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Introduction
The purpose of this project was to design a system for cooking a particular brand of turduckens using a
commercially available oven and two heating skewers. The turducken has three layers for each
ingredient: a turkey outer layer, a ducken (homogeneous mixture of duck and chicken) middle layer, and
a stuffing center (homogeneous mixture of potatoes and onions). The goal is to cook the turducken as
fast as possible with minimal burnt volume. Finite Element Analysis software (ANSYS Workbench) is used
to perform a transient thermal analysis to calculate the resulting temperature distributions of a
particular cooking process. Altair HyperMesh is used to discretize the turducken geometry into a mesh.
The parameters considered are the skewer design and oven temperature.
Model Assumptions
1. All quantities are expressed in U.S. Imperial units.
2. The turducken is initially refrigerated at 42°F.
3. The turducken is fully cooked when no temperature in it is less than 185°F.
4. An area is burned when its temperature reaches 270°F. These parts are counted as the burned
volume.
5. Two electric resistance-heating skewers are designed to be identical and reject a constant rate
of heat. The skewers can be turned off (or on) exactly once as long as the switching time is
specified to the customer.
a. The skewers’ diameter can be no bigger than 0.75” and their cross-sectional area must
be less than 0.25 in2.
b. The entire length of the skewers need not be actively heated or the same in crosssection.
6. The oven used is a convection oven that operates between 325°F - 500°F with a single
convection coefficient. Two oven temperatures may be used during the cooking process, as long
as they are specified to the customer.
7. The materials are all homogeneous mixtures with properties that are a weighted average of its
components.
8. The food materials have non-linear properties due to evaporation and variations in physical
property when the food burns.
9. A symmetry plane cuts the turducken, and so one half of the turducken is analyzed for
computational efficiency.
Cooking Procedure
The turducken starts cooking after being fully refrigerated at 42°F. Expecting a long cooking time, and to
minimize outside burning, the oven will be set to a low temperature around 350°F to ensure a gentle
cooking and to encourage uniform heating.
The skewers will be inserted where there is a higher volume of meat to ensure that their extra power
will be used in the areas the bird needs it most. This placement will be determined after running several
transient thermal analyses to determine which areas take the longest to cook.
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Skewer Discussion
Geometry and Material
The skewers were designed as solid steel cylinders with a radius of 0.2” with pointed tips to ease
customer insertion into the turkey. The dimensions are tabulated below.
Table 1. Skewer Dimensions

Dimension

Value

Diameter (in)

0.4

Cross-Sectional Area (in2)

0.126

Overall Length (in)

14.39

The heated zones of both skewers are seen below.

Figure 1. Heated zones of skewers.

The material properties [4] for these skewers are tabulated below.
Table 2. Skewer Material Properties.

Property

Value

Thermal Conductivity (Btu/hr/°F /ft)

26 - 37.5

Density (lb/ft3)

490.75

Specific Heat (Btu/lb/°F)

0.122

Melting Point (°F)

2750
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Placement
Two skewers were used and placed at internal locations in the turducken that improved the heat flux
supplied to undercooked areas. This was found by running several initial transient thermal analyses
without any skewers present. The final skewer locations are shown in Figure 2 on a turducken section
view along the center plane.

Figure 2. Turducken Skewer Placement

The horizontal skewer was inserted until the cooking tray was hit. The vertical skewer was inserted until
the end of the ducken meat. This insertion depth was instructed to the consumer through markings on
the skewer itself, see Appendix A.
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Turducken Discussion
Geometry
Throughout the report the components of the turducken will referenced by the terms indicated in
Figure 3.

Figure 3. Turducken geometry.

Material Properties
The important material properties for a transient thermal analysis are thermal conductivity, density, and
specific heat. These values were determined for all three components of the turducken: the turkey,
ducken, and stuffing. All of the material properties are based on the percent composition of water,
protein, fat, carbohydrates, fiber, and ash. The material changes as temperature increases and, likewise,
its properties are thermally dependent as well.
The following table lists the compositions [1] of each of the three turducken materials at the initial
temperature of 42°F.
Table 3. Nutrient composition of all three materials

TURKEY

DUCKEN

STUFFING

% Composition

100%

50%

50%

50%

50%

Food
Component

Turkey

Duck

Chicken

Potatoes

Onions

Water

0.70

0.66

0.49

0.79

0.90

Protein

0.20

0.19

0.11

0.02

0.01

Fat

0.08

0.15

0.39

0.001

0.002

Carbohydrates

--

--

--

0.18

0.09

Fiber

--

--

--

0.02

0.02

Ash

0.01

0.01

0.01

0.01

0.004
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As mentioned earlier, as the temperature increases, the material transforms both physically and
chemically. Therefore, at particular temperatures, it is important to calculate the material properties.
The critical temperatures are listed below.
Table 4. Temperatures of interest for material properties.

Temperature (°F)
42

Initial temperature

50
80

Percent composition stays the same as temperature
increases

100
212

Water boiling point

213

Assume all water is evaporated

>213

Adjusted percent composition remains the same

At 213°F, it is assumed that the percent composition of water is now zero percent in all three materials.
It is assumed that the ratio of the fractions to the material remains the same but that the mass fractions
themselves are adjusted to account for the lack of water. The adjusted material properties can be seen
below.
Table 5. Nutrient composition of all three materials after evaporation.

TURKEY

DUCKEN

STUFFING

Food
Component

Turkey

Duck

Chicken

Potatoes

Onions

Water

--

--

--

--

--

Protein

0.70

0.22

0.54

0.09

0.10

Fat

0.27

0.76

0.44

0.01

0.01

Carbohydrates

--

--

--

0.71

0.71

Fiber

--

--

--

0.15

0.15

Ash

0.03

0.01

0.02

0.03

0.03
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Sample Calculation
Below is a sample calculation for thermal conductivity (k), specific heat (cp), and density (⍴) at 42°F. To
calculate these values, the thermal conductivity, specific heat, and density of each component has to be
found.
The equations for thermal conductivity, specific heat, and density of water are as follows:
𝑘 = 3.1064 ∗ 10−1 + 6.4226 ∗ 10−4 𝑡 − 1.1955 ∗ 10−6 𝑡 2
𝜌 = 6.2174 ∗ 101 + 4.7425 ∗ 10−3 𝑡 − 7.2397 ∗ 10−8 𝑡 2
𝑐𝑝 = 9.9827 ∗ 10−1 − 3.7879 ∗ 10−5 𝑡 + 4.0347 ∗ 10−7 𝑡 2
where t represents temperature. These equations were found in the chapter on food properties from
the 2006 ASHRAE Handbook. Equations for these values for the other components were also found in
this chapter.
Now, using these values, the overall k, cp, and ⍴ are found as they are weighted averages. The formula
for finding thermal conductivity is as follows:
𝑘 = 𝑥𝑤𝑎𝑡𝑒𝑟 𝑘𝑤𝑎𝑡𝑒𝑟 + 𝑥𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑘𝑝𝑟𝑜𝑡𝑒𝑖𝑛 + 𝑥𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑘𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒 + 𝑥𝑓𝑖𝑏𝑒𝑟 𝑘𝑓𝑖𝑏𝑒𝑟 + 𝑥𝑎𝑠ℎ 𝑘𝑎𝑠ℎ
Here, x represents the percent composition of the component in the material and k represents the
component’s individual thermal conductivity. The same process is repeated for specific heat and
density. The k, cp, and ⍴ for turkey along with the overall values at 42°F can be seen below.
Table 6. Material Properties for Turkey at 42°F.

Thermal Conductivity
[Btu/(h*ft*°F)]

Specific Heat
[Btu/(lb*°F)]

Density [lb/ft3]

Water

0.34

0.99

62.37

Protein

0.11

0.48

82.84

Fat

0.10

0.47

57.64

Carbohydrate

--

--

--

Fiber

--

--

--

Ash

0.19

0.26

151.21

WEIGHTED AVERAGE:

0.27

0.84

66.78

The tabulated overall k, cp, and ⍴ for each material at each critical temperature can be seen below.
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Table 7. Overall properties for all materials at critical temperatures.

Turkey

Ducken

Stuffing

Temperature
[°F]

Thermal Conductivity
[Btu/(h*ft*°F)]

Specific Heat
[Btu/(lb*°F)]

Density [lb/ft3]

42

0.27

0.84

66.78

50

0.27

0.84

66.77

80

0.28

0.84

66.72

100

0.29

0.84

66.69

212

0.32

0.84

66.51

213

0.14

0.45

22.03

269

0.15

0.43

21.75

270

0.15

0.43

21.75

500

0.15

0.27

20.62

42

0.24

0.77

64.96

50

0.24

0.77

64.93

80

0.25

0.78

64.81

100

0.26

0.78

64.73

212

0.27

0.77

64.28

213

0.12

0.46

28.10

269

0.12

0.43

27.73

270

0.12

0.43

27.72

500

0.11

0.27

26.17

42

0.30

0.91

69.62

50

0.31

0.91

69.63

80

0.32

0.90

69.70

100

0.33

0.90

69.74

212

0.36

0.86

69.96

9

213

0.17

0.42

69.69

269

0.18

0.42

16.58

270

0.18

0.42

16.58

500

0.16

0.42

16.13

.
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Meshing Procedure
The mesh was constructed to include a high density of well-shaped hexahedral elements (hexes) at
areas on and in the turducken that experienced a high gradient of heat flux. Hexes are important to
maximize as they reduce total model size and can yield more accurate results when compared with
tetrahedral elements (tets). Tets tend to be easier to map to complex geometries, such as a turducken
with skewers. Regarding areas with a large heat flux gradient, the skewer and cooking tray interface
locations have high conduction heat flux. The exposed external areas on the turkey, ducken, stuffing and
wing surfaces have a large convection heat flux. These areas were tackled first.
Element type 70, first order elements were used throughout the mesh. This element type is sufficient
for importing first order hex, tet, penta and pyramid elements into ANSYS.
The skewer mesh was generated by producing a 2D quad mesh on the skewer surface with five elements
along the quarter-circle. This achieves the requirement of at least three elements along a radiused
(quarter-circle) feature. The 2D mesh was radially projected outward with bias to an offset radial
surface. Refer to Figures 4 and 5 to see the final result. Care was taken to honor the boundaries
between materials throughout the process.

Figure 4. Skewer mesh.

Figure 5. Zoom into mesh detail.

The outer surface of the turkey was meshed next. The turkey component had the most volume and also
was an area of high gradient, thus making it an important target to hex mesh. To achieve this, the
skewer mesh was isolated through splitting the overall turducken geometry as shown in Figures 6 and 7.
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Figure 6. Top view of turducken skewer box geometry splits.

Figure 7. Right view of turducken skewer box
geometry splits.

The vertical and horizontal slices create a box feature around the skewers which could be solid mapped
with hex elements along the skewer. This was done on the horizontal skewer first as shown in Figure 8.

Figure 8. Hex mesh skewer geometry around horizontal skewer.

Next, the turkey outer surface was mapped with hex elements from left to right as shown in Figure 9.
Following this, the boxes surrounding the vertical skewer were mapped along the outer turkey mesh
from bottom to top, see Figure 10. This sequence allowed for the correct number of elements to
permute the critical features of the turkey outer surface and skewer geometry, enabling a solid mapping
of hex elements.
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Figure 9. Hex mesh of turkey outside.

Figure 10. Hex mesh of skewer box.

The back of the ducken and the remaining end of the turkey were meshed next with tet elements, see
see Figures 11 and 12, as no reasonable hex solutions could be found that passed element checks.

Figure 11. Tet meshing of back of ducken.

Figure 12. Tet meshing of rest of turkey.

The interior sections could then be solid mapped towards the turkey center. Triangle faces created
penta elements whereas square faces created hex elements, see the green section in Figure 13.
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Figure 13. Solid map of hex elements along internal ducken and turkey volumes (in green).

The stuffing was completed with a tetramesh in dark blue, see Figure 14.

Figure 14. Stuffing tetramesh (in dark blue).

Lastly, the wing mesh was completed. The wing exterior was wrapped in a 2D mixed mesh that followed
the mapping of the back of the turkey mesh. A hex-core mesh with a biased boundary layer was applied,
as the majority of the wing was exposed to high gradient convection effects. Figures 15 and 16 shows a
2D wrap and 3D section view of the final result.
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Figure 15. 2D wrap of wing.

Figure 16. Section view of 3D hex-core.

The hex core process generates the following element types from exterior to interior: hexes on the
boundary layer to pyramids to tets to pyramids to hexes on the interior.
The mesh was organized into appropriate bins and exported for analysis in ANSYS. The final mesh
images can be seen in Figures 17 and 18.

Figure 17. Final mesh of whole turkey, colorized by material.

Figure 18. Section view of final mesh.

15

Mesh Quality
The mesh procedure briefly described the advantages of hex over tet elements. To elaborate, using hex
elements can increase result accuracy and reduce total mesh size. A good rule of thumb is to multiply
the number of total elements by a factor of four when using tets over hexes in the same volume. High
element numbers exponentially increases solve times in finite element analysis programs such as ANSYS.
Penta and pyramid elements do not have the inaccuracy concerns associated with tets, but are still less
volumetrically efficient when compared with hexes. Tets, however, are superior in mapping to complex
geometries. With large solve times needed for a transient thermal analysis, applying as many hexes as
possible was prioritized. Table 8 describes the total amount of each element type in the turducken
mesh.
Table 8. Element types and quantities

Element Type

Number

Percentage of Total

Hex

113,969

25.6%

Tet

291,853

66.7%

Penta

33,372

7.5%

Pyramid

5,147

1.2%

Total

444,341

100%

A final element count of 444,341 was achieved and enabled reasonable solve times with an appropriate
amount of accuracy.
Element quality was assessed at the completion of each solid map or tetramesh. The goal was to have
smooth size transitions between elements by keeping individual element aspect ratios as low as
possible. A goal of under 5 was attempted and nearly hit, with ~0% of all elements exceeding 5 aspect
ratio. A full breakdown can be seen in Table 9.
Table 9. Number of Failed Elements by Aspect Ratio.

Aspect Ratio

Number of Failed Elements

Percentage Fail

3-4

19778

5%

4-5

1800

~0%

5-6

76

~0%

6-7

4

~0%

>7

3

~0%
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A high quality mesh was achieved. 95% of elements were below an aspect ratio of 3, and nearly all were
below an aspect ratio of 5. The maximum aspect ratio was 8.23 and located in the wing hex-core tet
transition area, which should not drastically affect analysis results.
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Boundary Conditions
Boundary conditions were applied to simulate three things: the convective heat transfer from the
heated air of the oven to the exposed surfaces of the turducken, the contact at the bottom of the
turducken with the pan, and the heat output of the skewers.

Figure 19. Boundary conditions applied on turducken in SI units.

Figure 20. Front view of boundary conditions applied on turducken in US Imperial units.
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Convection from Oven
The ideal oven for this simulation has a uniform convection film coefficient. Research was done in order
to determine a realistic film coefficient value. The value used was sourced from a Journal of Food
Engineering article, “Measurements of heat transfer coefficients within convection ovens.” [2] The
authors of the article conducted transient experiments and then using their experimental data,
calculated a range of film coefficients associated with a typical domestic convection oven. Their analysis
resulted in a typical range of 15 - 40 W/m2/K. After a series of trial and error simulations, a film
coefficient value of 15 W/m2/K (5.098*10-6 Btu/s/in2/F) was chosen. The oven temperature doesn’t
change throughout the cooking process, and the small drop in oven temperature when it is opened to
insert the turducken is negligible. Therefore, a constant temperature is applied. This load was applied to
the wing and outer turkey surfaces, as well as the inner surfaces of the turkey and stuffing exposed to
the air.
Conduction through Roasting Pan
The pan was simulated as a constant temperature applied to the bottom of the turducken. This
temperature was the same as the oven temperature, since the pan is relatively large compared to its
contact area, and being made out of steel, would quickly conduct the oven’s temperature to the
turducken.
Heat Flow from Skewers
The skewers were simulated as a heat flow through several areas. The vertical skewer was heated along
the area in contact with the stuffing, and the horizontal skewer along the area in contact with the
ducken. A single value of 12 Watts was specified, and by scoping it to the heated areas of both skewers,
ANSYS automatically distributed the heat flow such that the two skewers both had the same heat flux.
This load was given as a tabular value, with the skewers starting with a 0 Watt heat flow and turning on
after the first hour. It should be noted that the value of 12 Watts is only for a half-bird, and the actual
skewers would output a total of 24 Watts. This is well within the 1800 Watt capability of a standard wall
outlet.
Radiation
If the turducken is considered to be a blackbody, the radiation from the oven walls is proportional to
4
4
), where 𝜀 is the emissivity of the turkey and 𝜎 is the Stefan-Boltzmann constant,
𝜀𝜎(𝑇𝑡𝑢𝑟𝑑𝑢𝑐𝑘𝑒𝑛
− 𝑇𝑜𝑣𝑒𝑛
an extremely small number. The hand calculation and the ANSYS simulation both show that the surface
temperature of the turducken quickly rises to the oven temperature, making this difference minimal and
in combination with the Stefan-Boltzmann constant would render the effects of radiation minimal.
In addition, the research paper on convection ovens, consulted for determining a convection coefficient
for the oven, suggests that the coefficient value includes radiative effects from the oven. Consequently,
the film coefficient used for the oven is an overall heat transfer coefficient for the oven, and radiation
does not need to be calculated separately for the simulation.
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Results
Temperature Plots
The turducken was started at a uniform 42°F, as specified. The turducken was cooked for 7 hours, with
200 time steps. This gives a step time of just over 2 minutes, which is a reasonable compromise between
resolution and simulation size. Temperature distributions at various cross sections at each hour are
shown. The area that is perfectly cooked is indicated by the purple region. By the end of the simulation,
the minimum temperature in the model was 187.2°F, meaning the bird is fully cooked.
Table 10. Summary of results.

Cook Time
0:00

Oven Temp (°F)
355

Skewer Status
Off

Figure Number
--

1:00

355

On

21, 22

2:00

355

On

23, 24

3:00

355

On

25, 26

4:00
5:00

355
355

On
On

27, 28
29, 30

6:00

355

On

31, 32

7:00

355

On

33, 34

Figure 21. 1:00.

Description
Turkey at 42°F, fully
refrigerated, and put in oven
Skin of turkey starts to burn,
majority of inside undercooked
Cooked region starts to grow,
burned part starts to grow
beyond turkey skin
Region with skewers start to
grow a lot warmer than the
other regions
Skewer regions start to burn.
Skewer regions are burned,
turkey is almost completely
burned.
Almost done cooking, only
uncooked portion is ducken
Turducken is fully cooked,
approximately 75% is burned

Figure 22. 1:00 (cross sectional view).
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Figure 23. 2:00.

Figure 24. 2:00 (cross sectional view).

Figure 25. 3:00

Figure 26. 3:00 (cross sectional view)

Figure 27. 4:00

Figure 28. 4:00 (cross sectional view)
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Figure 29. 5:00.

Figure 30. 5:00 (cross sectional view).

Figure 32. 6:00 (cross sectional view)
Figure 31. 6:00

Figure 33. 7:00

Figure 34. 7:00 (cross sectional view)
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Figure 35. Vertical cross sectional view of temperature gradient.

The maximum value occurs on the vertical skewer. This should be expected, since the material of the
stuffing becomes less conductive as it heats up, leading to concentrations of heat. It is below the center
since the pan is heating the turducken from below.

Figure 36. Maximum and minimum temperatures within turkey.

Figure 36 shows the maximum and minimum temperatures within the turducken over time. The
maximum temperature starts at 355°F due to the conduction of the pan at the bottom of the turkey.
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Heat Flux

Figure 37. Heat flux at 0:08.

Figure 38. Heat flux at 1:00.

Figure 40. Heat flux at 7:00.
Figure 39. Heat flux at 4:00.

The above figures show the heat flux distribution within the turducken. The areas that are blue indicate
a lower thermal gradient, meaning the rate of change of temperature is lower there than in red/orange
regions. Mathematically, this means that when the next time step is calculated, the temperature change
in these areas will only be a small amount.
Figure 37 shows at the beginning of cooking, the thermal gradient is high at the surface. This is due to
the oven convection driven by the large temperature difference between the turkey (42°F) and the oven
(355°F).
Once the heat skewers are turned on, Figure 38 shows the higher thermal gradient that begins to form
around their surfaces. The wing by this point has a smaller thermal gradient since it has turned to ash
and is closer to the oven temperature.
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Figure 39 shows the heat flux after 4 hours of cooking (three hours after the skewers have been turned
on). The thermal gradient around the skewers shows their thermal boundary, indicating that the
skewers are likely not placed in the optimal position in order to support more even cooking and reduce
cooking time. The horizontal skewer in the front especially has a limited region of influence and perhaps
should have been inserted vertically in order to have more contact with the ducken (the region it is
heating).
What is seen in Figure 40 is that there is a high thermal gradient in the stuffing and ducken regions by
the end of the cooking period. This is due to the heat flux from the skewers, which accelerate the
cooking process.
The thermal gradient is lower in regions that have already been cooked, as opposed to those still in need
of cooking. This makes sense, since as the bird continues to cook it will try to reach the oven
temperature. The closer the bird gets to the oven temperature, the smaller temperatures changes will
occur since oven convection is based on the difference between the turkey temperature and the oven
temperature. The thermal gradient is higher around the surfaces touching the skewer, which
demonstrates the need for a finer mesh around those regions since a high thermal gradient across too
few nodes will cause inaccurate results. It would have been interesting to see the heat flux in the
turducken after the skewers have been turned off to verify a continuous thermal gradient, which further
indicates the finite element model is behaving correctly.
Burnt Volume
To calculate the burnt volume, a post processing APDL command block was used. It selected all nodes
with temperatures above burning, then selected all elements attached to those nodes, then filtered that
selection to only include 3D elements, and then iterated through them while summing their volume. A
similar method was used to find the total volume, and the two values were used to find the percentage
of burned turducken. This is a slight overestimate of the burned volume, since even if an element only
has a single node just slightly above the burning point, its full volume will be counted as burned,
regardless of the temperatures of the other nodes. Refer to Appendix B for the full code.
75% of the total volume of the turducken was burned, using this code. However, if only elements with
all their nodes above the burned temperature are selected, 71% of the turducken is burned. The actual
value is likely within this 4% range, but 75% is still reported as the burned volume, as a conservative
estimate of edible volume.
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Hand Calculation
Model
A hand calculation was done to verify the temperatures calculated by ANSYS, as well as provide a rough
estimate of the time it should take for the turducken to cook under the assumed parameters. For the
purpose of the hand calculation, the geometry was simplified to three equivalent spheres representing
each layer of the turducken as seen in Figure 41.

Figure 41. Simplified geometric model for hand calculations.

The diameter of each of these spheres was calculated according to the following relation for defining the
equivalent sphere diameter of a volume:
6𝑉 1/3
)
𝜋
The following table gives the resulting values for the diameter of each sphere:
𝑑=(

Table 11. Volumes and diameters of all spheres.

Component

Volume (in3)

Equivalent Sphere Diameter (in)

Turkey

367.41

8.886

Ducken

125.71

6.216

Stuffing

61.29

4.580

For this hand calculation a 7-node transient heat transfer RC-circuit model was developed. This model
contains 3 capacitance carrying nodes for the stuffing, ducken, and turkey temperatures. The resistors
model the component’s thermal resistance to heat transfer occurring between each node (ie conduction
between the stuffing and ducken layers, convection between the turkey skin and oven air, etc). Using
this model, the temperatures at each node are calculated at each time step; Figure 42 is a schematic of
this model.
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Figure 42. Thermal RC circuit of model.

Assumptions
The following assumptions were made for this model:
1. The turkey, ducken, and stuffing layers are considered to be perfect spheres (ie, no wings)
2. Material properties are held constant at their initial values at 42°F
3. The oven temperature is held constant at 355°F
4. The skewer heat flux is fixed at 40.95 Btu/hr (12 Watts), and is applied to the stuffing and
ducken nodes
5. The combined heat transfer coefficient for the oven air is 2.643

𝐵𝑡𝑢
ℎ𝑟⋅𝑓𝑡 2⋅°𝐹

6. Conduction from the pan is neglected (the bird is sitting on the oven rack)
7. The skewers are switched on after the first hour
The material properties for this model are tabulated below.
Table 12. Material properties for simplified model.

Component

Density
(lb/ft3)

Thermal Conductivity
(Btu/hr/ft/°F)

Specific Heat
(Btu/lb/°F)

Turkey

66.781

0.268

0.840

Ducken

64.958

0.238

0.774

Stuffing

69.618

0.304

0.906
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Method
Capacitance
The thermal capacitances in this model represent the material’s ability to store internal energy when
driven by a temperature difference. These values are calculated according to the following relation:
𝐶𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = 𝜌𝑐𝑉
Where 𝜌 is density, c is specific heat, and V is volume.
Resistance
The conductive resistance between internal nodes is given by the following relation:
𝛥𝑥
𝑅𝑐𝑜𝑛𝑑 =
𝑘 ⋅ 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒
Where ∆x is the distance between two nodes, k is thermal conductivity, and Asurface is the surface area of
the sphere at the first node.
The convective resistance between the turkey skin and the oven air is given by the following relation:
1
𝑅𝑐𝑜𝑛𝑣 =
ℎ𝑜𝑣𝑒𝑛 ⋅ 𝐴𝑡𝑢𝑟𝑘𝑒𝑦
Where hoven is the heat transfer coefficient equal to 2.643

𝐵𝑡𝑢
ℎ𝑟⋅𝑓𝑡 2⋅°𝐹

, and Aturkey is the outer surface area of

the turkey.
Nodal Equations
The equations used to calculate the temperature at each node were derived using Euler’s method [3].
For the capacitance carrying nodes (stuffing, ducken, and turkey) the equation to solve for the
temperature is:
(𝒑+𝟏)
𝑻𝒊

=

(𝒑)
𝑻𝒊

+

𝜟𝒕(𝒑)

(𝒑)
(𝑸𝒊
(𝒑)
𝑪𝒊

(𝒑)

+∑
𝒋

𝑻𝒋

(𝒑)

− 𝑻𝒊
(𝒑)

𝑹𝒊𝒋

)

For non-capacitance carrying nodes, the equation used to calculate the temperature at each node is
analogous to voltage division:
𝑇
∑𝑗 𝑖
𝑅
𝑖𝑗
(𝑝)
𝑇𝑖 =
1
∑𝑗
𝑅𝑖𝑗
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Results

Figure 43. Transient response of turducken.

The transient response of the turducken is plotted above. The hand calculation shows that the bird is
fully cook after 7.35 hours. The ducken node is fully cooked after 6.5 hours, and the turkey node is fully
cooked after 7.35 hours. The stuffing is the fastest to cook, finishing after 5.4 hours.
With this model, it can be seen that in order to decrease cooking time, a hotter oven could have been
used so that the turkey can cook faster. In both the hand calculation and the ANSYS simulation, it was
seen that the cooking of the turkey is more influenced by the oven temperature and that the skewers
have a greater influence on cooking the inner layers (ie the ducken).
However, this model is limited by the fact that there are only 3 capacitance carrying nodes, and only 7
nodes in total. By lumping the capacitance of a material all into one node, the model will not show that
certain areas of the material are burning while others are slightly changing temperature. The model
does provide a good estimate of the total cook time, verifying the ANSYS simulation. Developing a more
complex thermal circuit with multiple capacitance carrying nodes in each material layer would have
provided a more accurate hand calculation.
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Model Discussion
After analyzing the results of the simulation, it is likely that the skewers are not placed in the best area
for reducing cooking time. During initial simulations, it was observed that the ducken was the last to
cook, since the turkey can be sufficiently cooked within a few hours by the oven convection. By targeting
the skewers to heat the ducken more efficiently, the cooking time could have been reduced.
Furthermore, the skewer dimensions are well beneath the maximum diameter and cross-sectional area,
so they could have been designed to be bigger to increase their region of influence.
In addition, starting the turducken in a hotter oven could also probably help to decrease cooking time
since the turkey skin responds quickly to the oven convection. By starting at 500°F for the first 30
minutes and then reducing to 355°F, there would likely have been more even heat distribution and
possibly burning at a later time. It is important to note that an area that burns and then cools down is
still considered burnt.
Lastly, latent heat of vaporization was not considered in this model. This means that the material
properties do not consider the energy required for a phase change (i.e. water evaporating). Neglecting
this effect means that there is not more energy required for a node to change from 212 to 213°F, or
likewise from 269 to 270°F. If this effect had been considered, it would likely have improved results
since it would have required more energy for a node to reach the burning temperature of 270°F.
Consequently, this model produces an artificially high burnt volume percentage.
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Design Time Estimate
Task

Time (hours)

Mesh

60

Simulation

35

Hand Calculation

10

Report

20

Total

125
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Appendix A: Cooking Instructions for Customer
1. Place the turducken on a steel pan.
2. Looking down on it, insert the first skewer as shown in the image, centered along the width of
the turducken, until it hits the pan or until it is 11.29 inches deep.
3. Looking from the side opposite the stuffing, insert the second skewer as shown, again centered
along the width of the turducken, 5.17 inches deep.
4. Preheat the oven to 355 degrees, and place the turducken inside.
5. Wait for one hour, then turn on the skewers.
6. After six more hours have passed, turn off the skewers and remove the turducken from the
oven.
7. Search for the morsel of perfectly cooked meat within the pile of ash. Enjoy!
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Appendix B: APDL Command Block
! Commands inserted into this file will be executed immediately after the ANSYS /POST1 command.
! Active UNIT system in Workbench when this object was created: U.S. Customary (ft, lbm, lbf, s, V, A)
! NOTE: Any data that requires units (such as mass) is assumed to be in the consistent solver unit system.
!
See Solving Units in the help system for more information.
/com, Postprocessing
!
resume,file,db
/post1
*set,my_burn_volu,0
*set,my_total_volu,0
*set,my_burn_frac,0
*set,temp_volu,0
nsel,,temp,,270
esln,s,,
esel,r,type,,1,8 ! find burned volume
*get,e_cnt,elem,,count ! find out how many elements you have in the selected element set
*get,e_curr,elem,,num,min ! get the starting element (lowest number) in the selected element set
!
*do,_i,1,e_cnt ! loop through the selected elements
*get,temp_volu,elem,e_curr,volu
*set,my_burn_volu,my_burn_volu+temp_volu
e_curr=elnext(e_curr) ! get the next element number in the selected set
*enddo
Esel,s,type,,1,8 ! find total Volume
*get,e_cnt,elem,,count ! find out how many elements you have in the selected element set
*get,e_curr,elem,,num,min ! get the starting element (lowest number) in the selected element set
!
*do,_i,1,e_cnt ! loop through the selected elements
*get,temp_volu,elem,e_curr,volu
*set,my_total_volu,my_total_volu+temp_volu
e_curr=elnext(e_curr) ! get the next element number in the selected set
*enddo
*set,my_burn_frac,my_burn_volu/my_total_volu
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Appendix C: Additional Temperature Plots

34

35

The following is a section view on the vertical plane that passes through the maximum and minimum
temperatures at the end of the cook time.
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