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Introduction

The goal of this project is to investigate several models for the
cooking time for a turkey based on weight, test these models
with data obtained from heating curves for turkeys of various
weights, and develop a new model to fit this data.

A dilemma facing many cooks during the holiday season is
determining the time needed to safely cook a turkey.

Guidance that can be found in sources such as cookbooks,
newspaper articles, and cooking websites is often based on the
following USDA approximate cooking times for a whole turkey
by weight provided in Table 1 (on the next slide).
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Turkey Cooking Times

Table 1: USDA approximate cooking times for unstuffed turkeys.

4 to 8 pounds (breast) 1 1/2 to 3 1/4 hours

8 to 12 pounds 2 3/4 to 3 hours

12 to 14 pounds 3 to 3 1/4 hours

14 to 18 pounds 3 3/4 to 4 1/4 hours

18 to 20 pounds 4 1/4 to 4 1/2 hours

20 to 24 pounds 4 1/2 to 5 hours

Oven temperature is 325 ◦F (163 ◦C) and a turkey is
considered safely cooked when it reaches an internal
temperature of at least 165 ◦F (73.9 ◦C).
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Turkey Cooking Times

Note that for this project, “weights” are to be considered as
masses, so technically, one “pound” is assumed to represent
one “pound-mass” in the avoirdupois system of units.

Typically, when one refers to an item’s weight in pounds in
commercial use, what is actually implied is the item’s mass in
pound-mass units.

For simplicity, in what follows, we will use the term “weight in
pounds” to represent an object’s mass in pound-mass units
and “weight in kilograms” to represent the object’s mass in
kilograms.

Note that one kilogram = 2.20462 pounds.
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A More Accurate Means to Determine Cooking Time

Suppose we wish to find a more accurate means to determine
cooking time for a turkey based on weight.

In particular, is there a formula one can use to determine
cooking time as a function of weight?

In “The Physics of Christmas” author Roger Highfield
addresses this question:

“In 1947 H. S. Carslaw and J. C. Jaeger went some way
toward solving this seasonal problem in a reference work
entitled Conduction of Heat in Solids. They came up with
equations that govern heat transfer in a uniform sphere.
Little did they know that they had provided an excellent
starting point for a theory to find the correlation between
the radius of a turkey and its cooking time. To ensure that
the mathematics did not get out of hand, they made a few
simplifying assumptions.
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A More Accurate Means to Determine Cooking Time

In the Christmas context these can be described as fol-
lows. First, the oven must be maintained at a constant
temperature throughout. Second, the thermal diffusivity –
a measure of how fast heat passes through the turkey – is
independent of temperature and time. Finally, and most
important, the turkey must be extremely plump, so much
so as to be spherical.

The time for heat to diffuse through the tissue so that
the center of this spherical turkey reaches a certain tem-
perature is proportional to the square of the radius of the
turkey. Then we have to figure out the size of the ideal-
ized bird. By assuming that the spherical turkey has the
same mass, M, as the real one, we can calculate the radius
of the required spherical turkey. To do this we can resort
to a well-known formula that says the mass of a sphere is
proportional to the cube of its radius.
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A More Accurate Means to Determine Cooking Time

By combining these two formulas, the radius disappears
from the calculation, and we are left with a cooking time,
t, proportional to M to the power of two-thirds. This
would, of course, hold true only if the turkey was a perfect
sphere. [Physicist Peter] Barham points out that a cook-
book’s simple algorithm of twenty minutes per pound plus
twenty more minutes for a small turkey, or fifteen minutes
per pound plus fifteen minutes for a large bird, is an equally
good approximation for a real turkey.”

The same type of formula has been suggested by Pief
Panofsky, Stanford Linear Accelerator Center (SLAC) Director
Emeritus.
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A More Accurate Means to Determine Cooking Time

As accounted by Pief Panofsky’s grandson:

“[t]here was a point in time when my grandfather ... WKH
‘Pief’ Panofsky was not satisfied with the cooking times for
turkeys of ‘30 minutes per pound’,” Panofsky wrote. “This
is of course reasonable, because the time a turkey should
be cooked is not a linear equation.” So Pief Panofsky
derived an equation based on the ratio between the surface
area and mass of a turkey. Cooking time for a stuffed
turkey in a 325 ◦F oven is given by

t =
W 2/3

1.5

where t is the cooking time in hours and W is the weight
of the stuffed turkey, in pounds. The constant 1.5 was
determined empirically.”
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A More Accurate Means to Determine Cooking Time

Recently, in the paper “Physics in turkey cooking: Revisit the
Panofsky formula”, Yihei “Jenny” Jin, Lisa R. Wang, and Jian
Jim Wang, showed how Panofsky’s formula can be derived
using essentially the same ideas as suggested by Highfeld.
They arrived at the following “modified Panofsky formula”

t =


(

3
4πρ

)2/3

π2 · α
ln

{
2(Th − T0)

Th − Tc

} ·W 2/3. (1)

The parameters in their model are turkey density ρ, oven
temperature Th, initial turkey temperature T0, desired turkey
center temperature Tc , and turkey thermal diffusivity α, with
α = k

ρc , where k and c are the turkey thermal conductivity
and turkey specific heat, respectively.
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A More Accurate Means to Determine Cooking Time

From (1), one sees that instead of a “Panofsky coefficient” of
1.5, the “modified Panofsky coefficient” would be:

P =
3600 · π2 · α(

3
2.20462·4πρ

)2/3
ln
{

2(Th−T0)
Th−Tc

} . (2)

Note that for the modified Panofsky formula, (1), weight is in
kilograms and time is in seconds, while for the modified
Panofsky coefficient, (2), weight is in pounds and time is in
hours.
Unlike Panofsky’s model, in which the coefficient’s value of
1.5 depends on a fixed oven temperature and unknown initial
turkey temperature, we see that the modified coefficient P is
affected by several additional factors, including initial turkey
temperature, T0, and desired turkey center temperature, Tc .
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Heating Curves for Turkeys of Various Weights

From Figure 1, which reproduces
Figure 2 in the paper “Heating
Curves During Roasting of
Turkeys” by Martinez, J. B., A. J.
Maurer, and L. C. Arrington, one
can measure the times to heat
turkeys of weights 12 lb (5.4 kg),
15 lb (6.8 kg), 18 lb (8.2 kg), 21
lb (9.5 kg), and 24 lb (10.9 kg),
to a safe temperature of 165 ◦F
(73.9 ◦C (Celsius)).

This can be done by hand or
using tools to more accurately
measure data from these curves,
such as the free Web Plot
Digitizer, available online
https://automeris.io/

WebPlotDigitizer.

Figure 1: Rate of heating for unstuffed
turkeys of different weights.

11 / 33
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Heating Curves for Turkeys of Various Weights

Table 2: Model Parameters

Density ρ (kg/m3) 1050

Thermal Conductivity k (W/(m K)) 0.464

Specific Heat c (J/(kg K)) 3530

Thermal Diffusivity α = k/(cρ) (m2/s) 1.25185× 10−7

Oven Temperature Th (◦C) 163

Initial Turkey Temperature T0 (◦C) 2.8

Turkey Center Temperature Tc (◦C) 73.9

Using these parameter values, we can consider what each of
the models (Panofsky, Modified Panofsky, and Barham’s
cookbook algorithm (Cook’s 15 and 20 min)) predict for
turkey cooking times for each of these weights.
We can also compare these model predictions to the actual
heating times obtained from Figure 1 for each turkey, as well
as USDA approximate cooking times found in Table 1.
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Comparison of Estimated Cooking Times

Table 3 and Figure 2 (on the next two slides) compare these
actual heating times to the estimated heating times for the
three models (Panofsky, Modified Panofsky, and Cookbook
(Cook’s) algorithm estimates for 15 minutes per pound and
20 minutes per pound), respectively.

Since we aren’t sure which turkey weights correspond to a
“large” vs. a “small” turkey, we apply the Cookbook
algorithm for both 15 minutes per pound and 20 minutes per
pound to all given weights.
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Comparison of Estimated Cooking Times

Table 3: Estimated cooking times in hours for each model.

Weight Time to Panofsky (hr) Modified Cook’s Cook’s
W (kg) 73.9 ◦C (hr) Panofsky (hr) 15 (hr) 20 (hr)

5.4 3.13 3.47585 3.29914 3.22624 4.30165

6.8 3.52 4.05325 3.84719 3.99785 5.33047

8.2 3.97 4.59206 4.3586 4.76947 6.35929

9.5 4.46 5.0654 4.80788 5.48597 7.31463

10.9 5.03 5.55157 5.26933 6.25759 8.34345
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Figure 2: Comparison of turkey cooking models.
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A Model for Heat Flow in a Spherical Turkey

Now that we’ve compared various models for cooking a turkey
to a desired temperature, let’s try to find a model for heat
flow in a spherical turkey.
As Jin, Wang, and Wang did, we will start with Highfield’s
suggestion!
The equation that governs heat transfer in a sphere centered
at the origin is the three-dimensional heat equation

∆u =
1

α

∂u

∂t
(3)

where u = u(x , y , z , t) is the temperature of the sphere at any
point (x , y , z) in the sphere’s interior for time t > 0 and the
Laplacian operator applied to u, ∆u, is given by

∆u = uxx + uyy + uzz (4)

in rectangular coordinates.

16 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

A Model for Heat Flow in a Spherical Turkey

Now that we’ve compared various models for cooking a turkey
to a desired temperature, let’s try to find a model for heat
flow in a spherical turkey.

As Jin, Wang, and Wang did, we will start with Highfield’s
suggestion!
The equation that governs heat transfer in a sphere centered
at the origin is the three-dimensional heat equation

∆u =
1

α

∂u

∂t
(3)

where u = u(x , y , z , t) is the temperature of the sphere at any
point (x , y , z) in the sphere’s interior for time t > 0 and the
Laplacian operator applied to u, ∆u, is given by

∆u = uxx + uyy + uzz (4)

in rectangular coordinates.

16 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

A Model for Heat Flow in a Spherical Turkey

Now that we’ve compared various models for cooking a turkey
to a desired temperature, let’s try to find a model for heat
flow in a spherical turkey.
As Jin, Wang, and Wang did, we will start with Highfield’s
suggestion!

The equation that governs heat transfer in a sphere centered
at the origin is the three-dimensional heat equation

∆u =
1

α

∂u

∂t
(3)

where u = u(x , y , z , t) is the temperature of the sphere at any
point (x , y , z) in the sphere’s interior for time t > 0 and the
Laplacian operator applied to u, ∆u, is given by

∆u = uxx + uyy + uzz (4)

in rectangular coordinates.

16 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

A Model for Heat Flow in a Spherical Turkey

Now that we’ve compared various models for cooking a turkey
to a desired temperature, let’s try to find a model for heat
flow in a spherical turkey.
As Jin, Wang, and Wang did, we will start with Highfield’s
suggestion!
The equation that governs heat transfer in a sphere centered
at the origin is the three-dimensional heat equation

∆u =
1

α

∂u

∂t
(3)

where u = u(x , y , z , t) is the temperature of the sphere at any
point (x , y , z) in the sphere’s interior for time t > 0 and the
Laplacian operator applied to u, ∆u, is given by

∆u = uxx + uyy + uzz (4)

in rectangular coordinates.

16 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

A Model for Heat Flow in a Spherical Turkey

Now that we’ve compared various models for cooking a turkey
to a desired temperature, let’s try to find a model for heat
flow in a spherical turkey.
As Jin, Wang, and Wang did, we will start with Highfield’s
suggestion!
The equation that governs heat transfer in a sphere centered
at the origin is the three-dimensional heat equation

∆u =
1

α

∂u

∂t
(3)

where u = u(x , y , z , t) is the temperature of the sphere at any
point (x , y , z) in the sphere’s interior for time t > 0 and the
Laplacian operator applied to u, ∆u, is given by

∆u = uxx + uyy + uzz (4)

in rectangular coordinates.

16 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

A Model for Heat Flow in a Spherical Turkey

Now that we’ve compared various models for cooking a turkey
to a desired temperature, let’s try to find a model for heat
flow in a spherical turkey.
As Jin, Wang, and Wang did, we will start with Highfield’s
suggestion!
The equation that governs heat transfer in a sphere centered
at the origin is the three-dimensional heat equation

∆u =
1

α

∂u

∂t
(3)

where u = u(x , y , z , t) is the temperature of the sphere at any
point (x , y , z) in the sphere’s interior for time t > 0 and the
Laplacian operator applied to u, ∆u, is given by

∆u = uxx + uyy + uzz (4)

in rectangular coordinates.

16 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

A Model for Heat Flow in a Spherical Turkey

Now that we’ve compared various models for cooking a turkey
to a desired temperature, let’s try to find a model for heat
flow in a spherical turkey.
As Jin, Wang, and Wang did, we will start with Highfield’s
suggestion!
The equation that governs heat transfer in a sphere centered
at the origin is the three-dimensional heat equation

∆u =
1

α

∂u

∂t
(3)

where u = u(x , y , z , t) is the temperature of the sphere at any
point (x , y , z) in the sphere’s interior for time t > 0 and the
Laplacian operator applied to u, ∆u, is given by

∆u = uxx + uyy + uzz (4)

in rectangular coordinates. 16 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

Radially Symmetric Three-Dimensional Heat Equation

If we assume that u is radially symmetric, i.e. u = u(r , t), for

r = (x2 + y2 + z2)1/2, (5)

then using the chain rule, the Laplacian becomes

∆u = urr +
2

r
ur , (6)

so we can write equation (3) as

urr (r , t) +
2

r
ur (r , t) =

1

α
ut(r , t). (7)
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Boundary Conditions and Initial Condition

We assume that while the turkey cooks, the surface of the
spherical turkey has a constant temperature Th, that of the
oven, and at time zero, the turkey has constant initial
temperature of T0 at every point in the turkey’s interior.

We also assume that the temperature at the center of the
turkey remains finite during cooking.
Mathematically, these conditions can be described by

u(R, t) = Th, for t > 0, (8)

u(0, t) < ∞, for t > 0, (9)

and

u(r , 0) = T0, for 0 < r < R, (10)

where R is the radius of the sphere.
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One-Dimensional Heat Equation

One can show that with the substitution

v(r , t) = ru(r , t), (11)

equation (7) becomes the one-dimensional heat equation

vrr (r , t) =
1

α
vt(r , t), (12)

with boundary conditions (8), (9) and initial condition (10) becoming

v(R, t) = RTh, for t > 0, (13)

with

v(0, t) = 0, for t > 0, (14)

and

v(r , 0) = rT0, for 0 < r < R. (15)

19 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

One-Dimensional Heat Equation

One can show that with the substitution

v(r , t) = ru(r , t), (11)

equation (7) becomes the one-dimensional heat equation

vrr (r , t) =
1

α
vt(r , t), (12)

with boundary conditions (8), (9) and initial condition (10) becoming

v(R, t) = RTh, for t > 0, (13)

with

v(0, t) = 0, for t > 0, (14)

and

v(r , 0) = rT0, for 0 < r < R. (15)

19 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

One-Dimensional Heat Equation

One can show that with the substitution

v(r , t) = ru(r , t), (11)

equation (7) becomes the one-dimensional heat equation

vrr (r , t) =
1

α
vt(r , t), (12)

with boundary conditions (8), (9) and initial condition (10) becoming

v(R, t) = RTh, for t > 0, (13)

with

v(0, t) = 0, for t > 0, (14)

and

v(r , 0) = rT0, for 0 < r < R. (15)

19 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

One-Dimensional Heat Equation

One can show that with the substitution

v(r , t) = ru(r , t), (11)

equation (7) becomes the one-dimensional heat equation

vrr (r , t) =
1

α
vt(r , t), (12)

with boundary conditions (8), (9) and initial condition (10) becoming

v(R, t) = RTh, for t > 0, (13)

with

v(0, t) = 0, for t > 0, (14)

and

v(r , 0) = rT0, for 0 < r < R. (15)

19 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

One-Dimensional Heat Equation

One can show that with the substitution

v(r , t) = ru(r , t), (11)

equation (7) becomes the one-dimensional heat equation

vrr (r , t) =
1

α
vt(r , t), (12)

with boundary conditions (8), (9) and initial condition (10) becoming

v(R, t) = RTh, for t > 0, (13)

with

v(0, t) = 0, for t > 0, (14)

and

v(r , 0) = rT0, for 0 < r < R. (15)

19 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

One-Dimensional Heat Equation

One can show that with the substitution

v(r , t) = ru(r , t), (11)

equation (7) becomes the one-dimensional heat equation

vrr (r , t) =
1

α
vt(r , t), (12)

with boundary conditions (8), (9) and initial condition (10) becoming

v(R, t) = RTh, for t > 0, (13)

with

v(0, t) = 0, for t > 0, (14)

and

v(r , 0) = rT0, for 0 < r < R. (15)
19 / 33



Introduction Collecting Turkey Cooking Time Data A Model for Heat Flow in a Spherical Turkey Conclusion

Solution to Our IVBVP

Using separation of variables, one can show that the solution
to the one-dimensional heat equation initial value–boundary
value problem (IVBVP) (12) – (15) is:

v(r , t) = rTh +
∞∑
n=1

Bn sin
(nπ
R

r
)
e−

αn2π2

R2 t , (16)

where

Bn =
2

R

∫ R

0
(rT0 − rTh) sin

(nπ
R

r
)

dr = −2R(Th − T0)(−1)n+1

nπ
.

(17)
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Solution to Our IVBVP

With the substitution (11), it follows from (16) and (17) that
the solution to our original IVBVP (7) – (10) is

u(r , t) = Th −
2R(Th − T0)

πr

∞∑
n=1

(−1)n+1

n
sin

(nπ
R

r
)
e−

αn2π2

R2 t .

(18)

Using the idea suggested by Roger Highfield, that the mass of
a sphere is proportional to the cube of its radius, one can
show how the modified Panofsky formula (1) follows from
(18), with Tc = u(0, t) the temperature at the center of the
spherical turkey at time t > 0.

Hint: Compare the size of coefficients of each term in the
series – which is the dominant term?
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Find and Test a Model to Predict Temperature of Turkeys
of a Given Weight at any Time.

From Figure 1, for each given turkey
weight, one can collect temperature
data over time.

Our goal is to find a model that can
be used to determine temperature of
a turkey of a given weight at any
time t.

How well does this model fit the
given data?

Use this new model to predict the
time needed to heat turkeys of
weights 12 lb (5.4 kg), 15 lb (6.8
kg), 18 lb (8.2 kg), 21 lb (9.5 kg),
and 24 lb (10.9 kg), to a safe
temperature of 165 ◦F (73.9 ◦C).

Compare to the results for the
models investigated above.

Figure 1: Rate of heating for unstuffed
turkeys of different weights.
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Find and Test a Model to Predict Temperature of Turkeys
of a Given Weight at any Time.

For our model, we look at three
cases: initial model, revised models,
and further revised models.

For our initial model we use equation
(18) with 16 terms to fit model to
heating curve data taken from Figure
1.

For parameters T0, Th, and α, we
use the given values from Table 2.

Since the temperatures are measured
via a thermocouple in breast meat
4.5 cm from the surface of the
turkey, we choose r = R − 4.5/100
m.

As Figure 3 shows, our results aren’t
too great.

Graphically, for each weight, there is
a poor match between model
(curves) and measured data (dots).
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Figure 3: Initial model.
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For our model, we look at three
cases: initial model, revised models,
and further revised models.

For our initial model we use equation
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For our first model revision, treating
α as an unknown parameter, we
notice that we can choose α to get a
“good” graphical fit, with a different
value of α for each weight.

Using Mathematica’s FindMinimum
command, to obtain an α value for
each weight to minimize the sum of
the square errors (SSE) for each
weight yields the results shown in
Figure 4.

Clearly we get a much better
graphical fit, with square error
ranging from approximately 2644
(◦C)2 for 5.4 kg to 89 (◦C)2 for 10.9
kg, with an RMSE of about 8.15 ◦C.
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of a Given Weight at any Time.

For our second model revision, we
treat Th and T0 as parameters that
are unknown, along with parameter
α and repeat the last case, choosing
a set of parameters α, T0, and Th

for each weight that minimize SSE
for each weight.

We get even better results, which
are shown in Figure 5.

Notice that SSE is significantly
reduced with an RMSE of about
1.41 ◦C.

The only drawbacks to this model
are that the parameters α, T0, and
Th depend on the specific weights
for which we have measured data
and the model can only be used for
these specific weights.
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Find and Test a Model to Predict Temperature of Turkeys
of a Given Weight at any Time.

Suppose we wish to apply the model
to a turkey of any weight.

Plotting each parameter vs. weight,
we see that there is essentially a
linear relationship between each
parameter value and the weights.

For our third model revision, fitting
linear functions of weight W to the
choices of α, T0, and Th from the
last model (second revision), we get
a model that is a function of weight
only, that can be applied to any
turkey weight!

Figure 6 shows that we get an
excellent graphical fit with the
trade-off from our last model of
slightly higher SSE and an RMSE of
about 2.75◦C.
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Find and Test a Model to Predict Temperature of Turkeys
of a Given Weight at any Time.

Finally, as a fourth model revision, in
order to reduce SSE, we construct a
model that has six parameters, via
new linear functions for α, T0, and
Th, namely α(W ) = mαW + bα,
T0(W ) = m1W + b1, and
Th(W ) = m2W + b2.

Choosing values for these six
parameters mα, bα, m1, b1, m2, and
b2 that minimize the square errors
for all of the weights, we get a
model that works for all weights W
with essentially the same graphical
fit as our third model revision,
significantly smaller SSE, and an
RMSE of about 1.92 ◦C.

Figure 7 outlines these results.
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Use our Latest Model to Estimate Cooking Time for
Turkeys of Given Weights.

For our latest model (fourth revision) we can also estimate
the cooking time for each given weight (found by solving
numerically for the time t at which the turkey breast (location
of the thermocouple) reaches 73.9 ◦C.

These estimated cooking times are listed in Table 4.

Table 4: Estimated cooking times in hours for latest model.

Weight W (kg) Actual Time to 73.9 ◦C (hr) Latest Model (hr)

5.4 3.13 3.24977

6.8 3.52 3.58626

8.2 3.97 3.99686

9.5 4.46 4.50452

10.9 5.03 5.29348
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Compare our Latest Model’s Cooking Time Estimates to
Previous Models.

Figure 8 (on the next slide) provides a graphical comparison
between our latest model, actual cooking times, and each of
the turkey cooking models.

The figure shows that our latest model is most accurate
overall, especially for the middle three weights, with close
agreement with the modified Panofsky model for weights
closer to 5.4 kg or 10.9 kg.

We find that for our latest model, the RMSE is 0.135 hr, or
about 8.10 min, with an average overestimate of about six
minutes.
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Conclusion

Starting with the
three-dimensional heat equation,
we have been able to find a model
for temperature in a spherical
turkey of any weight at any time.

As is often the case in modeling
real–world phenomena, we had to
revise our initial model to get a
model that matches reality!

A natural question that hasn’t
been addressed is the following:
What if the turkeys are stuffed?

Data for cooking stuffed turkeys
can be measured from Figure 9
and compared to the models.

This is left as an exercise!

Figure 9: Rate of heating of stuffed turkeys
of different weights [from Martinez,
Maurer, and Arrington].
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