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Executive Summary
The main goal of this project was to develop a heating strategy for MDS AeroTest to heat their Test
Stand Hoist. The design specifications were that their Test Stand Hoist needs to be operational in
temperatures as low as -40C. The final design was to improve the time delays that are caused by the
hoist system freezing and to improve worker safety. The gearboxes on each of the hoist systems were
determined to be freezing in extremely cold temperatures so the focus of our final design was to heat
just the gearboxes and not the entire hoist system.
Using ANSYS CFX, a preliminary heat transfer analysis was performed to determine how much power
would be required to heat the gearbox to from -40C to 15C. Once a baseline was set for the amount
of heat that would be required, we were able to source commercially available heaters that would
satisfy the design and heat requirements.

Our final design uses four separate pad heaters that adhesively bond to the perimeter surface of
gearbox. The team chose Tempco Electric Heating Corporation (Tempco) as our design supplier
because of their wide range of customizable options and a large catalog of relevant engineering data.
The pad heaters are made from flexible silicone rubber with wire-wound heating elements imbedded
inside. The dimension of the pad heaters are 53 in by 8 in, which is adequate to wrap around the entire
perimeter of each gearbox according to our preliminary CAD model.

The cost of the individual heating pads are $200.00 USD each, there is a $60.00 USD custom design
fee imposed by the pad heater manufacturer Tempco. The final design incorporates the use of four
heating pads, which bring the total cost of the design to $860 USD including the custom design fee.

The results of our preliminary numerical heat transfer analysis indicated that the final design will be
able to heat up the gearboxes from as low as -40 C to the operational conditions of 15C in 22 minutes.
This will satisfy the client’s needs and will reduce the time delays incurred from inoperable, frozen
gearboxes.

i

Table of Contents
Executive Summary .....................................................................................................................................i
List of Figures .............................................................................................................................................iv
List of Tables................................................................................................................................................v
1.0 Introduction .........................................................................................................................................1
1.1

Project Background ................................................................................................................... 1

1.2

Project Objective ........................................................................................................................ 5

1.3

Project Scope .............................................................................................................................. 5

1.4

Project Constraints and Limitations ........................................................................................ 6

1.5

Project Assumptions .................................................................................................................. 6

1.6

Needs and Requirements ........................................................................................................... 7

1.7

Metrics ........................................................................................................................................ 8

2.0 Details of Design...................................................................................................................................9
2.1

Design Overview......................................................................................................................... 9

2.2

Design Features ........................................................................................................................ 12

2.3

Metric Satisfaction ................................................................................................................... 12

2.4

Cost ............................................................................................................................................ 16

3.0 Recommendations and Conclusion ..................................................................................................17
3.1

Recommendation...................................................................................................................... 17

3.2 Conclusion ....................................................................................................................................... 18
4.0 References ..........................................................................................................................................21
Appendix A – Preliminary Engineering Analysis...................................................................................22
A.1

Summary of final concepts ...................................................................................................... 28

A.2

Engineering Analysis ............................................................................................................... 29

A.2.1

The Gearbox and Heater System ...................................................................................... 29

A.2.2

Heat Transfer ...................................................................................................................... 32

A.3

Numerical Analysis .................................................................................................................. 34

A.3.1

Assumptions for Gearbox .................................................................................................. 36

A.3.2

Initial Setup ......................................................................................................................... 36

A.3.3

Different Cases .................................................................................................................... 38

A.3.4

Mesh Generations ............................................................................................................... 39

ii

A.3.5

Material Properties............................................................................................................. 42

A.3.6

Domain Properties .............................................................................................................. 44

A.3.7

Boundary Conditions ......................................................................................................... 48

A.3.8

Interfacing ........................................................................................................................... 51

A.3.9

Results .................................................................................................................................. 52

Appendix B – Installation and Operation ...............................................................................................65
Appendix C – Preliminary Technical Drawings .....................................................................................69
Appendix D – Failure Modes and Effect Analysis ..................................................................................73

iii

List of Figures

Figure 1. GLACIER facility test stand ................................................................................................. 1
Figure 2. Doghouse location ................................................................................................................ 2
Figure 3. Inside the Doghouse .............................................................................................................. 3
Figure 4. Gearbox location inside the Doghouse ................................................................................. 4
Figure 5. Render of final design ............................................................................................................ 9
Figure 6. Render of final design showing electrical cables ................................................................. 10
Figure 7. Pad heater elements ............................................................................................................ 11
Figure 8. Flattened out pad heater ....................................................................................................... 11
Figure 9. Power cable leads ................................................................................................................ 12
Figure 10. PCT series thermostat for heater system ........................................................................... 17
Figure 11. Pad Heater with thermocouple installed ............................................................................ 18
Figure 12. Temperature of oil over time for final configuration ......................................................... 20

iv

List of Tables

TABLE I. NEED STATEMENTS AND IMPORTANCE RANKINGS .............................................. 7
TABLE II. METRICS WITH THE RELATED MARGINAL AND IDEAL VALUES ...................... 8
TABLE III: HEATER PAD DIMENSIONS ...................................................................................... 11
TABLE IV. METRICS SATISFACTION .......................................................................................... 13
TABLE V. COST BREAKDOWN OF THE FINAL DESIGN.......................................................... 16

v

1.0 Introduction
MDS AeroTest is a Canadian aerospace testing company based at the GLACIER (Global Aerospace
Centre for Icing and Environmental Research) test facility in Thompson, Manitoba. MDS AeroTest
maintains the GLACIER facility for Rolls-Royce and Pratt & Whitney. MDS AeroTest conducts
engine testing in accordance with Rolls-Royce and Pratt & Whitney’s directions to obtain verified data
on engine operation during test experiments, especially cold weather and ice formation testing [1].
During testing, the engines are mounted onto the test stand, which holds engines securely in place. The
test stand is a ground-based, open-air test stand capable of testing a variety of engines, including future
aerospace gas turbine engines [2]. Figure 1 shows the test stand at the GLACIER facility.

Figure 1. GLACIER facility test stand [3]
1.1 Project Background
The GLACIER test facility has a large four-point test stand that is used for mounting gas turbine
engines to perform certification testing. The test stand uses two separate hoists to lift and lower the
engines from the transport cart on to the docking platform. The test stand is an outdoor facility that has
partial cover for the hoist system. The hoist system is located in the ‘Doghouse’, which can be seen in
Figure 2.
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Figure 2. Doghouse location [3]
The Doghouse protects the hoist system from elements like rain, wind, and snow but it is not insulated
or heated. There is a large opening in the floor of the Doghouse through which the hoist cables route.
This causes the Doghouse to reach extremely cold temperatures during winter. On occasion, the hoist
system freezes up and will not start, or freezes during operation. The need for this issue to be resolved
originated when MDS was attempting to lift a multi-million-dollar prototype engine and half-way up
the hoist froze and ceased to operate. Figure 3 shows an image of the hoist system that is freezing.

2

Figure 3. Inside the Doghouse [3]
Operators of the hoist system are confident that it is the gearbox of the hoist system that is freezing
and preventing operation. This is due to the gearbox components which are not rated for extreme cold
weather use. When the hoist does freeze in extreme cold temperatures, MDS’s procedure has been to
take hand-held heaters and manually heat up different components of the hoist system. This involves
multiple people working together to heat the hoist, which usually delays MDS by half a day. MDS’s
daily operating costs are $20,000, meaning that a half-day delay can equate to over $10,000 in time
losses.
Manually heating the gearbox is also a safety concern because the hoist is at a high elevation, and thus
workers must be tethered as they heat-up the gearbox. A picture of the inside of the doghouse is shown
in Figure 4, showcasing the hoist system. The freezing gearbox is highlighted in red.
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Figure 4. Gearbox location inside the Doghouse [3]
Our team has been tasked with developing a system to heat the gearboxes of the hoist system during
extreme cold temperatures. MDS AeroTest would like to be able to operate the hoist system in -40C.
They require a heat source that can be powered on prior to use and remain on during hoist operation.
The hoist system moves laterally on a trolley system. This adds an additional challenge, as the heater
system must be able to heat the gearbox as it moves laterally.
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1.2 Project Objective
The objective of this MDS AeroTest project is to develop a strategy for heating the test stand hoist
system during use to allow for operation at extremely low temperatures. The proposed heating strategy
could be either a custom-made heating system or a system derived from commercially available
options. The goals of this project are:


Design a heater system that can thaw the frozen hoist system gearbox



Design a heater system that can be utilized during hoist operation



Final heater design will be safe to install, operate and maintain.

At the completion of this project, the following deliverables are required by the client:


Detailed design of the heater system.



Engineering analyses proving the functionality of the heater design



Preliminary engineering drawings for the fabrication and installation of the heater design.



Cost breakdown for the heater design.

1.3 Project Scope
The final heating system will heat the gearboxes of the hoist alone and not the whole hoist. This is
because the current approach, although inefficient and time consuming, has shown that heating up only
the gearbox creates a temporary solution to the freezing of the test stand hoist. The team is not required
to build a prototype of the final heater system or test the heater system under real operating conditions.
With the design of this heater system, the integration of proportional-integral-derivative controllers
will be crucial in order to maintain the gearbox and oil at any desired temperature or within any
required temperature range. However, the design and integration of the proportional-integralderivative controllers will be done by the client’s in-house controls specialist.
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1.4 Project Constraints and Limitations
There are various constraints imposed upon this project that stem from both the course requirements
and MDS AeroTest’s requirements. The constraints for this project include:


The project must be completed by December 5th, 2018



The heater design is required to heat the hoist alone and not the entire Doghouse.



No intrusive permanent changes can be made to the existing test stand hoist structure.



The heater design is limited to using the available power sources which ranges from 120 –
600 Volts



Information, such as drawings and/or CAD models, may not be available to the team due to
the sensitive nature and security requirements of these documents. This poses a risk of
designing a heater system using inaccurate gearbox dimensions.

The limitations on this project stem mostly from uncontrollable aspects about the environment and the
nature of this work:


The team is only able to conduct one site visit to MDS AeroTest’s test facility



The heater design must be fully functional at all times, down to a temperature of -40°C



There is minimal temperature data available when the problem occurs, making it difficult to
identify the exact temperature at which the hoist gearbox freezes.

1.5 Project Assumptions
The assumptions made include:


The gearbox is the primary concern when the test stand hoist experiences freezing.



There is no change to the constraints set by the client after starting the project.



Advisors are available for consulting upon request.
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1.6 Needs and Requirements
While meeting with our client, the team created a list of needs related to the project along with an
importance ranking for each one. The ranking was set from 1 – 5, with 1 being not important and 5
being very important. The purpose of this list was to determine what the team’s primary design goals
should be. The need statements and importance rankings are listed in TABLE I.

TABLE I. NEED STATEMENTS AND IMPORTANCE RANKINGS
ID

Needs

N1

The heater uses the already available electrical power source in the
Doghouse

5

N2

The heater has a long lifespan

5

N3

The heater can be easily accessed and serviced

5

N4

The heater can be easily operated

4

N5

The heater can quickly heat up the gear box after being powered off for an
extended period of time

4

N6

The heater powers on automatically when below certain temperatures*

4

N7

The heater is energy efficient

3

N8

The heater has an overall low cost

3

N9

The heater requires minimal maintenance

3

N10 The heater can maintain a temperature of 15°C

3

N11

Minimal changes required to current set-up during implementation of the
heater

Importance

2

N12 The heater has an ability to vary the amount of heat produced

2

N13 The heater can be operated by one person

2
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1.7 Metrics
Once the team established and ranked all the client’s needs, a list of metrics was created to analyze the
performance of the heater design. Each of the metrics correlates to the list of needs. The list of metrics
is shown in TABLE II.

TABLE II. METRICS WITH THE RELATED MARGINAL AND IDEAL VALUES

Metric ID

Relevant
Need ID

Unit

Marginal
Value

Ideal
value

M1

N1

Heater requires a new power
source

Yes/No

No

No

M2

N2

Lifespan of heater

2

5

M3

N3

Time it takes to replace broken
heater

3

1

M4

N4

Number of steps to operate

Count

2-5

2

M5

N5

Time
(minutes)

30

15

M6

N6

Yes/No

No

Yes

M7

N7

Energy usage

kWh

20

10

M8

N8

Cost of initial implementations

$

< $5,000

< $2,500

M9

N9

Maintenance costs

$

$100

$0

M10

N10

Temperature

-10°C

15°C

M11

N11

Yes/No

No

Yes

M12

N12

Yes/No

No

Yes

M13

N13

People

2-3

1

Criteria

Thaw time after being powered
on
Heater turns on/off
automatically at specific
temperatures of the gearbox*

Minimum temperature of
gearbox while heater is in use
Minimal changes required to
current set-up during
implementation of the heater
Ability to change settings of
heater*
Number of operators

Time
(Years)
Time
(Hours)

“*” indicates that the metric was removed from the scope of our project. After discussion with MDS
AeroTest during the design phase of the project they decided they would prefer their control specialist
to perform these tasks. Additional tables will have these metrics removed.
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2.0 Details of Design
During the concept development phase, the team developed many different concepts for heater designs.
A final selection of two concepts were analysed in detail with the descriptions of these concepts
outlined in Appendix B. This section of the report will go through the details of the final design of the
heating system that was chosen.
2.1 Design Overview
The final design consists of two flexible silicone heater pads wrapped around each gearbox. Through
preliminary analytical and numerical heat transfer analysis our team could conclude that our design
will heat the gearbox from -40 C to 15C in 22 minutes. The engineering analysis conducted to
generate this result can be found in appendix C. Figure 5 and Figure 6 show the final renderings of the
gearbox with the heater pad placements.

Figure 5. Render of final design
9

Figure 6. Render of final design showing electrical cables

The manufacturer of the pad heaters chosen was Tempco Electric Heater Corporation. They were
chosen because of their wide range of customizable options and a large catalog of relevant engineering
data. Each of these pad heaters use a high temperature adhesive, RTV106, to bond to the surface of
the gearbox. The flexible pad heaters are made from silicone rubber with embedded wire-wound
elements which provide the heating as seen in Figure 7 [4].
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Figure 7. Pad heater elements [4]
The pad heaters produce a heat density of 6.5 watts/in2. They were placed around the perimeter of each
section of the gearbox to ensure even heat distribution. Each of the pad heaters have the same
dimensions found in TABLE III which summarizes the length, width, surface area, and wattage of
each pad.
TABLE III: HEATER PAD DIMENSIONS
Total Surface

Number of Pads

Length [in]

Width [in]

Pad #1

53”

8”

424

2,880

Pad #2

53”

8”

424

2,880

Area [in2]

Total Wattage

Wattage

5,760

A visual representation of the pad heater can be seen in Figure 8.

Figure 8. Flattened out pad heater
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2.2 Design Features
Our final design has many key features that give the system the ability to heat the gearbox to the
required temperature. A wide variety of additions and features were available ranging from the type
of cable used to the different sensor attachments. Tempco specifically designs their heating pads to be
resistant to ambient conditions, moisture, and shock. The maximum temperature that can be produced
by the heating pads is 200C continuous. The pad heaters are capable of operating in ambient
temperatures as low as -56.6 C [5].

The heating pads use permanent bond adhesive called RTV106 which is heat resistant up to 260C.
Each pad heater has an electric termination/lead consisting of an SJO cable and plug which is rated
down to a minimum temperature of -50°C [5]. SJO cable is a class of cables that adheres to the
Canadian Standards Association (CSA). ‘SJ’ specifies that it can operate up to 300 Volts, ‘O’ means
it has an oil-resistant outer jacket. The exit location of this cable is shown in Figure 9.

Figure 9. Power cable leads [4]
Installation and operation instructions for our final design can be found in Appendix D.

2.3 Metric Satisfaction
At the beginning of the design phase, our team had a list of design metrics that our final heater design
needed to satisfy. Upon completion of our design we took the time to reflect and ensure our heating
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design satisfied the necessary metrics that were needed to satisfy our client’s needs as shown in
TABLE IV.

TABLE IV. METRICS SATISFACTION
Metric
ID

Criteria

M1

Heater requires a new
power source

M2

Lifespan of heater

M3
M4
M5

Time it takes to replace
broken heater
Number of steps to
operate
Thaw time after being
powered on

Unit

Marginal
Value

Ideal
Value

Metric
Satisfaction

Yes/No

No

No

Ideal

2

5

Unsatisfied

3

1

Unsatisfied

Count

3-5

2

Ideal

Time
(minutes)

30

15

Marginal

kWh

20

10

Marginal

Time
(years)
Time
(hours)

M6

Energy usage

M7

Cost of initial
implementation

$

< $5,000

< $2,500

Ideal

M8

Maintenance costs

$

$100

$10

Ideal

M9

Minimum temperature of
gearbox while heater is in
use

Temperature

-10°C

15°C

Marginal

M10

Minimal changes required
to current set-up

Yes/No

No

Yes

Yes

M11

Number of operators

People

2-3

1

Ideal

A detailed description of the satisfaction of each metric is as follows:
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1. Heater requires a new power source
The first metric that our final design was to satisfy was that it would not require a new power
source. Our final design, with the use of Tempco pad heaters does not require a new power
source and will easily integrate into the 240-Volt electrical supply in the Doghouse
2. Lifespan of heater
The second metric we needed to satisfy was a two-year lifespan of the heater. The Tempco
pad heaters that were sourced for our final design have a one year warranty as stated by the
manufacturer. This does not satisfy the need to last two years but since MDS AeroTest only
uses the hoist system a few times per year, the heater will likely only be used a few times
year. Since the use of the heater will be low, there is potential that the lifespan of the heater
will improve. Additionally, the heater could have a lifespan much longer than the warranty
lasts.
3. Time it takes to replacement broken heater
The third metric that needed to be satisfied was the time that it takes to replace a broken pad
heater with a new one. The marginal value was set to 3 hours, and with our final design the
replacement time would take over 24 hours. This is because the high strength adhesive that is
used to bond the pad heater to the gearbox has a curing time of 24 hours. For this reason, this
metric was not satisfied.
4. Number of steps to operate
The fourth metric we had to satisfy was the number of operating steps needed to heat the
gearbox. The final design, once installed, only has two steps to operate. The first step is to turn
the heater on, the second step being turning the system off once operation is reached.
5. Thaw time after being powered on
The fifth metric that was to be satisfied was the amount of time it takes the heater to thaw the
gearbox after it has been switched on. Our original metric definition was to be able to thaw the
gearbox in less than 30 minutes. Through preliminary numerical analysis our team was able to
determine that our final design will be able to heat the gearbox from -40C to 15 C in 22
minutes which satisfied this metric.
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6. Energy usage
The seventh metric was energy usage, our design consumes a maximum of 2880 watts per
pad heater during use. With the current price of electricity in Manitoba being 8.896 ¢/kWh,
the cost to operate per hour is 25.62¢ per hour per pad heater for a total hourly cost of $1.02.
7. Cost of initial implementation
The eighth metric that was required was to keep the heating system within a reasonable price
range. Our client never gave us a specific budget. Instead, the importance of the project was to
have a working design. Our final design has a cost of $860.

8. Maintenance Cost
The ninth metric related to our design was low maintenance costs. Our final design should not
require any maintenance throughout its lifespan. This reduces the overall operating cost of the
heating system.

9. Minimum temperature of gearbox while heater is in use
The tenth and final metric that our final design satisfied was being able to maintain an oil
temperature above -10°C during hoist operation. Though preliminary engineering analysis
using ANSYS it was determined that the heater design will be able to heat the gearbox from 40°C to 15°C in 22 minutes. Once the gearbox reaches operational temperature the heater can
be powered off and then hoist may be used normally.
10. Minimal changes required to current setup
Our final design incorporates silicone pad heaters that use adhesive to bond to the surface of
the gearbox. The pad heaters are low profile and only require and electrical power source that
is already available in the Doghouse. For this reason MDS AeroTest will only have to make
minimum changes to the current set-up in the Doghouse which satisfies this metric.

11. Number of operators
The last metric the final design satisfied was that the design could be operated by just one
worker. It only takes one worker to turn all the pad heaters on and off. This is an improvement
over the client’s current procedure which takes at least two employees.
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2.4 Cost
Since MDS AeroTest’s test facility is located in Manitoba, the cost of operating the heater will be
determined using Manitoba Hydro’s current electricity rate of 8.896 ¢/kWh [6]. Our final design will
draw a maximum of 5,760 watts of electricity per gearbox. There are two gearboxes in the Doghouse
which means that the total power consumption will be 11,520 watts. The hourly energy consumption
is 11.52 kWh. Using the current rate of electricity of 8.896¢/kWh, the operational cost of our final
design will be $1.02 per hour.

The cost of the chosen design was obtained from Tempco Electric Heater Corporation. This quote
includes the 4 pad heaters, and the custom design charge assessed by Tempco. The final price given
was $860. A breakdown of this cost is seen below in TABLE V

TABLE V. COST BREAKDOWN OF THE FINAL DESIGN
Item

Cost

Required Amount

53” x 8” Pad heater

$200

4

Design Cost

$60

1

Total

$860
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3.0 Recommendations and Conclusion
3.1 Recommendation
Upon conclusion of this final design, the team also has a few design options/recommendations for
MDS AeroTest if they plan on moving forward with this design.
The first recommendation is coupling the pad heaters with a PCT-2000 Series Thermostat offered by
Tempco pictured in Figure 10.

Figure 10. PCT series thermostat for heater system [7]

This thermostat works by having the pad heater lead ends plug into the PCT Thermostat which then
plugs into a power source. The temperature is then adjusted accordingly using the dial knob. A standard
Type J or Type K thermocouple that is attached to the surface of the pad heater then plugs into the
thermostat to allow for a feedback loop. This can be utilized to use a high temperature during initial
heat-up, and then set to a lower temperature during operational use and idling time. Tempco can install
thermocouples directly into the pad heaters by including a small placement pouch as shown in Figure
11. It is also acceptable to use a thermocouple already in stock at MDS AeroTest and only request the
placement pouch.
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The reason this was not included in the main design is due to its high price point of ~$400 per PCT
Thermostat, each of the four pad heaters would require its own and due to the short operation time of
the hoist, a simple on-off operation of the pad heater is feasible.

Figure 11. Pad Heater with thermocouple installed
3.2 Conclusion
The main goal of this project was to design a heating system for MDS AeroTest to heat their Test
Stand Hoist. The design specifications were that their Test Stand Hoist needed to be operational in
temperatures as low as -40C. The final design was to eliminate the time delays that are caused by the
hoist system freezing. The gearboxes on each of the hoist systems were determined to be freezing in
extremely cold temperatures so the focus of our final design was to heat just the gearboxes and not the
entire hoist system.
An accurate CAD model of the gearbox of the hoist system was not available to us so using the
dimensions we measured during our site visit, we were able to make a model of the gearbox. This
model was used for visual representation and is not an accurate representation of the gearbox. For this
reason, if MDS AeroTest is the implement our design, they first need to acquire accurate dimensions
of the gearbox.

Since our models of the gearbox are not taken to be entirely accurate, the design and heat transfer
analysis done by our team, whether it be computational or by hand is strictly preliminary. Using
ANSYS CFX, a preliminary heat transfer analysis was performed to determine how much power would
18

be required to heat the gearbox to from -40C to 15C. Once a baseline was set for the amount of heat
that would be necessary to do so, we were able to source available heaters that would satisfy the design
and heat requirements.

Our final design uses four separate pad heaters that adhesively bond to the perimeter surface of
gearbox. The team chose Tempco as our design supplier because of their wide range of customizable
options and a large catalog of relevant engineering data. The pad heaters are made from flexible
silicone with wire-wound heating elements imbedded inside. The dimension of the pad heaters are 53”
by 8”. This size was adequate to wrap around the entirety of the perimeter each of the gearbox
according to our preliminary CAD model.

The cost of the individual heating pads in our design are $200.00, there is a $60.00 custom design fee
imposed by the pad heater manufacturer. The final design incorporates the use of four heating pads,
which brings the total cost of the design to $860 including the custom design fee.
The results of our preliminary heat transfer analysis show that the final design will be able to heat up
the gearboxes from -40 C to the operational conditions of 15C in 22 minutes. A graph of the
temperature of oil over time for the final configuration of four heaters tested with four gears is shown
in Figure 12.
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Figure 12. Temperature of oil over time for final configuration
Based on these preliminary analysis results, our heater design will satisfy the client’s needs and will
reduce the time delays incurred from inoperable, frozen gearboxes.
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𝑅𝐻′′ = 𝑆𝑢𝑚 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑢𝑡𝑒𝑟 𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒 𝑎𝑛𝑑 𝑎𝑖𝑟
′′
𝑅𝑇𝑜𝑡𝑎𝑙
= 𝑆𝑢𝑚 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠 𝑓𝑜𝑟 𝑜𝑢𝑡𝑒𝑟 𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒, 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑎𝑦𝑒𝑟𝑠, 𝑎𝑖𝑟

𝑈𝐶𝐵𝑊 = 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑔𝑒𝑎𝑟𝑏𝑜𝑥 𝑏𝑎𝑐𝑘 𝑤𝑎𝑙𝑙 𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑖𝑛𝑔 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛
𝑈𝐹𝑊𝐼 = 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑔𝑒𝑎𝑟𝑏𝑜𝑥 𝑓𝑎𝑐𝑒 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑈𝐹𝐼 = 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑔𝑒𝑎𝑟𝑏𝑜𝑥 𝑓𝑎𝑐𝑒 𝑤𝑖𝑡ℎ 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑈𝑇𝑜𝑡𝑎𝑙 = 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑜𝑢𝑡𝑒𝑟 𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒, 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑎𝑦𝑒𝑟𝑠 𝑎𝑛𝑑 𝑎𝑖𝑟
𝑈𝐻 = 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑜𝑢𝑡𝑒𝑟 𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒 𝑎𝑛𝑑 𝑎𝑖𝑟
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A.1

Summary of final concepts

In continuation from our Concept Design Report, the final concepts chosen were a pad heater design
with the potential to include an insulated cover. The approach used to determine the best final
selection was to compare the heating performance between using a pad heater by itself and with the
inclusion of an insulated cover. For reference, an example of what a pad heater and insulated cover
might look like are showing in Figure A-1 and Figure A-2 respectively. [1] [2]

Figure A-1. A custom shaped pad
heater attached to a metal plate [1]

Figure A-2. Pad heater fitted with
insulation used on a compressor pump [2]

Multiple vendors were contacted and researched to gather cost and information for both concepts. The
final choice for a pad heater vendor was Tempco and Insulated Soft Covers Ltd (ISC) for the insulated
cover. The reason for selecting Tempco was because of their wide range of customizable options and
a large catalog of relevant engineering data. ISC was chosen for their ability to custom shape their
covers and reasonable price. A thorough analysis will be performed to determine the optimal concept
for our final design.
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A.2

Engineering Analysis

For this project, the engineering analysis required to validate the effectiveness of the heater design was
done for two separate processes: the transient process of heating up the gearbox oil from –40°C to
15°C, and the cooling process of the oil after the oil reaches 15°C. Since the test stand hoists are usually
operated for about 10 to 20 minutes, the team also decided to analyse the cooling process of the oil to
see if the oil remained at a thawed state during hoist operation. If the oil cooled down too quickly to a
frozen state during hoist operation, the team would then need to perform analysis needed to keep the
oil at a steady-state temperature of 15°C during the entire duration when hoists are being operated.
Since a thorough transient analysis would require solving the continuity equation and the NavierStokes equations in 3-D, using only hand calculations will prove to be very complex. As a result, the
entirety of the team’s calculations will use thermodynamics and heat transfer hand calculations in
tandem to provide input parameters needed for performing numerical analyses on the gear boxes and
oil in ANSYS.
The thermodynamics hand calculations comprise the application of the first law of thermodynamics in
determining some initial and boundary conditions needed for the heater system setup in ANSYS. It
also includes thermal stress analysis to determine if the heat supplied to the gearboxes creates any
significant thermal stresses that would be considered undesirable. Heat transfer calculations will also
be used for getting other important parameters (convection coefficients, viscosity, etc.) needed as input
parameters for the ANSYS analysis.
A.2.1 The Gearbox and Heater System
For each of the hoists, the entire gearbox comprises of two rectangle-shaped boxes attached to each
other at an off-set position as shown in Figure A-3.
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Figure A-3. Gearbox visual [3]
A CAD model based on the dimension that were measured by the team of the gearbox was prepared
and is shown in Figure A-4.

Figure A-4. CAD model of the gearbox
The outermost layer of the heater system will always be exposed to the ambient air. For a heating
pad coupled with an insulated cover, the insulation will be the outermost layer. The thermal
resistance of ambient air, the outer silicone layer of the pad heater, and the insulating layers can be
modelled as a thermal resistance network. The network comprises of the resistances of the outer
silicone, the liner, BGF industries insulation, an insulation jacket, and ambient air, with all these
resistances in series. The sum of all resistances can be labelled as RTotal. The resistances of the outer
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silicone layer, the liner, the BGF insulation, the insulation jacket, and the air thermal resistance can
be seen in Figure A-5.

Figure A-5: Thermal resistance network for the insulating layers of the heater system
With the heater system attached to the gearbox, the team assumes that all surfaces interfacing with
each other are smooth and there are no air pockets between any of the layers. This is an ideal case
and will simplify the design analysis by eliminating the need to calculate the contact resistances on
every surface-to-surface interface. A cross-sectional view of a no-insulation heater system on the
gearbox can be viewed in Figure A-6.

Figure A-6: Thermal interface cross-section
The heat flux generated by the pad heater system will flow in two directions. The team expects most
of the heat to be directed towards the gearbox while a small amount of heat flows through the layers
of insulation to the ambient air. As a result, the gearbox and entire heater system can be modelled as
a thermal resistance network as show in Figure A-7.

31

Figure A-7. Thermal resistance network for the gearbox and heater system
The team decided to place at least one pad heater at the bottom area of the gearbox so that as the oil at
the bottom of the gearbox is heated up, the less dense heated oil rises to the top, while the colder oil
fall down and is subsequently heated up. This process should cause a uniform temperature distribution
within the oil. The back area of the gearbox will be left at ambient conditions since numerous parts of
the hoist are attached to the back, thereby making it unable to have insulation or a pad heater attached.
The use of only one pad heater on the bottom area of the gearbox or numerous pad heaters on various
faces of the gearbox will be determined following a numerical analysis on the gearbox for various
heater configurations. However, for any gearbox face where a pad heater is not installed, the team also
analyzed the implications of insulating the face versus exposing that face to ambient air.
A.2.2

Heat Transfer

To heat up the oil in one gear box from –40°C to 15°C in ten minutes, the first law of thermodynamics
is used to determine the total energy per second required during the heating process. The first law of
thermodynamics states that:
𝑞 ∙ ∆𝑡 = 𝜌𝑜𝑖𝑙 ∙ 𝐶𝑝 ∙ 𝑉(𝑇𝑓 − 𝑇𝑖 )

(1)

where ∆𝑡 is the desired total heat-up time of 600 seconds (ten minutes), 𝑇𝑓 is the final desired
temperature of 15°C, 𝑇𝑖 is the initial uniform temperature of –40°C, 𝜌 is the density of the oil and has
a value of 870 kg/m3 at 15°C [4], 𝐶𝑝 is the specific heat capacity of the oil and q represents the energy
per second to be provided by the heater on the gearbox. Using the gearbox dimensions given to us by
our client, the volume, 𝑉, of the gearbox can be calculated.
𝑉 = 𝐿𝑒𝑛𝑔𝑡ℎ ∙ 𝑊𝑖𝑑𝑡ℎ ∙ 𝐻𝑒𝑖𝑔ℎ𝑡

(2)
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𝑉 = 18𝑖𝑛 ∙ 16𝑖𝑛 ∙ 13𝑖𝑛 = 3,744 𝑖𝑛3

(3)

A volume of 3,744 in3 equates to 0.0614 m3.
The specific heat capacity of the gear oil, Mobilgear SHC 632, is unknown since this data could not
be found. To estimate the specific heat capacity of the Mobilgear SHC 632 oil, the Cragoe equation
will be applied. The Cragoe equation states that [5]:
1

𝐶𝑝 = 4200(0.425)(𝜌∗ )−2 + 3.78(𝑇 − 288)

𝐽
𝑘𝑔 ∙ 𝐾

(4)

Here, T is the temperature at any point used to evaluate the specific heat capacity of the oil. In reality,
the specific heat capacity of a liquid is a function of temperature. Therefore, equation (2) can be used
to calculate the specific heat capacity of the Mobilgear SHC 632 oil within the range of temperatures
relevant to this design problem, –40°C to 15°C. However, the team decided to simplify the design
problem by expressing the specific heat capacity of the oil as constant. To do this, the specific heat
capacity was evaluated at 15°C to yield the highest specific heat capacity of the oil in the heating-up
process. This enabled the team to calculate the heat required for the worst-case scenario in heating the
oil inside the gearbox. This is because a high specific heat will require more energy to change its
temperature per degree.
The term 𝜌∗ is a dimensionless density that symbolizes the density of any oil relative to the density of
water with both the oil and water at 288 Kelvin.
𝜌∗ =

𝜌𝑜𝑖𝑙
𝜌𝑤𝑎𝑡𝑒𝑟

|

(5)

288 𝐾

Since water has a density of 999 kg/m3 at 288 Kelvin [6], the dimensionless density can be calculated
by equating equation (5):
𝜌∗ =

870
= 0.871
999

The specific heat capacity of the gearbox oil was then calculated as:
1

𝐶𝑝 = 4200(0.425)(0.871)−2 + 3.78(288 − 288) = 1913

𝐽
𝑘𝑔 ∙ 𝐾
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Solving for the total required energy required for heating up the oil, the energy per second was
evaluated:
(870)(1913)(0.0614) ∙ [15 − (−40)]
= 9367 𝑊
600
For any solid plane wall, the thermal resistance due to conduction, Rcond, can be expressed in terms
𝑞=

of the wall width, L, the wall cross-sectional area, A, and the wall thermal conductivity, k, as:
𝑅𝑐𝑜𝑛𝑑 =

𝐿
𝑘𝐴

(6)

For a fluid, the thermal resistance due to convection, Rconv, can be expressed using the fluid convection
coefficient, h, and the wall cross-sectional area, A:
𝑅𝑐𝑜𝑛𝑣 =

A.3

1
ℎ𝐴

(7)

Numerical Analysis

After the analytical calculations, various cases were created in ANSYS CFX to allow for numerical
analysis on the oil within the gearbox. This section will discuss the initial setup, different cases, and
final results. The more detailed components such as mesh creation, interfacing methods, and
simulation properties will also be included in this section.
Before beginning a numerical analysis, assumptions about the gearbox had to me made due to a lack
of information and uncertainty pertaining to the gearbox specifications.
A.3.1 Assumptions for Gearbox
Many of the assumptions are based on the gearbox and the fact that not a lot of technical information
is available on it. The exact internal components of the gearbox are not known, and all attempts to
contact the hoist and gearbox manufacturer were not answered. MDS AeroTest themselves do not have
exact engineering drawings of the gearbox itself, but only of the general hoist system structure. A hoist
system manual is available, but the information about the gearbox is limited and only has a general
schematic of the parts within a similar gearbox, as shown in Figure A-8.
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Figure A-8. Schematic of the parts found inside a Munck gearbox [4]
After looking through Munck’s website and any other affiliated websites, an internal rendering of a
gearbox and hoist system very similar to the one MDS AeroTest uses was found in a catalogue. This
image shown in Figure A-9 gave a general idea of what the gear layout might look like in our
gearbox.

Figure A-9. Internal cut-a-way of the Munck gearbox [7]
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Therefore, all analysis related to the physical aspects of the gearbox can only be used as a general
guideline on what results to expect when implementing the heater design. TABLE A-I shows a list of
assumptions and reasoning used for our gearbox analysis.
TABLE A-I. GEARBOX ASSUMPTIONS AND REASONING
Category

Assumption

Reasoning

Casing material

Cast Iron

Munck’s catalog mentions use of cast iron gearbox
casings

Gear material

Stainless Steel

A common material used for gears

Type of oil

Mobil SHC 632

Listed as the oil used in the hoist system manual

Volume fraction
of oil/gears

20% oil/
80% gears

The hoist system manual specifies that an oil bath
application is used, and based on the previous
figures, 20% oil was our estimate.

A.3.2 Initial Setup
Using the overall dimensions of the gearbox as specified by the client, a simplified gearbox model was
created. The purpose for this simplification was to allow us to conduct an approximate analysis within
ANSYS CFX given our capability and time constraints. Using a detailed gearbox model for analysis
would exponentially increase the time and effort to obtain results. Since the exact gearbox
specifications are assumed, a rectangular box with dimensions 18 in x 16 in x 13 in (length x depth x
height) was used to simplify the numerical analysis as shown in Figure A-10.

Figure A-10. Simplification of the Gearbox for ANSYS Analysis
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To allow for proper meshing to occur and to create more precise interfaces, the gearbox was split up
into individual walls and corners and then assembled together. An internal block of oil was created to
act as the internal volume of the gearbox. An exploded view of the entire assembly is shown in Figure
A-11.

Figure A-11. Exploded view of ANSYS gearbox assembly
It is assumed that the entirety of the inside volume of the gearbox is filled with oil, gears, shafts, and
is absent of any air pockets For the purpose of the initial simulations, the gearbox is setup in a worstcase scenario, where the internal volume of the gearbox comprises only of oil. This is considered the
worst case scenario because oil has a higher specific heat value than steel or iron and therefore will
take a longer time to heat. The amount of oil in this entire volume is approximately 60 L. By
conducting an initial CFX analysis on this worst-case scenario, it produces an upper limit to the
duration it will take to reach 15°C and verify that the oil block is properly analyzed.
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A.3.3 Different Cases
Different cases were tested which include reducing the volume of oil down to the initial assumption
of 20% of the total internal volume and as well as testing each scenario with and without surrounding
insulation which represents an insulated cover. The first set of cases were run with the entire internal
volume as oil and used to observe what changes occurred between using different amounts of heaters
with, and without insulation. Following cases brought down the total volume of oil to the assumed
value of about 12 L (20% of the total volume) by inserting gears. Since the exact layout of gears is
unknown, two simple cases were created consisting of one big gear and four sequential gears. In both
cases these gears were modeled as blocks and filled up 80% of the total volume. Figure A-12 and
Figure A-13 show a rendering of these two gear configurations.

Figure A-12. One large gear in oil

Figure A-13. Four sequential gears in oil

In each case, the watt density of each heater was made to be approximately 7.5 W/in2 and the maximum
temperature the heater could reach was 200°C. The reasoning for this came from looking through
Tempco’s Flexible Heater Wattage Recommendations [1]. In this data sheet 7.5 W/in2 is listed as the
high heat range, and rubber silicone heaters with maximum of 200°C continuous heating are present.
A total wattage could then be found based on the surface area of the heater. When increasing the
amount of sides with a heater in each case, the total wattage increased based on the different surface
areas.
The overall goal of running simulations on multiple cases was to observe all the results and verify that
they were consistent with one another, and also to decide on which configurations to base our final
design on. The results of these tests would also indicate whether or not an insulated cover is a necessary
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addition. The results were analyzed after the completion of each test in order to eliminate any unneeded case set-ups. TABLE A-II lists all the different cases and their properties.

TABLE A-II. PROPERTIES FOR DIFFERENT CASES
Case

Oil Volume (L)

Sides with a heater

Insulated Cover?

Gears

Total Watts

Case 1

60

1

No

None

2000

Case 2

60

1

Yes

None

2000

Case 3

60

3

No

None

4900

Case 4

60

3

Yes

None

4900

Case 5

12

3

Yes

1

4900

Case 6

12

3

Yes

4

4900

Case 7

12

4

Yes

4

5700

Case 8

12

4

No

4

5700

A.3.4 Mesh Generations
Numerical Analysis is a vital method used to interpret inputs and outputs of heat transfer equations to
solve for complex numerical solutions. Its use is very effective when set-up correctly. Theoretical
modelling was performed through ANSYS CFX to simulate the temperature, contact between
components, and other related encounters between the modelled structures. This software is one
approach to get as close to realistic numerical solutions as possible, simulating a physical model.
The heat transfer analysis that the team used is based on ANSYS CFX software to optimize and
validate our design. ANSYS CFX evaluates input data and determines solutions through a system of
linear or nonlinear algebraic equations. This CAD integrated software uses displacement formulation
of finite element method to calculate energy passing through a body. The geometry that was analyzed
was discretized using Hexahedron, Tetrahedron, and Prisms as shown in Figure A-14 and solved by
either a direct sparse or iterative solver.

39

Figure A-14: Mesh element shapes [8]
Nodes are points at which different elements are joined together to form a mesh, which forms a grid
in a finite element system. Nodes are the locations where values of displacements are to be
approximated. Nodes are used in finite element analysis (FEA) in which each individual node with an
assigned stiffness are analyzed for a change in energy. The variation in the displacement of the joints
helps determine the individual force in each node. Summing up a sequence of nodes into linear and
non-linear algebraic equations bring finite quantities through nodal displacements.
Mesh generation is a crucial part of numerical analysis to get reliable results. The mesh depends on
the design body, and what type of analysis is being performed. Our analysis is heat transfer which is
the calculation of heat flux that passes through normal to the body. It is desirable to have as many
layers of mesh as possible to get accurate data through the thickness of the gearbox wall. The gearbox
interfacing with the heater system can be seen in Figure A-15:

Figure A-15: Gearbox interface with heater system
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Renders of the mesh that were used in the ANSYS analysis can be seen in and
Figure A-16 shows a render of the mesh section that was used for the interfacing between the heater
system and steel walls. Each face was divided into four layers all sharing the same topology to allow
for a more accurate measurement of heat transfer at various distances.

Figure A-16: ANSYS face edge mesh
Figure A-17 shows an overall mesh of a sample case consisting of a four gear configuration.

Figure A-17: ANSYS mesh
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Once the mesh was generated, CFX Solver Manager was used to test the validity of the mesh. Figure
A-18 shows a summary of the mesh statistics. The ideal goals are to have all angles at 90° and ‘OK’.
In this case, the mesh is acceptable because no errors, which are indicated by the ‘!’ symbol were
shown.

Figure A-18. Mesh validation
A.3.5 Material Properties
TABLE A-III to TABLE A-VIII list the various material properties that were used for the numerical
analysis performed. The materials include cast iron, oil, silicone, copper, and steel.

TABLE A-III: MATERIAL PROPERTIES
Assembly Part

Material

Gearbox

Cast Iron

Lubricant

Oil (Mobilgear SHC 632)

Heating element

Copper

Gears

Steel

Padding

Silicone
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TABLE A-IV: OIL PROPERTIES [5]
Properties

Values

Thermodynamic state

Liquid

Density

890 g/m3

Specific heat capacity

1913 J/kg.k

Thermal conductivity

0.13 W/m.k

Dynamic viscosity

0.0032 kg/m.s

Thermal expansivity

0.00089 k-1

TABLE A-V: CAST IRON PROPERTIES [5]
Properties

Values

Thermodynamic state

Solid

Density

6500 g/m3

Specific heat capacity

506 J/kg.k

Thermal conductivity

53.3 W/m.k

TABLE A-VI: SILICONE PROPERTIES [5]
Properties

Values

Thermodynamic state

Solid

Density

2000 g/m3

Specific heat capacity

770 J/kg.k

Thermal conductivity

2 W/m.k
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TABLE A-VII: COPPER PROPERTIES [5]
Properties

Values

Thermodynamic state

Solid

Density

8933 g/m3

Specific heat capacity

385 J/kg.k

Thermal conductivity

401 W/m.k

TABLE A-VIII: STEEL PROPERTIES [5]

A.3.6

Properties

Values

Thermodynamic state

Solid

Density

7854 g/m3

Specific heat capacity

434 J/kg.k

Thermal conductivity

60.5 W/m.k

Domain Properties

The domain properties that were used to setup the numerical analysis can be found in TABLE A-IX to
TABLE A-XII. These tables include the domain properties for oil, cast iron, steel, silicone, and copper.

44

TABLE A-IX: OIL DOMAIN PROPERTIES
Domain - Fluid
Type

Fluid

Coordinate frame

Coord 0
Oil at -40℃

Fluid Definition

Fluid 1

Morphology

Continuous Fluid
Settings

Buoyancy Model

Buoyant

Buoyancy Reference Temperature

2.9300e+02 [K]

Gravity X Component

0.0000e+00 [m s^-2]

Gravity Y Component

-9.8100e+00 [m s^‐2]

Gravity Z Component

0.0000e+00 [m s^‐2]

Buoyancy Reference Location

Automatic

Domain Motion

Stationary

Reference Pressure

1.0000e+00 [atm]

Heat Transfer Model

Thermal Energy

Turbulence Model

Laminar

Turbulent Wall Functions

Scalable

Initialization temperature

-40℃
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TABLE A-X: DOMAIN PROPERTIES FOR SOLIDS
Domain - Solid
Type

Solid

Coordinate frame

Coord 0

Domain Motion

Stationary

Heat Transfer Model

Thermal Energy

Morphology

Continuous solid

Initialization temperature

-40℃

TABLE A-XI: DOMAIN PROPERTIES FOR STEEL
Domain -‐ Solid
Type

Solid

Coordinate frame

Coord 0

Domain Motion

Stationary

Heat Transfer Model

Thermal Energy

Morphology

Continuous solid

Initialization temperature

-40℃
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TABLE A-XII: DOMAIN PROPERTIES FOR OIL
Domain -‐ Fluid
Type

Fluid

Coordinate frame

Coord 0
Oil at -40℃

Fluid Definition

Fluid 1

Morphology

Continuous Fluid
Settings

Buoyancy Model

Buoyant

Buoyancy Reference Temperature

2.9300e+02 [K]

Gravity X Component

0.0000e+00 [m s^-2]

Gravity Y Component

-9.8100e+00 [m s^‐2]

Gravity Z Component

0.0000e+00 [m s^‐2]

Buoyancy Reference Location

Automatic

Domain Motion

Stationary

Reference Pressure

1.0000e+00 [atm]

Heat Transfer Model

Thermal Energy

Turbulence Model

Laminar

Turbulent Wall Functions

Scalable

Initialization temperature

-40℃
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A.3.7 Boundary Conditions
When the team setup different test cases and created various domains in ANSYS, the program required
setting up boundary conditions for each domain. One boundary condition required for each domain
was the heat transfer coefficient. The team determined that in order to conduct the analysis for a
gearbox equipped with the heater system, multiple name selections would need to be created.
In order to reduce the complexity of the analysis, the team decided to reduce the number of domains
by summing up the unit area thermal resistances of layers arranged in series and using these summed
up unit area thermal resistances, calculate an overall heat transfer coefficient. After obtaining an
overall heat transfer coefficient for these layers, a single domain was created in ANSYS and this
domain was assigned this overall heat transfer coefficient.
An example of this can be seen in Figure A-5 where the thermal resistances of the pad heater’s outer
silicone, the insulation liner, the BGF insulation, the insulation jacket and ambient air are summed
together and assigned a total value as shown in Figure A-6. A single domain was then created for the
outer silicone and assigned an overall heat transfer coefficient for the outer silicone, the insulation
liner, the BGF insulation, the insulation jacket and ambient air. The following sections are the
boundary conditions used for the different numerical analysis test cases.
A.3.7.1 Back Wall Convective Face
For the simplified gearbox geometry used for numerical analysis in ANSYS, the back-wall experiences
convective heat transfer to ambient air. To reduce the number of domains needed to be created in the
problem setup, the thermal resistances of the back wall, and the ambient air were combined. This was
done using the back-wall conductivity and the air heat transfer coefficient to get an equivalent unit
area thermal resistance from the air to the oil inside the gearbox.
′′
′′
′′
𝑅𝐶𝐵𝑊
= 𝑅𝑊
+ 𝑅∞

The thickness of the gearbox wall exposed to convection is 0.25 in. (0.00635 m) and the thermal
conductivity of cast-iron is 53.3 W/m.k. In addition, the heat transfer coefficient of stagnant air is 10
W/m2.K [9]. The unit area thermal resistance was then calculated.
′′
𝑅𝐶𝐵𝑊
=

𝐿𝑊
1
𝑚2 𝐾
+
= 0.10012
𝑘𝐹𝑒 ℎ∞
𝑊

An overall heat transfer coefficient comprising the heat transfer coefficients of the air and back wall
was calculated as the inverse of the equivalent unit area thermal resistance.
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𝑈𝐶𝐵𝑊 =

1
′′
𝑅𝐶𝐵𝑊

𝑈𝐶𝐵𝑊 = 9.98

𝑊
𝑚2 𝐾

This boundary condition was applied to the back surface of the oil domain. For all the various cases
with different heater pad placements and number of pad heaters, the boundary condition for the backwall of the gearbox was always kept the same since pad heaters cannot be placed on the back wall of
the gearbox.
A.3.7.2 Non-heated Face without Insulation
The effect that insulating the surfaces of the unheated wall has on the oil thaw time was considered.
For example, while using three pad heaters, three gearbox surfaces had no heaters attached to them
and the team had to decide whether to insulate these non-heated surfaces or expose the non-heated
surfaces to ambient air. For the walls with neither a heater nor insulation, the overall heat transfer
coefficient from the air to the wall is the same as for the back wall convective face, therefore:
𝑈𝐹𝑊𝐼 = 9.98

𝑊
𝑚2 𝐾

The front wall of the gearbox was not heated up in any numerical analysis test cases, so in instances
where there was no insulation attached to the front wall, the heat transfer coefficient was 9.98
W/m2K.
A.3.7.3 Non-heated Face with Insulation
For any wall with no pad heater on its surface but which are insulated, the total unit area thermal
resistance from the air to that wall will be the sum of the unit area thermal resistances of the ambient
air, the insulation jacket, the BGF insulation, the insulation liner and the gearbox wall.
′′
′′
′′
′′
𝑅𝐹𝐼
= 𝑅𝑊
+ 𝑅𝐿′′ + 𝑅𝐵𝐺𝐹
+ 𝑅𝐽′′ + 𝑅∞

The liner and insulation jacket are both 0.25 in (0.00635 m) thick and the BGF insulation is 1 in (0.0254
m) thick. Additionally, the liner and insulation jacket both have a thermal conductivity of 0.25 W/m.K,
while the BGF has a thermal conductivity of 0.040384 W/m.K [5], therefore,
′′
𝑅𝐹𝐼
=

𝐿𝑊 𝐿𝐿 𝐿𝐽 𝐿𝐵𝐺𝐹
1
𝑚2 𝐾
+ + +
+
= 0.77988
𝑘𝐹𝑒 𝑘𝐿 𝑘𝐽 𝑘𝐵𝐺𝐹 ℎ∞
𝑊

The overall heat transfer coefficient from the air to the surface of such wall was calculated to be the
′′
inverse of 𝑅𝑊𝐼
.
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𝑈𝐹𝐼 =

1
′′
𝑅𝑊𝐼

𝑈𝐹𝐼 = 1.2824

𝑊
𝑚2 𝐾

This boundary condition was applied on domain created in ANSYS for such non-heated insulated
walls. For example, the front face of the gearbox had this boundary condition applied to its domain in
numerical analysis test cases where the front gearbox wall had no insulation.
A.3.7.4 Heated Face without Insulation
With pad heaters attached to some faces of the gearbox, the heater domain was assigned an energy
source term depending on the face orientation. For test cases where pad heaters were attached to
gearboxes faces but no insulation accompanying the heaters, a silicone domain is created and the outer
face of this silicone domain is assigned an overall heat transfer coefficient. This overall heat transfer
coefficient encompasses the heat transfer coefficients of the outer silicone and the ambient air. The
unit area thermal resistances needed to calculate this overall heat transfer coefficient are;
′′
′′
𝑅𝐻′′ = 𝑅𝑂𝑆
+ 𝑅∞

The thickness of the silicone layer is 0.1 in. (0.00254 m) and the thermal conductivity of silicone is 2
W/m.K [5].
𝑅𝐻′′ =

𝐿𝑂𝑆
1
0.00254 1
+
=
+
𝑘𝑂𝑆 ℎ∞
2
10
𝑅𝐻′′ = 0.10127

𝑚2 𝐾
𝑊

Finally, the overall heat transfer coefficient between the outer silicone layer and the ambient air was
calculated as the inverse of 𝑅𝐻′′ .
𝑈𝐻 =

1
𝑊
′′ = 9.87
𝑅𝐻
𝑚2 𝐾

A.3.7.5 Heater Face with Insulation
Since the heater element is sandwiched between an inner silicone layer and an outer silicone layer,
simplification of the numerical analysis on these faces required the calculation of the overall heat
transfer coefficient from the ambient air, through all the insulation layers, to the outer silicone layer of
the heater. The sum of all the unit area thermal resistance of the ambient air, the insulation layers and
the outer silicone layer, as illustrated in Figure A-5 and Figure A-6, was calculated as:
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′′
′′
′′
′′
𝑅𝑇𝑜𝑡𝑎𝑙
= 𝑅𝑂𝑆
+ 𝑅𝐿′′ + 𝑅𝐵𝐺𝐹
+ 𝑅𝐽′′ + 𝑅∞
′′
𝑅𝑇𝑜𝑡𝑎𝑙
=

𝐿𝑂𝑆 𝐿𝐿 𝐿𝐽 𝐿𝐵𝐺𝐹
1
𝑚2 𝑘
+ + +
+
= 0.78103
𝑘𝑂𝑆 𝑘𝐿 𝑘𝐽 𝑘𝐵𝐺𝐹 ℎ∞
𝑊

The overall convective heat transfer coefficient, per unit area, was calculated as the inverse of the
total unit area thermal resistance.
𝑈𝑇𝑜𝑡𝑎𝑙 =

1
′′
𝑅𝑇𝑜𝑡𝑎𝑙

= 1.2804

𝑊
𝑚2 𝑘

This overall heat transfer coefficient is applied as a boundary condition in the domain created for the
outer silicone layer of the pad heater.

A.3.8 Interfacing
When two or more domains are in contact with each other but not needed to be combined using an
overall heat transfer coefficient, there were interfaces defined at their region of contact in order to
allow for shared topology between these domains. There were three different kinds of interfaces
assigned to the domains in contact when performing the numerical analysis: solid-to-solid interface,
solid-to-fluid interface, and fluid-to-fluid interface.
A.3.8.1 Solid-to-solid
Solid bodies such as the gearbox, silicone, and heater which are physically bonded face to face to each
other were inputted with an interface of solid to solid. They were also assigned a heat transfer property
of conservative interface flux. In some of the cases the gearbox pillar had to be created to connect the
gearbox slabs with each other for better mesh alignment
A.3.8.2 Solid-to-fluid
Solid to fluid bodies such as oil (fluid) and gearbox (solid) which are physically bonded face to face
with each other were inputted with an interface of solid to fluid. These interfaces were assigned a heat
transfer property of conservative interface flux to allow the faces to transfer heat between them.
A.3.8.3 Fluid-to-fluid
Fluid to fluid bodies such oil, and oil pillars, which are physically bonded face to face with each other
were inputted with an interface of fluid to fluid. They were also assigned a heat transfer property of
conservative interface flux to allow heat to transfer between them.
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A.3.9 Results
The result of all the different cases that were numerically analyzed are explained in this section.
A.3.9.1 Heat-up Time Results
After running tests on all 8 cases, the results were compared to one another. Figure A-19 compares
cases 1 through 4 which consist of all the 60 L volume cases. Note that all data after the 60-minute
mark was linearly interpolated due to some cases not reaching the target temperature within the 60minute test time. It is also likely that the rate of temperature increase will not maintain a linear trend
for as long as the graph shows due to a maximum heater temperature, but is a good approximation of
heat-up time to 15°C.

Temperature of Oil Over Time (60 L of oil)
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Figure A-19. Temperature VS Time for Cases with 60 L of Oil
The results from this graph are summarized in TABLE A-VI which include values of the time to reach
15°C and the difference between the cases.
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TABLE A-XIII. HEATING TIME OF CASES WITH 60 L OF OIL

Cases
1 Heater
3 Heaters

Description

Time to reach 15°C

No Insulation
With Insulation
No Insulation
With Insulation

169 minutes
153 minutes
88 minutes
83 minutes

Percent decrease
in heating time
with insulation
10.4%
6.0%

After analyzing the results of the first four cases it was determined that the gearbox would likely need
more than one pad heater to properly heat up in a short amount of time. Therefore cases 5 and 6 use 3
heaters with the two different gear configurations. Cases 5 and 6 don’t compare the difference between
using and not using an insulated cover due to the very small differences observed in Cases 1-4.
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Figure A-20. Temperature of Oil over Time (12 L of Oil, 3 heaters)
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The results from this graph are summarized in TABLE A-XIV. The results from this graph are
summarized in which include values of the heating time to reach 15°C and the difference between the
cases.
TABLE A-XIV. HEATING TIME OF OIL (12 L OF OIL, 3 HEATERS)
Cases

Description

Time to reach 15°C

Percent difference in
heating time

3 Heaters

1 Gear
4 Gears

14 minutes
27 minutes

92.8%

It can be concluded because of the large difference in heating times between the different gear
configurations that neither value can be considered very reliable, but can only be used as an
approximation for total heating time. Moving forward however, only the 4 gears configurations was
used for further cases acting as a worst case.
After further discussing the design options with our team and with various manufactures’ capabilities,
heaters were applied to four sides to simulate all outer faces of the gearbox being covered. Cases 7 and
8 continues the trend of using 4 gears but with 4 heaters. Case 7 uses insulation but Case 8 removes
the insulation as a final test to determine if an insulated cover would be needed in the final heater
design. Figure A-21 compares Case 7 and 8.
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Temperature of Oil Over Time (12 L of oil, 4 heaters)
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Figure A-21. Temperature of Oil over Time (12 L of Oil, 4 heaters)
The results from this graph are summarized in TABLE A-XV which include values of the heating
time to reach 15°C and the difference between the cases.
TABLE A-XV. HEATING TIME OF OIL (12 L OF OIL, 4 HEATERS)
Cases

Description

Time to reach 15°C

Percent difference in
heating time

4 Heaters

No insulation
With insulation

22 minutes
21 minutes

4.5%

From these results it was determined that the configuration to move forward with was having four
sides with a heater. This is because having four sides with a heater is the maximum amount of
heaters that can be realistically placed on the physical gearbox. This configuration meets the
marginal goal of a 30 minute heat up time. Based on heat-up time alone, the added insulation
provided by the insulated cover gave an almost negligible improvement, one minute faster in this
case. To fully determine the effects of the added insulation, the cooling time of oil after turning off
the heaters was analyzed.
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A.3.9.2 Cooling Time Results
The insulation was simulated by adjusting the thermal conductivity value of the outer surface areas to
1.28 W/mK versus a value of 9.98 W/mK when simulating exposure to open air. The calculations for
determining these thermal conductivity values were obtained from earlier calculations conducted in
section A.3.7.3. Two cases were tested to determine the cooling rate of the oil with and without an
insulated cover. The initial conditions had the gearbox casing and pad heater set to 200 °C and the oil
set to 15 °C. The heater was then shut off and the test was run within CFX ANSYS for 2 hours with
all data after that point being interpolated. Figure A-22 shows a graph that compares the insulated and
non-insulated cooling rate of oil after the pad heater is turned off.
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Figure A-22. Cooling time after heater turned off

The ideal temperature to maintain the oil during operation is 15°C with a marginal value of -10°C.
The results of these tests demonstrated the time it would take for the oil temperature to go from ideal
operating conditions to just below the marginal temperature value after turning off the heater.
TABLE A-XVI summarizes the total amount of time for the oil temperature to drop down to -10°C.
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TABLE A-XVI. COOLING TIME OF OIL AFTER HEATER TURNED OFF
Cases

Description

Time to reach
-10°C

Percent difference in
cooling time

4 Gears

No insulation
With insulation

185 minutes
292 minutes

57.8%

It can be concluded that the addition of an insulated cover substantially increases the cooling time. It
is also important to consider that the Test Stand Hoist System is typically only in use for 10 – 20
minutes at a time meaning that the long term cooling time advantage provided by the insulated cover
could be considered negligible.
A.1.1.1 Final Selection
A preliminary cost estimate of ~$400 for an insulated cover from Insulated Soft Covers was
obtained. TABLE A-XVII summarizes the difference in values for heating and cooling for the pad
heater with and without an insulated cover.
TABLE A-XVII. PAD HEATER VS PAD HEATER WITH INSULATED COVER
Criteria

Pad Heater Only

Pad Heater with Insulated Cover

Heat up time to 15°C

22 min

21 min

Cool down time to -10°C

185 min

292 min

Cost for insulated covers

$800

It can be concluded from these results that the heat up time advantage provided by the insulated
cover is marginal at best, and costs an extra $400 to achieve that per gearbox ($800 total). The cool
down time has a more substantial difference, but in both cases the gearbox stays within operational
temperature ranges for the assumed 10 – 20 minute operation time. Therefore, based on the data
collected throughout the analysis and research, it is our team’s recommendation to not purchase the
additional insulated cover.could be considered negligible.
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A.1.1.2 Temperature Contours
Using the results obtained from the final configuration of four heaters and four gears, temperature
contours at different stages during the heat-up process were created. The temperature contours were
placed on a 2D plane within the center of the gearbox and only shows the temperature of the oil domain.
The range of temperatures shown are from 233 K to 365 K which equates to -40°C to 92°C. This range
was chosen because the flash point of the Mobil 632 oil that is used is listed as 210°C [10] and to be
considered a safe operating point, 92°C is less than half of the flash point giving a safety factor of over
2. Figure A-23 shown is a temperature contour at the beginning of test showing all the oil as cold.

Figure A-23. Temperature contour of oil at the beginning of test
Figure A-24 shows a temperature contour of the oil 10 minutes into the test. The temperature of the
oil between the gears is about -20°C at this point.
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Figure A-24. Temperature contour of oil 10 minutes into test
Figure A-25 shows a temperature contour of oil at the 22 minute mark which is when all oil within the
gearbox reaches an ideal operating temperature of 15°C.

Figure A-25. Temperature contour of oil at 22 minutes into test
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Figure A-26 shows a temperature contour of oil at the 1 hour mark of the test. At this point the
majority of oil is at a temperature above 50°C. This means that it is advisable to turn off the pad
heater soon after the 22 minute mark once the oil reaches the ideal operable temperature.

Figure A-26. Temperature contour of oil at end of test

A.1.1.3 Vector Contours
To verify that the oil within the tests was acting as a fluid, vector diagrams of the oil volume were
created to prove that the oil was in motion throughout the test. Figure A-27, Figure A-28 and Figure
A-29 show the changing velocity vector profiles throughout the test run of one hour.
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Figure A-27. Velocity vector profile of oil at beginning of a test

Figure A-28. Velocity vector profile of oil at the midpoint of a test
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Figure A-29. Velocity profile of oil at the end of a test
It can be concluded by the changing velocity profiles throughout the oil domain that motion is
occurring throughout the entire test. Although this still does not confirm with certainty that this is
how real oil would act, therefore all results obtained through these ANSYS CFX tests are only
considered as preliminary analysis.
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Appendix B
Installation and Operation
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B.1 Installation
The following is a step-by-step installation guide on how to install the pad heaters onto the gear box.

Step 1: Preparation
Ensure that the surface of the gearbox has been thoroughly cleaned where the pad heaters will be
placed. This means removing dust, dirt, and grime, or anything that will prevent the adhesive from
bonding the pad heater to the gearbox surface proper. A proper bond between the pad heater and the
gearbox is crucial to extend the life of the gearbox and preventing the pad heater from peeling away
from the surface.

Step 2: Applying the pad heater
Removed protective liner from the pad heater (seen in Figure B-1) Removed protective liner from the
pad heater and apply to the prepared surface of the gearbox.

Figure B-1. Removing protective liner from heating pad [1]
Special care should be taken when installing the pad heater to the gearbox to ensure that no air pockets
are trapped between the pad heater and the gearbox as this could cause bond failure and could result
in inconsistent heat dispersion. To ensure maximum effectiveness of the heater pad a smooth consistent
bond is required. Tempco recommends using a rubber roller to aid with the installation process [1].
Care should be taken when applying the heater pad to ensure the heater is properly lined up around the
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perimeter of the gearbox. The pads are long and any offset in the angle of alignment could cause the
ends of the pad to be located in the incorrect place.

Step 3: Routing power cables
Once the pad heater has been bonded to the gearbox surface the next step is to route the power cables.
This step will require the installer to carefully plan the route the cables will take to the power supply.
As the hoists move laterally, there will need to be an adequate amount of slack in the cable to ensure
the cable does not get pulled tight during lateral movement of the hoist.

Once the pad has been connected to the power source, installation is complete. Repeat steps 1-3 for all
four pad heaters.

B.2 Operation
To operate the pad heaters, the steps are as following:
1. Ensure the pad heaters are connected to a 240V power supply
2. Turn on the pad heaters
3. Allow heating to occur for at least 20-30 minutes.
4. Turn off the pad heaters
5. Begin operation of the Test Stand Hoist

67

B.3 References
[1] Tempco Electric Heater Corporation, "Flexible Heaters," 2018.

68

Appendix C
Preliminary Technical Drawings
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The main detailed technical drawing of the overall design are shown in Figure C-1, Figure C-2
and Figure C-3.

Figure C-1. Pad heater dimensions
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Figure C-2.Gearbox dimensions
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Figure C-3. Gearbox angles
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Appendix D
Failure Modes and Effect Analysis
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This section describes the failure modes and effect analysis (FMEA) that our team performed
during our project. This lists potential failures during the installation and operation process.
Additionally, this section assesses the potential effects of each failure, and the probability of that
failure occurring. Each mode of failure was given a severity number depending on the severity of
the potential failure. The severity ranking is outlined in Table D-I.
TABLE D-I. SEVERITY RANKING
Severity

Criteria

3

Is a concern for safety

2

Renders the system inoperable

1

Performance is affected but system is still operable

After the severity rankings system had been decided, that probability ranking system was then
decided upon which can be seen in Table D-II.
TABLE D-II. PROBABILITY RANKING
Probability

Criteria

3

Very likely to occur

2

Likely to occur

1

Not likely to occur

By multiplying the severity and probability together a risk priority number (RPN) is created. This
risk priority number helps to assess which failure modes are most concerning. The higher the RPN
the more that failure should be considered and what impacts it will have. The summary of the
FMEA is summarized in Table D-III.
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TABLE D-III. FMEA
Process
Step

Potential
Failure Mode

Potential
Effect

Severity

Potential
Causes

Probability

RPN

Action
Recommendations

Misalignment

Inefficient
heating

1

Human
Error

3

3

Use a guide when
installing

Air pockets
created

Uneven
distribution of
heat

1

Material
and Human
Error

3

3

Carefully flatten all
areas of pad heater when
installing

Electrical
Problem

Heater not
working

2

Electrical
Defect

1

2

Ensure all cables and
wiring are in good
condition

Poor adhesion

Pad heater
peeling off

1

Material
Error

1

1

Ensure the adhesive
material is properly
bonded

High heat for
too long

Oil
overheating

3

Human
Error

1

3

Set a timer when turning
on heater

Pad heater
failure

Ineffective
heating

1

Random
Error

1

1

Regularly monitor pad
heater output

Pad heater fire

Fire

3

Random
Error

1

3

Monitor pad heaters
during use

Installation

Operation
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