
do 100 j=1,n
temp (i, 3j) =ta
100 continue
110 continue .
write(2,210)0.0,(temp(k,l),k=l,m,ndepinc)
c
c calculation of forced convection coefficient
c
reyn=vexit* (diam/12.0) /viskin
do 140 j=1,n
ihalfn=n/2
if(j.lt.ihalfn)rd=effdis-j*ddadj*12.0/diam
if(j.eq.ihalfn)rd=0.0
if(j.gt.ihalfn)rd=(j—ihalfn)*ddadj*lZ.O/diam
rnusselt=(reyn**.6)/(3.329+.273*rd**1.3)
hconv=12.0*rnusselt*thkexit/diam
dbx=12.0*thk/hconv
c
c calculate surface temperature
temp(l,j+l)=(dbx*temp(2,j)+dx*ts)/(dbx+dx)
c
c calculate temp at depths required
do 120 i=2,m
temp(i,j+l)=temp(i,j)+0.04*alpha*dt*(temp(i+1,j)+temp(iml,j)
1-2.0*temp (i, 3))/ (dx**2)
120 continue
c
c set temperature at boundary
c
temp (ly, j+1)=temp (m, j+1)
c
c increment time
c
time=3*dt
130 write(2,210)time,(temp(i,j+1),i=1,m,ndepinc)
140 continue
c
c begin to cool
c
if (cool.eq.0.0)goto 1000
icool=cool/dt
do 170 j=n+l,n+icool
c
c calculate surface temperature
c
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temp(l,j+1)=temp(l,j)+(.04*alpha*dt/(dx*dx))*(temp(z,j)—temp(l,j))
'-(12.0/3600.0)*emiss*alpha*dt*((temp(l,j)+460.0)**4)*blzs/(dx*thk)
'-1.4*((12.0/3600.0)*alpha*dt/(thk*dx))*(temp(l,j)-ta)

(¢]

calculate temp at depths required

do 150 i=2,m
temp(i,j+1)stemp(i,j)+0.04*alpha*dt*(temp(i+1,j)+temp(i—1,j)
1.2, . 0%temp (i,3) )/ (dx**2)

150 continue

c
c set temperature at boundary
c
temp (ly, j+1)=temp (m, j+1)
c
c increment time
c

time=3j*dt
160 write(2,210)time,(temp(i,j+1),i=1,m,ndepinc)
170 continue

c
c format statements
c
190 format (lx, ‘heater exit temperature
v = ', f6.1,' deg. F',/,1x,'heater exit velocity = ',£f7.1,
v ft/s',/,1lx,'heater diameter = +,£7.4,' inches',/,
'1x, 'depth increment = *,£7.4,°' inches',/)

200 format (4x, ‘time',12(1x,£7.3," in.'))
210 format(lx,£7.4,11£f12.4)
1000 close(l)

close(2)

stop

end
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APPENDIX C - SUR-LITE BURNER TEST PLOTS

AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #2
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Figure C.1 - Sur-Lite burner test #2. Test #1 was performed in error.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #3
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Figure C.2 - Sur-Lite burner test #3.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #4
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Figure C.3 - Sur-Lite burner test #4.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #5
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Figure C.4 - Sur-Lite burner test #5.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #7
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Figure C.5 - Sur-Lite burner test #7. Test #6 was performed in error.

Copyright 2011, AHMCT Research Center, UC Davis

9



AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #8
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Figure C.6 - Sur-Lite burner test #8.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #9
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Figure C.7 - Sur-Lite burner test #9.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #10
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Figure C.8 - Sur-Lite burner test #10.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #11
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Figure C.9 - Sur-Lite burner test #11.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #12
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Figure C.10 - Sur-Lite burner test #12.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #13

500

450

400

350 VA‘

300 3
N
2503 /A

Temperature (°F)

200 - [
150 oot

e
i
3
g
;

1003

503

O:I'Il 304 & ¥ LA LI B A Ty LIRS Tvat T 1 0 F
0 5 10 15 20 25 30 35 40

Time (seconds)

—— Actual Surface (139.7° avg)
—— Predicted Surface (138.6°)
— Heater Exhaust (411° avg)

Figure C.11 - Sur-Lite burner test #13.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #14
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Figure C.12 - Sur-Lite burner test #14.

Copyright 2011, AHMCT Research Center, UC Davis



AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #15
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Figure C.13 - Sur-Lite burner test #15.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #16
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Figure C.14 - Sur-Lite burner test #16.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #17
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Figure C.15 - Sur-Lite burner test #17.

Copyright 2011, AHMCT Research Center, UC Davis

89



AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #18
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Figure C.16 - Sur-Lite burner test #18.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #19
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Figure C.17 - Sur-Lite burner test #19.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #20
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Figure C.18 - Sur-Lite burner test #20.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #21
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Figure C.19 - Sur-Lite burner test #21.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #22
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Figure C.20 - Sur-Lite burner test #22.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #23
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Figure C.21 - Sur-Lite burner test #23.
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AC Pavement Temperature History'

300 CFM Sur-Lite Burner - Test #24
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Figure C.22 - Sur-Lite burner test #24.

Copyright 2011, AHMCT Research Center, UC Davis

96



97

AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #25
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Figure C.23 - Sur-Lite burner test #25.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #26
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Figure C.24 - Sur-Lite burner test #26.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #27
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Figure C.25 - Sur-Lite burner test #27.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #28
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Figure C.26 - Sur-Lite burner test #28.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #29
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Figure C.27 - Sur-Lite burner test #29.
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AC Pavement Temperature History
300 CFM Sur-Lite Burner - Test #30
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'Figure C.28 - Sur-Lite burner test #30.
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APPENDIX D - CLEANING AND HEATING
SYSTEM SPECIFICATIONS

10 INTRODUCTION

1.1  The crack sealing machine described in this specification will be designed and
built by the University of California - Davis, Department of Mechanical,
Aeronautical, and Materials Engineering. It will be used in a research project to
automatically identify, clean, heat, and seal cracks in road surfaces. -

1.2  This document serves to provide dctail specifications for the BLOWER,
BURNER, and FUEL TRAIN/FLAME SAFEGUARD units to be provided by -
vendors and installed by UCD on the above mentioned crack sealing machine.

1.3 The heating/cleaning system shall be sold to UCD as components only and will be

‘assembled by UCD. Section 7.0 contains a list of deliverables.

2.0 _ BLOWER SPECIFICATIONS

2.1  The blower shall move air at no less than 400 standard cubic feet per minute
(SCFM) at no less than 5 PSIL.

2.2 The blower shall be hydraulically driven and actuated electrically using 110 VAC
solenoids.

2.3 Inlet and exit diameters shall be no less than 3" and no greater than 4".

2.4  Blower shall operate using hydraulic fluid supplied at 2000 PSI and pumped at up
to 20 gallons per minute (GPM).

3.0 _BURNER SPECIFICATIONS

3.1 The burner shall heat no less than 400 standard cubic feet per minute (SCFM) to
no less than 1500°F.
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3.2

33

34

3.5

The burner shall be able to accommodate a gage pressure at the burner exit of no
less than 2 PSI.

The burner shall take no longer than 15 seconds to reach 90% of its steady state
heat output.

Combustion air shall be provided to the burner inlet by UCD via a hydraulically
powered S PSI, 400 SCFM centrifugal blower.

All necessary plumbing and insulation downstream of the burner nozzle exit shall

be designed and purchased separately by UCD.

40 FUEL TRAIN AND FLAME SAFEGUARD SYSTEM SPECIFICATIONS

4.1

4.2

43

44

A standard control box/panel shall house all major electrical components and a
wiring pin diagram shall be provided to UCD outlining connections to fuel train
components.

All primary controls and switches shall also be mounted on the face of the
box/panel in a "user friendly" manner. These shall include an easily accessible
emergency shut off type switch. Other necessary meters, lights, etc... may be
added provided they shall enhance the ease ana safety of operation of the system.
Two 2-way, electrically actuated, 3" diameter valves shall be provided by the
vendor. They shall be configured such that when one is open the other is closed.
They shall provide a 'mcans of deflected flow from the pavement, upétream of the
burner. A properly sized DPDT toggle switch located on the control box/panel
face shall toggle these valves.

A 110VAC, 3A push button switch shall be added to the face of the control
box/panel. This switch will serve as a means of fuming on the blower solenoid

provided by UCD.
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4.5

4.6

37

4.8

49

4.10

When the air flow is switched to deflect flow from the burner, or DIVERT as it
will be referred to herein, fuel flow to the burner should be cut off without turning
off power to the blower.

A pressure differential circuit breaker in the blower airway shall protect crack
sealing machine subsystems by shutting down the burner fuel flow and blower in
proper succession should an obstruction in the inlet or exit of the heating system
occur. |

Euel flow control shall occur via a 4-20 mA input from a UCD provided infrared
pyrorﬁeter which will measure pavement surface temperature between 0 and
400°F. The fuel ﬁow shall be automatically continuously adjusted by a PID type
controller to attain a surface temperature of 250°F. The fuel flow control valve
shall have a 95% response time of 0.5 seconds or less.

The specifications mentioned above should by no means bypass or override the
standard and legally requircd flame safeguard system.

All necessary wiring and minor plumbing supplies shall be provided by UCD.
They need not be quoted by the vendor but must be specified.

The heating system may be able to be operated in either the BLOW ONLY or
HEAT mode.

50 POWERSYSTEMS

5.1

52
53

All electrical systems and subsystems shall operate using 110 VAC requiring no
more than 3 kW of combined power.

All methane fuel used shall be standard commercially available liquid propane.
LP gas will be provided by UCD via 4-100 1b. vapor withdrawal tanks. The
burner and fuel train system provided must be able to operate at maximum fuel

flow given this fuel system.
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54  All electrical systems shall have circuit breakers to protect other unrelated
systems on the crack sealing machine. In the event of a power failure to any
system, proper sequenced shut-down should automatically occur in the

heating/cleaning system.

6.0 PHYSICAL CONSTRAINTS
6.1  All deliverables shall be able to withstand typical vehicle shock and vibration.
6.2  The control panel need NOT be NEMA 4 rated. It will only be operated in a

closed room or dry weather day.

7.0 _ DELIVERABLES - shall meet all of the above and below specifications.
7.1 Blower meeting Section 2 specifications
7.2  Burner |

7.2.1 (1) Bumner meeting Section 3 specifications

7.2.2 (1) Flame rod

7.2.3 (1) Spark ignitor

7..2.4 Complete set of manufacturer instructions and documentation.

7.3 Fuel train and flame safeguard system

7.3.1 (1) Control panel/box and flame safeguard system (see Section 4)

7.3.2 (1) PID digital process controller for fuel flow control.

7.3.3 (1) Fuel flow control valve.

7.3.4 Standard fuel train components necessary to ensure the safe, efficient
operation of the above described system.

7.3.5 List of wiring and minor plumbing supplies (nipples, connectors, elbows,
etc.). (All necessary wiring and minor plumbing supplies will be
provided by UCD). |

7.3.6 (2) 2-way, electrically actuated, 3" diameter valves for DIVERTER.
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7.3.7 (1) DPDT switch for DIVERTER actuation mounted on control panel
face.

7.3.8 (1) 110VAC, 3A push button switch mounted on control panel face.

7.3.9 (1) Pressure differential switch.

7.3.10 All necessary and standard regulators, filters, safety valves, etc.

Copyright 2011, AHMCT Research Center, UC Davis



APPENDIX E - MANUFACTURE'S EQUIPMENT
SPECIFICATIONS

ROTRON
IVM2000PF
FLOORMOUNT

VACUUM UNIT

FEATURES ;

+ Manufactured in the U.S.A ‘ (' ‘
« Dry Material Collection :

- Centrifugal Separation and Self-cleaning
Permanent Filter : :

» Secondary 8-10 Micron Cartridge Fiiter : 4 :

» Easy Access Filter ; B

- Dolly-mounted Collection Canister :

« Accepts Industry Standard Drums for
Collection :

- Blower-to-Separator Interconnecting Piping

+ Brass Vacuum Relief Vaive

» Continuous-duty Regenerative Blower

+ Blower Construction-Cast Aluminum Housing,
Impeller and Cover

- Noise Level Within OSHA Standards when
Properly Piped and Muffled

« Capacity: 55 gallons (208 liters):7.5 cu ft

OPTIONS

« High Efficiency Particulate Arr Filtration
« 575 Volt and Explosion-proof Motors

«» Stainless Stee! Recever and Separator
+ Surface Treatments or Plating

- Epoxy Coated Steel Separator and Receiver ! !
. 2
£

« Accessornes Available

o PERFORMANCE AT SEA LEVEL
> AIRFLOW - M¥MIN
= 2 a 6 8 10 12 14 16 18 20
-120 . . ; | . S e 3000
; ! L i
8 A ] ’ '
. g 1 % i % SUCTION
100~ S A — ~ : 7 A MAXIMUM 2500
NN N L SUCTION
By b \ DR 8 i | POINT
RO E—_ SR S & \ 602;’ A-15 HP 2000 _
| i 2
< ~ \J\ = palt2 NS B-10HP i
2 5+ . AN ' \ 50!}11 ‘\ C-~75HP é
5 -60 v . AN 1500
o+ N S
: s
6 3 \ ! \\ =
Z 40— ~ \ 1000
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2~ N ‘
-20 N § 500
1] . N i i
N
\ \
0 100 200 200 500 600 700

300
AIRFLOW - SCFM
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- : EG&G ROTRON
Industriat Division
North Street
Saugerties, NY 12477

J\EGzG ROTRON
Industrial Division )
Tel: 914/246-3407
Telefax: 914/246-3802
Telex: 981511

3 PV Poe

OIMENSIONS 2

M Sec_a"aarv
Toerances xx 2 o —— = F e
T iy //T-\\
Specificaton Supject™o ¢ | rm-m---- -
Change Without Notice Per—anent ST \
= qer /// \\ \\ ; .
e 77 #F s 9
vaive - \
-~ — S
" -e——-;‘o—g o0
B 1—74@ =9
. A e
= 7616 i
= 9% !
! o= .
3308 [ S
330 ?
@ \ '
B 129 '
= ’ o0 '
57 O
e M ‘ 0
& 7 L H_ i
SPECIFICATIONS
: Mode! IVM2000PF IVM2000PF IVM2000PF IVM2000PF '
! 12BE72W 8BBT2W 808AY72W !
i Part No 037826 037825 038140 037959 ‘
Motor Type TEFC TEFC TEFC —_ i
Motor Horsepower 15.0 10.0 7.5 —
Voltage’ 230:460 230-460 2307460 —
Phase 3 3 3 —
Frequency’ (Hz) 60 60 60 —
Recommended NEMA Starter 2.2 2:1 171 —
Total Shipping Weight~1bs tkg) 804 (364) 636 (288) 579 (262) 378 (171}
Max, # 1.25" Hose Diameter 9 5 4 —
of 1.5" Hose Diameter 6 3 2 — i
Operators? 2.0" Hose Diameter 4 2 1 —_ :
iower Dimensions n. "243x196x254 | 231x186x239 226x187x211 —_—
LxWxH mm B17x 498 x 645 : B12x472x607 | 574x475x536 -
! Biower Iniet Qutlet Diameter 3" NPSC 2':"NPSC 2°"NPSC -
:- - St e ID TR amT ITE AT Bumedo e AT 5725 MOIUS A0 20NV TASIEC 4T 1HTIEC '3 DeTye I
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PAXTORN
}_entnfugal Blowers

EFFICIENT

Paxton specializes in powerful but compact blowers for pressure
and/or vacuum applications. If your requirements fall within the
Paxton performance range, you probably won't find another
blower competitive with Paxton's features.

The belt drive design allows the RM series to be driven with 1/2,
1,2, 3, 5,7-1/2, 10, 15 and 20 HP, Single or Three-Phase, TEFC or
Explosion Proof, motors. We also regularly ship these units with
complete engines or hydraulic motors. No special foundation or
vibration isolation is required. Blowers may be mounted in any
rotation - even upside down.

COMPACT

Most Paxton blowers take up less than one cubic foot of space
and weigh less than 30 Ibs, yet comfortably deliver over 1,000
CFM. Competitive blowers can weigh from 300 to 2,000 ibs,
require heavy foundations, costly silencing equipment, more floor
space, and present major problems in shipping and handling - all
tactors which represent unnecessary hidden costs. Paxton’'s
compact design eliminates these unnecessary hidden costs.

USED ALL OVER THE WORLD

- Paxton centrifugal blowers are performing vital roles for literally
thousands of major food, metal, automotive, photographic, wood,
aviation, disposal, and chemical companies around the worid.
Wherever noise, weight or space is a factor, you'll find Paxton
Centrifugal Blowers.

A WIDE "o PRESSURE e v
PERFORMANCE
RANGE

B HARER UL 0

Flow in SCFM

CALL OUR ENGINEERS

For costs and delivery information, to accurately specify optimum RPM, BHP and Accessories, or to help solve
a problem, call or write our engineers with your requirements. Telephone (213) 450-4800 or FAX (213) 452-8093,
7:00 am to 3:30 pm Pacific Time.
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PAXTON

N(entrifugal Blowers

RELIABLE

Paxton CB models have a unique internal planetary ball drive that
steps up input shaft speed without gears. Five matched grade
chrome steel ball bearings within a raceway, machined to within
+.00005", steps up shaft speed quietly and without vibration.
Reliable blower-motor set-ups are available with 1/2 to 100 BHP
motors. Within their recommended performance ranges Paxton
blowers produce efficiently, are very reliable, and are warranted
for continuous unattended duty.

QUALITY

Blowers with gears and multiple impellers must be large and
heavy to stand up. We've eliminated those restrictive elements
from our blower design and have built a centrifugal blower out of
aluminum and high-strength steels that is as strong as any other
blower, no matter how large or heavy.

Each impeller and scroll are machined to a perfect fit. And, a
complete, 100% operational, performance and vibration test is
conducted on every blower prior to shipment.

HOT OR CORROSIVE GAS

Paxton blowers utilize a fluorocarbon seal that has been proven,
under extreme conditions, to provide an oil-free gas stream over
a wide range of gas conditions.

For special conditions we produce Paxton blowers in stainless
steal, monel and hastelloy to withstand high temperatures or
corrosive gases.

CALL =~ . . .
OUR ENGINEERS
FOR -
SPECIFICATIONS

g MO, VACUUM s St e s e

g1 ANy

S = NN R

- ) Flow in SCFM e it 8 et e 2t e m

PAXTON CENTRIFUGAL BLOWERS, 929 Olympic Bivd., Santa Monica, CA 90404-3795-

PP IRV
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PAXTON
}entnfugal Blowers

LOW COST, EASY MAINTENANCE

The RM Series blowers are belt driven from the drive mechanism. The sealed
bearing design and integrai belt drive operate 15,000 - 20,000 hours between
! service. Should the blower fail it can be removed by one man in minutes and

inexpensively shipped back to the factory for prompt, expert service. Many

companies that use them extensively have a spare blower head assembly so

that a unit can be replaced in a matter of minutes with virtually no down time.

TYPICAL APPLICATIONS
DRYING/BLOW-OFF

* Printed circuit boards
* Steel, plastic, glass sheets
 Fruits, vegetables, other food products
« Plastic strand drier
+ Dust removal - bearings, optic sensors,
grindlng & polishing
ilter-balt dewstering systems

PROCESS AIR

* Flow bench testing

¢ Purge air

« Air curtains (fumaces, dusty
environments)

o Air cushi {tioating air pallets)

¢ Power take-off units (farm machinery)

» Air sampling (laboratory test equipment)

e Metal and plastic molds and extrusions

AERATION/AGITATION

« Plating tanks

¢ Large-scale film processing tanks

« Wastewater treatment tanks

« Fish ponds and other aquacuiture tanks

« Investment casting (fluidizing sand beds)

e Fiuidized resin (fiberglass, PVC powder,
etc)

POLLUTION CONTROL AND
COMBUSTIBLE GASES

Exhaust and-corrosive fumes — stainless
steel, monel, hastelloy and other special
blower materials available

« Vapor recovery (petroleum, chemical and
other storage tanks)

Exhaust tower/stack scrubbers and
r:cyclen

.

systems

Y

. Geantal ¢ rol bl
{nuclear plants)

Soil cleanup/fume recovery

o Landfill sites (methane gas recovery)
» Digester gas

* Combustion air

COOLING

* Supercomputer cooting
. Miligary -ircn_n ground sup

port
s. other

mobile and airborne needs.
« Environmental test chambers

VACUUM/EXHAUST PROCESSES

« Complete portable vacuum systems

« Vacuum excavation - truck mounted

« Vacuum holding (packaging processes)
« Central vacuum (chips, dust, etc)

* Pneumatic conveying .

e Alr sampling {laboratory test squipment)

A COMPLETE AIR KNIFE DRYER
Blower/ Air Knife System is complete
and self contained, ready to run.

« System .S DLt 10 SUR yOur needs.

« ideal for conveycrs 2 ncnes 1o 24 feet
wide.

® Handles speeds 3 to 30C feetminute.

« Renabie, quiet, comoact and hghtwegnt.
* Efficiently replaces most Sompressec af
and muitipie iow oressure fan sysiers
* Eliminates ™ost heater
« Great for 7C goares. o

mew 3
octies, Sans &l
* QuICK Seuver

FROM INJECTION MOLDING

INDUCED
VACUUM

APPLICATIONRS —

OR COMPONENT ASSEMBLY LINE

PARTS
DISCHARGED
TC
COLLECTOR

Wy sear ve ot
Mk

s ¥ $e5aNaI0s
o T w2 g I8 mF

DESIGN FEATURES
*Svoa; Jemerscrs
G

8" Wae

&3 =gr

o Totas weiget 260 08
sNose eve: 2C CBA

0Ls Deiwee” 3

VACUUM CLEANER
WITH CYCLONE SEPARATOR
UNIT SFOWR S ImE 3OETEM
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Paxton Centrifugal Blowers are performing vital roles for thousands of major food, metal,
automotive, aviation, disposal and chemical companies, worid-wide.

Paxton specializes in providing complete air knife, vacuum and conveying systems,
DIMENSIONS ARE IN INCHES. GENERAL TOLERANCE = .06” EXCEPT WHERE SPECIFICED (* = .50° TOLERANCE). DH/EN = L.D. HOSE CONMECTIONS.
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CALL OUR ENGINEERS ... For costs and delivery information, to accurately specify optimum RPM,
BHP and Accessories, or to help solve a problem, call or write our engineers with your requirements.

Paxton Centrifugal Blowers, 929 Olymplc Blvd., Santa Monléi, CA 90404
Telephone (213) 450-4800 or FAX (213) 452-8093 N 7:00 am toa.30 pm Pacific Time,
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ECLIPSE THERMAL BLAST AIR HEATERS 055"

SERIES “TBH"

COMPLETE HEATER

Eclipse Thermal Blast Air Heaters are high temperature.
high pressure. air heaters designed to produce 50 to 400 scfm
of heated air with a temperarure rise of 300° w0 1600° F. at
pressures up to 50 psi. They are suitable for a wide range of
industrial heating and drying applications. These include:
mold and core box heating. water dry-off. paper and fabric
drying. plastc treaung. food processing, air curtains. and
aggregate drying.

OPERATION

Alr piping upstream and downstream of the Thermal Blast
Hearer should be sized according to required air flow through
the heater. See gagc 2 for recommended piping and transitions
for various ai: Hows. For normal operation. air is supplicd to
the burner at 2 constant pressure and volume. and gas flow
only is controlled.

ADVANTAGES
e o + Nozzle-mixing design
» « s+ Single valve control

« « « Exceptional flame stability

« o « Broad range of discharge pressures

« « o Broad range of discharge temperatures
« « « Easy installauon

IGNITION

Eclipse “TBH" heaters are furnished with an ignition plug
which will light the burner anywhere within s operatng
range. The spark plug may be used in eicher of two openings
provided on the heater (see Dimensions and Specifications,
page 2).
FLAME MONITORING

Flame monitoring may be provided by using cither a flame
clectrode or an ultra-violet scanner monitoring the flame. A
tapped opening is provided on the heater for installing either
flame rod or scanner (sce Dimensions and Specifications.
page 2).

DESIGN FEATURES

Eclipse "TBH" heaters have separate air and gas inlets and
mixing takes place internally. No complex proporuonating
_equipment is required. “TBH™ heaters are designed to produce
high discharge pressures with relatively low blower pressure.
Air flows straight through the butner. minimizing pressure
drops. The heater inlet 1s threaded and outler 1s flanged for
case of installation.

ASSEMBLIES

Eclipse “TBH" hcaters are available in either basic or com-
plete assemblies. The Basiwe Heater consists of heater with
ignition plus and peepsight. The Complete Heater. pictured
above. includes the basic heater plus air butterfly valve. gas
adjusting tee, gas cock. and necessary pipe nipples.

CAUTION: It is dangerous to use any fuel burning equip-
ment unl it is equipped with suitable flame sensing
device(s) and automatic fuel shut-off valve(s). Eclipse
can supply such equipment or information on alternate

sources.

CAPACITIES
BURNER | SCFM | MIN. GAS PRESS. BTU/HR. BTU/HR. BTU/HR. MAXIMUM DISCHARGE PRESSURE®**
CATALOG | HEATED | IN "W.C. ABOVE 1600 F. AT MIN, MINIMUM IN "W.C. FOR VARIOUS BLOWER PRESSURES
NUMBER AIR | DSCHARGE PRESS. | TEMP, RISE* TEMP, RISE** | TEMP. RISE [Boc. |12 oz |16 0x.[20 0. [24 or - [22 02 J48 0z,
50 1.3 36. 500 1600 300" F 10 17 24 31 3 32 79
A4-10TDH 1v0 5.5 173,900 32,00y 300 ¥ 3 15 22 29 36 50 it
150 3. 339,000 13,000 300° 5 2 19 26 33 47 T4
20u g 343,000 61,000 3y0° F -- 8 15 22 24 a3 0
63-14TBH 250 Th FEENTT) 30,000 300° F - T 14 21 2% 42 59
300 y.9 314,000 119,90y 340° F -- 3 10 16 23 an 6%
150 T 605,000 137,000 3627 F - - 3 15 22 35 63
100 .5 G542 . u0u 165 40 334° F - | .- 3 10 17 31 3

*Inputs do not take nto considerauion mandold heat loss. Actual inputs wilil be nigher by umount of heat loss.
*=Temperature rise does not take into consideration manitold heat loss. Actuai rise wiil by somewhat less.
*ea Delivery pressure based on 1u' ol pipe hetween blower and burner. Loss 1n oxtra pipe iength must be subtracted
from delivery pressure. Loss through bell reducer has been considered un above table.
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PREFERRED PIPING & TRANSITIONS

PP o3
REDUCER . - REDUCER -
37 pipe 37 x2 .. 3" x2 .
2" PIPE . Y, REDUCER s 37 PIPE peoucer 4 piee
2" PIPE / / 3" PIpE i m/
| ] D!
7 u m
HEATER HEATER { HEATER l——’j
30" MIN, 30" MIN. 30" MIN.
o AIR FLOW e o— AR FLOW e e AIR FLOW i

50 - 130 SCFM HEATED AIR

-131 - 300 SCFM HEATED AIR

DIMENSIONS & SPECIFICATIONS

301 - 400 SCFM HEATED AlR

15-7
(1) 1 2" BOLTS ON )
3/4" N.P.T. 5-3, 4" BOLT CIRCLE P
FOR FLAME NPT,
ELECTRODE AIR INLET |
OR SCANNER .
¢ ) N
34" T i
ALTERNATE o
SPARK PLUG TAP 2
1/2" N.P.T. Lo
U R
!
-1

NOTE: [T Jiltustrates "Basic Heuter. ™
T Juiustrates additional components included with "Complete Heater. ™

CATALOG NUMBER EXAMPLE

i
i
[ B

SPARK PLUG- 2 HOLES
180 DEGREES APART
1/2" N.P.T.

8 4 — 10 TBH
Air Inlet in 14" I

§=8.4=2 I

Gas Inlet in 14"
{4=4 4i=1"

Gas Jet Dia.in 1 32"
10 = 10 32 = .076 Area 8q. In

ECLIPSE COMBUSTION
A DIVISION OF ECLIPSE. INC.

ROCKFORD, ILLINOIS 61103 (B15)877-3031
IN CANADA: ECLIPSE FUEL ENGINEERING CO. OF CANADA. LTO. DO
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£7 sunsors measure lemperature i him. paper and metal
Spalers ledldan Mot 4G Nl Jrvers oIashc. giass and
matal foret {ong machines. fooa. grass and
Chetu al R sQuipmen( and shcon waters
magnenc 1 Ay SOIUIETNG J2UCes
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Thermalert ET
noncontact temperature sensors
for process monitoring and control
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Noncontact temperature sensors
ofter signiticant advantages over
contact devices in many OEM
applications.

£T sensors accuraien measure the
temperaiure ot inaccessie ab-
1eCts. moving maleriais ang weos
They have laster response smes
than thermocougies for oetier
control ot process heaters anc
ndexing This gves veu better
contro! ol process Guaity arc
allows vou 10 oplumize "nrouanpi.t
and yeig

Rugged. reliable and repeatable
The ET'senes comnines sersor anc
electronics 10 a single ruggea
package Theyte easy !0:nstat anc
simple 10 adjust And £7 senscrs
generally 13st longer and require tar
less service thar confact devices

ET sensors use QiQitai 1cgiC
crculty 1o crovide renabie repeat
able data over 2 wmge lemperature
range

Desigrea for corsinuous J4-rose
operation ET sensors ate v analv

n two Dasic confrqurations

ET-li—Thermocoupie Output

The ET-Il provides smutatea S K B
or S type Ihermocoupte dutput for
use with any aisplay. recortng or
control gevice requinng thermocou
ple nput

ET-Ili—Current Qutput
The ET-Ill provides a 4 10 20 mA
current output for use with any
aisplay. recording or control device
requinng a currentinput The ET-Hll
has four selectable lemperature
ranges

Models are available for measur-
ng glass. plastics. and higher
temperature 1argets. Al models
include a mounting nut, fixed
bracket and inferconnecting cable
tor easy installation

Both the ET-It and lll can be
customized to meet specific tem-
perature applications

ZiRaytek

Poneenng Intrared Technoioqy
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Raytek offers a fuli ine of noncontact temperature measurement products for a wide range of applications. Both portable
and online units are available For additional information or a free product demonstration. contact Raytek at (800) 227-8074
in the Continental US. or (408) 4581110 or your local Raylek representative
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