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Abstract:
A propane fueled blacksmith forge was designed, built, and modeled in a finite
element analysis (FEA) program for this project. The thermal conductivity of the
insulation was calculated experimentally. The propane flow was assumed to be
incompressible for any fluid dynamics calculations. Experiment was compared to
theory using FEA. The FEA model closely agreed with actual measurements from the
forge.
Introduction:
Blacksmithing has been an important profession for much of human history.
This is why the last name “Smith” is so common. Although the blacksmith has largely
been replaced by automated machinery today there is a revival of interest in learning the
old methods for hobby and profit. This is why we decided to pursue the “system design
of our choice” project to construct a propane forge suitable for the hobby blacksmith
using widely available parts.
We chose to build a propane fired forge as opposed to a charcoal, coal, or coke
fired forge for multiple reasons. The first reason is for ease of use. Propane forges heat
up quickly and do not require much tending to keep running. In addition atmospheric
forges such as our design do not require blowers either to reach forging temperatures
unlike charcoal, coal, or coke forges. The second reason is safety. While coal and coke
make excellent forging fuels their fumes release toxins that attack the nervous system.
Burning propane is clean and safe. Finally, propane is more widely available than
charcoal, coal, or coke that is suitable for forging.
Construction Procedure and Measurements:
The forge body was constructed using a steel bucket. A 1.5” diameter hole was
drilled in the bucket to mount the burner. The burner holder was made from a 1.5” pipe
nipple 4” long. Three holes tapped to 1/4”-20 were drilled 120 degrees apart in the pipe
nipple to hold the burner in place. The burner holder was attached to the forge body
using conduit lock rings. Legs were fabricated using steel strapping that was bent then
welded to the bottom of the forge. The interior was lined with two 1” thick ceramic wool
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fiber insulation blankets. Everything except the insulation blanket was obtained locally
which was ordered from an online casting supply house. The exterior was painted with
low emissivity (silver) header paint to minimize radiation losses. The word “HOT” was
painted on the side with black barbecue paint for safety. The black paint also provided a
high emissivity surface from which to measure the actual surface temperature using an
infrared thermometer. The mechanical drawing for the forge body is in Figure 1 below.

Figure 1: Forge Body
The burner was constructed using black iron pipe. Galvanized is unsuitable
because it releases toxic zinc fumes when hot. Propane entered the mixing chamber
from a 1/2” pipe nipple capped and machined to hold a .035” MIG welder contact tip.
This was held in the mixing chamber using a 1.25 inch pipe plug drilled out to fit the
nipple. The contact tip served as a nozzle to increase the velocity of the propane flowing
into the mixing chamber. The mixing chamber was made using a Ward brand
1.25”x.75” x 1.25” reducing tee. Ward brand tees are tapered unlike most other brands.
This allows the propane/air mixture to flow better into the burner tube. The burner
tube used a .75” pipe nipple 10” long. The end of the burner had a stainless steel flare.
The flare served as a diffuser that prevented combustion from occurring in the burner
tube. The burner flare was made from stainless steel and swaged using a custom turned
tool to achieve the proper taper. An oxyacetylene torch was used to heat the flare to a
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red heat for hot working during swaging. The flare was mounted to the burner tube
using three Allen key set screws. The burner was sealed with a combination of liquid
pipe dope and PTFE tape to prevent propane leaks. Figure 2 contains a diagram of the
burner.

Figure 2: Side Arm Burner
The burner was tuned by lighting it outside of the forge and adjusting the
position of the MIG contact tip in the mixing chamber to achieve the bluest and most
stable flame.
A propane regulator was required to control the propane flow to the burner. We
used a high flow rate regulator designed for a propane smoker. A gas grill propane
bottle was used to fuel the forge. It was connected with standard propane fittings. A
photograph of the assembled forge is in Figure 3.
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Figure 3: Assembled Forge
The forge was lit by placing newspaper in the forge body and lighting the
newspaper. Once the newspaper was lit the gas supply was turned on which lit the
burner. We found that 8 PSI on the regulator achieved the most stable flame with
minimal fuel usage. The forge was run for 20 minutes to allow it to reach the steady
state temperature before temperature measurements were made. The radiation and
surface temperature on the exterior of the forge body were measured from the silver and
black parts, respectively using an infrared thermometer. The interior of the forge was
estimated from the color of the walls. This was necessitated because the interior
temperature was greater than 2000 degrees F and outside of the measurable scale for
our Type K thermocouple. Figure 4 contains the image used for estimating the interior
temperature.
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Figure 4: Forge at Temperature
The cooler parts are an orange-yellow while the hottest parts are a yellow-white
color. This corresponds to 2192-2372 degrees Fahrenheit [1]. A summary of all forge
temperatures are in Table 1 below.
Table 1: Summary of Forge Temperatures
Location

Temperature (Fahrenheit)

Surface Temperature (Black Paint)

376

Radiation Temperature (Silver Paint)

336

Interior Temperature

2192-2372

Results, Discussions, and Analysis:
The infrared thermometer uses infrared radiation to calculate temperature. The
Stefan-Boltzmann law (Equation 1) for radiation from a black body is used to calculate
the thermodynamic surface temperature [2].
𝑞′′ = 𝜖𝜎(𝑇() − 𝑇+) )

(1)

The emissivity and thermodynamic surface temperatures are unknown. In order
to measure the thermodynamic surface temperature the infrared thermometer assumes
an emissivity of 1. As a result it inaccurately measures the thermodynamic temperature
of surfaces that do not have an emissivity close to 1. While black paint has an emissivity
of about .94, silver surfaces only have an emissivity of about .26 [3]. This means the
infrared thermometer receives less radiation than it expects from a silver surface and
estimates the silver surface to be colder when in actuality it is not. This also
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demonstrates effectiveness of using silver paint to minimize radiation losses.
To compare experiment to theory, we calculated the thermal conductivity of the
forge body based on an assumed heat generation term for propane combustion. We
then used that thermal conductivity in a FEA program which calculated the forge body
surface temperatures based on the estimated interior forge temperature. We compared
the measured exterior temperature to the ones predicted by the FEA to evaluate the
validity of our models.
The first step to calculating the thermal conductivity of the forge was to calculate
the mass flow rate of propane into the forge. Bernoulli's equation for a nozzle is:
-.
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Solving for velocity:
𝑉2 =

25-.
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Applying Equation 3 to the MIG contact tip (nozzle) allows the velocity of
propane through the nozzle to be calculated. The upstream nozzle pressure (pressure at
the regulator) was 8 PSI. Propane properties were obtained from [4].
𝑉=

2∗72.29: ( 1 ∗;;<2=> 9: 1
.;;?7=> 9: 1

(4)

𝑉 = 92.9 𝑓𝑡 𝑠
The velocity allows the mass flow rate to be calculated. The diameter of the
nozzle was 0.035 inches.
𝑚 = 𝜌𝐴𝑉
𝑚=

.;;?7∗H∗.I7<1
)

(5)
∗ 92.9 = 10.4×10N7 𝑙𝑏 𝑠

(6)

There are 21,591 BTU's of energy per pound of propane [4]. Assuming all of this
energy is released upon combustion, the energy generation of propane burning in the
forge is:
10.4×10N7 ∗ 21591 = 224.4 𝐵𝑇𝑈 𝑠

(7)

This is equal to 174.5x103 in-lb/s assuming 1 BTU=778 in-lb. The thermal
resistance of a cylinder is given by:
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The thermal conductivity may be solved for since all other components are
known. Assuming steady state without energy storage the heat transfer equation is:
174.5×107 in-lb/s =

(27II [ _N7`? [ _)∗2H∗;;.`<]

𝑘 = .537

(9)
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ft-lb

(10)

in-s [ F

This value was used for the thermal resistance of the FEA model. The specific
heat of the insulation was .27 BTU/lb-0F or 2530 in-lb-0F/lb-[4]. This was also used for
the thermal analysis. A detailed description of the thermal analysis is in Appendix A.
The FEA model provided a method of comparing experiment to theory. The radial
temperature distribution as calculated by FEA is in Figure 5 below.

Figure 5: Radial Temperature
Distribution
The surface temperature of this model ranged from 300-400 degrees. Although
this model is in close agreement with our measurements there are some issues with the
model. The radial heat distribution should be symmetrical. This disagreement is most
likely due to problems with meshing. While the model is perfect from a design
standpoint it is not optimal from an FEA standpoint due to sharp edges (these can cause
singularities). The non-symmetrical shape also caused non-uniform meshes which
created an unusual temperature distribution.
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Furthermore our hand calculations assumed incompressible flow for propane.
This may be overly simplified due to the high velocity flow of propane through the
nozzle.
Conclusions:
The reasonable agreement between the FEA model and our measurements
indicate a good agreement between experiment and theory. The discrepancies between
the model and experiment may be due to sharp edges on the model and the model's
unusual geometry. It may also be due to oversimplifications on model assumptions.
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Appendix A: Report on FEA Model

Forge Design Analysis
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Forge Thermal Model
Created by
Author:
Department:
Created Date:

Matt Parmenteri
Department of Engineering and Physics

11/30/2012

Reviewed by
Reviewer:
Department:
Model Created Date:
Reviewer
Comments:

Wyatt Culler & Ryan Rozaieski
Department of Engineering and Physics

11/30/2012
Model is within expected margins of error.

Executive Summary
This model was created to test the experimental data acquired from the gas powered propane
forge. A model of the forge was created in Autodesk Inventor and imported into Autodesk
Simulation Multiphysics. A thermal model was created using the CAD model from Inventor and
the appropriate loads were applied. Conductive, convective, and radiative loads were accounted
for appropriately.

Summary
Model Information
Analysis Type - Steady-State Heat Transfer
Units - English (in) - (lbf, in, s, °F, °R, V, ohm, A, in·lbf)
Model location - C:\Users\Matt P\Documents\College\ME-326\Forge\Forge ASM Thermal
Model 3.fem
Design scenario description - Design Scenario # 2

Analysis Parameters Information
Multiphysics Information
Use electrostatic results to calculate Joule Effects

No

Include fluid convection effects

No
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Processor Information
Boundary Temperature Multiplier

1

Convection Multiplier

1

Radiation Multiplier

1

Heat Generation Multiplier

1

Radiation Temperature Increment To Absolute

459.7 °F

Stefan-Boltzmann Constant

3.083e-011 in·lbf/(s*in²*°R^4)

Default Nodal Temperature

70 °F

Type of Solver

Automatic

Avoid Bandwidth Optimization

No

Stop After Stiffness Calculations

No

Control of Heat Rate at Boundaries

Temperature Controlled

Nodal Temperature Data Results in Output File

No

Equation Numbers Data Results in Output File

No

Avoid heat Flux Data Output

Yes

Element Input Data in Output File

No

Nodal Input Data in Output File

No

Perform Nonlinear Iterations

No

Criteria

Stop When Relative Norm

Maximum Number of Iterations

15

Corrective Tolerance

0.001

Relaxation Tolerance

0.001

Relaxation Parameter

1
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Part Information
Part ID

Part Name

Element Type

Material Name

1

Forge Body:1

Thermal Brick

steel, mild

2

Insulation:1

Thermal Brick

[Customer Defined] (Part2)

3

Side Arm Burner:1

Thermal Brick

steel, mild

Element Information
Element Properties used for:
•
•
•

Forge Body:1
Insulation:1
Side Arm Burner:1
Element Type

Thermal Brick

Material Model

Isotropic

1st Integration Order

2nd Order

2nd Integration Order

2nd Order

Heat Flow Calculation

Linear Based on BC

Material Information
steel, mild -Thermal Brick
Material Model

Standard

Material Source

Not Applicable

Material Source File
Date Last Updated

2012/12/03-15:30:14

Material Description

Customer defined material properties

Material Model

Isotropic

Mass Density

0.000735489560061438 lbf·s²/in/in³

Thermal Conductivity

6.99403381028984 in·lbf/(s*in*°F)

Specific Heat

396107.199511686 in·lbf/(lbf·s²/in*°F)

Durablanket Ceramic Wool (Part2) -Thermal Brick
Material Model

Standard

Material Source

Not Applicable

82

Material Source File
Date Last Updated

2012/12/03-15:46:51

Material Description

Customer defined material properties

Material Model

Isotropic

Mass Density

0.00011977438128227 lbf·s²/in/in³

Thermal Conductivity

0.537 ft·lbf/(s*in*°F)

Specific Heat

977500 in·lbf/(lbf·s²/in*°F)

Loads
FEA Object Group 1: Forge Temp
Surface Controlled Temperature

I
Description
D

Part
Number

Surface
Number

Load Case
Magnitude Stiffness
Scale
/ Load
(°F)
(in·lbf/s/°F)
(in·lbf/s)
Curve

Activation Time
Time (s)
Varyin

1

Unnamed

2

5

2300

1E11

1

1E11

0

No

2

Unnamed

2

6

2300

1E11

1

1E11

0

No

FEA Object Group 2: Natural Convection
Surface Convection Load
I
Desc.
D

Amb.
Load
Coefficient
Amb. Temp. Temp.
Coeff.
On
Part
Surface
Ambient Case /
Coeff.T
(in·lbf/(s·°F·i
Load Case / Load
TempDe
Both
Number Number
Temp (°F) Load
able Id
n²))
Load Curve Curve
p.
Sides
Curve
Mag. (°F)

Ts

1 Unnamed 1

20

0.010204

70

0

0

1

No

1

No

Yes

2 Unnamed 1

38

0.010204

70

0

0

1

No

1

No

Yes

FEA Object Group 3: Ambient Radiation
Surface Radiation Load

I
Description
D

Ambient
Part
Surface Magnitude
Temperature
Number Number (1)
(°F)

Load
Case /
Load
Curve

Ambient
Temp
Load
Case /
Load
Curve

Ambient
Temp Load
Both
Curve
Sides
Magnitude
(°F)

1

1

0

0

1

Unnamed

38

0.6

70

No
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Results Presentation Images
Radial Temperature Gradient

Comments:
This is a nice example of a design project in the mechanical domain. Some issues are:
1. The authors sometimes write in first person, particularly in the Introduction and
occasionally later. Generally third person passive voice is preferred.
2. The figure titles were distorted/misplaced in converting this to a Word document;
they were correct in the original.
3. Figure 5 (shown larger in the appendix just above) is an example where color must be
used. Monochrome just can’t render this in a satisfactory manner. The grey
background will use up toner unnecessarily, though.
4. There are severe margin problems in the appendix.
5. Notice in equation 5: “10.4 x 10-3 lb/s”. The common abbreviation “m” (milli) is not
by custom used with lb. The authors were attuned to this usage, and correctly used
scientific notation instead; .0142 lb. would have also been acceptable.
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