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Introduction

Free convection is the natural heat transfer from a material to its surroundings, while forced
convection is this transfer under the influence of air flow acting on the object. The greater the air
flow keeping all other conditions the same, the greater the rate of temperature change and the
greater the heat flux. This experiment determines how significant of an impact forced convection
air flow has on the convection coefficient of different material samples. Using a scenario of free
convection compared to two scenarios of different forced convection air flow speeds, this
experiment compares the convection coefficients to quantify the impact of forced convection on
material convective properties. Each material starts at an initial temperature significantly above
room temperature, and this experiment records how the temperature changes over time as it
dissipates heat to its surroundings. This rate of temperature change is used to calculate the
convection coefficient for each of the material and air flow speed scenarios.

Research Question: What is the impact of forced convection air flow speed on a material’s
convection coefficient? How does this compare to the material’s free convection coefficient, and
is this relationship similar or different when evaluated for different materials?

Experimental Methods

For three different materials, the specimen is heated to an initial temperature far above the room
air temperature. This specimen is then placed in the path of a wind tunnel with one of the faces
of the cube facing the direction of air flow. As the material experiences heat loss to the
surroundings via free or forced convection, a thermocouple is used to measure and record its
changing temperature in increments of 20 seconds. Time is the independent variable while our
dependent variable is the set of changing temperature data (dTs/dt) needed to calculate the
convection coefficient. Air speed is also an independent variable, as this creates a comparison
between the calculated convection coefficient of free vs forced convection. The volume and
surface area of each material specimen are constant as well as the direction of air flow from the
wind tunnel.

Materials Needed:
- 0.025 m side length cubes of stainless steel, copper, and aluminum
- Material heating oven
- Wind tunnel
- Thermocouple for material sample temperature measurement
- Temperature monitor
- Spreadsheet to record temperature values at time iterations
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Experimental Setup:
Both free convection and forced convection are evaluated using the setup shown below with a
heated material specimen placed on a thermocouple and in the path of a wind tunnel.

Figure 1: Setup / Schematic

Experimental Procedure:
Free convection

1. Set up experimental materials
a. Connect the thermocouple to the temperature monitor

2. Heat cube of stainless steel to an initial surface temperature
3. Attach the heated cube to thermocouple
4. Monitor and plot continuous data for the surface temperature

a. Every 20 seconds starting at t = 0, record the thermocouple temperature
measurement and record it in a spreadsheet

b. Stop collecting data at t = 580 seconds
5. Calculate the average convection coefficient using Equation 5 in the calculation methods

section
6. Confirm that the lumped capacitance method is valid using Equation 6
7. Repeat steps 1-6 for copper and aluminum

Forced convection
1. Set up experimental materials

a. Connect the thermocouple to the temperature monitor
b. Turn on the wind tunnel
c. Use a wind speed measurement instrument at the output of the wind tunnel
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d. Adjust the voltage input to the wind tunnel until the measured wind speed is at V
= 2 m/s

2. Heat cube of stainless steel to an initial surface temperature
3. Attach the heated cube to thermocouple and make sure one face of the cube is facing the

wind tunnel output
4. Monitor and plot continuous data for the surface temperature

a. Every 20 seconds starting at t = 0, record the thermocouple temperature
measurement and record it in a spreadsheet

b. Stop collecting data at t = 580 seconds
5. Calculate the average convection coefficient using Equation 5 in the calculation methods

section
6. Confirm that the lumped capacitance method is valid using Equation 6
7. Repeat steps 1-6 for copper and aluminum
8. Repeat steps 1-7 for V = 3.5 m/s

Assumptions:
1. Steady-state conditions
2. For each material and flow speed condition, the convection coefficient h is constant

throughout the heat dissipation process
3. Radiation is negligible
4. Air flow from the wind tunnel is laminar

Calculation Methods:
Convection heat transfer is represented by this formula. The convection coefficient h is constant
per material, but increases with air flow for cases of forced convection.

Equation 1:
𝑞 = ℎ𝐴

𝑐
(𝑇

𝑠
− 𝑇

∞
)

Heat transfer is also a function of the change of temperature over time dT/dt that we measure in
this experiment as well as the specific heat and mass of the material.

Equation 2:
𝑞 =− 𝑚𝑐

𝑝
(𝑑𝑇/𝑑𝑡)

The lumped capacitance method is expressed in Equation 3 below and can be used to solve for h
as shown by Equation 4.

3



Equation 3:
ℎ𝐴
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Equation 4:
ℎ =− 𝑚𝑐

𝑝
(𝑑𝑇/𝑑𝑡) / 𝐴
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Values that remain constant throughout the experiment are the change in time dt = 20 seconds,
the surface area of the block Ac = 0.000625 m2, and the surrounding room temperature T∞ =
21.67 C. We can therefore substitute these values into Equation 4 to create Equation 5. Mass m is
dependent on the material specimen. The values that vary with time are the temperature of the
block Ts, the change in temperature of the block over 20 seconds dTs, and the specific heat of the
cube material as temperature changes. Density and specific heat must be found at the
corresponding evaluated Ts.

Equation 5:
ℎ =− 𝑚𝑐

𝑝
(𝑑𝑇/20) / 0. 000625(𝑇

𝑠
− 21. 67)

To confirm that this lumped capacitance method calculation of h is valid, this calculated
convection coefficient h and the material conduction coefficient k as well as side length L must
be used to calculate the Biot number. If Bi ≤ 0.1, the lumped capacitance method is valid.

Equation 6:
𝐵𝑖 = ℎ𝐿/𝑘

Results and Discussion

Specimen mass, conduction coefficient and dimensions of each material are needed for
calculations. These properties are shown in Table 1 below.

Table 1: Material Properties

The experimental procedure yielded temperature change vs time data for all three materials at
each of the flow speeds as shown in Table 2. Figures 2 through 4 show plots of this temperature
change for all nine scenarios organized by air flow speed. The rate of temperature change dT/dt
for each material and wind speed scenario slowly reduces as the block temperature Ts becomes
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closer to the surrounding temperature T∞. The rate of change dT/dt at the same Ts value is
greater, however, the higher the wind velocity V. This is also expected behavior, as forced
convection causes greater heat dissipation. These plots also show us differences between the
evaluated materials in that aluminum appears to have the highest temperature change rate (dT/dt)
compared to the other materials under the same conditions while stainless steel has the lowest.
This is true for each of the scenarios of free vs forced convection.

Table 2: Temperature Change over Time Experimental Data

Since the temperature of the block Ts, the change in temperature of the block dTs, and the
specific heat of the material specimen change with time, the convection coefficient can be
calculated for each time step using Equation 5. Tables 3 through 5 show these calculations for
free convection, V = 2 m/s, and V = 3.5 m/s. The calculated coefficient experiences slight
variation at each time step due to error factors. It should not experience a trend of increase or
decrease with progressing time, however, because it is assumed to be a constant given the
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experimental conditions. These convection coefficient calculations were performed in Excel
using the determined constants, the time-varying components calculated at each step, and
Equation _ at each step. The calculated average convection coefficient havg in each scenario is the
experimentally-determined value for the tested material. Since variation of the calculated
coefficient at each time step is an indicator of error, this is quantified by the calculated standard
deviation as addressed in the uncertainty analysis section.

Free Convection Coefficient Calculations:
Figure 2 plots the temperature change over time for the three free convection scenarios. This
data, among the constants, is used to calculate the convection coefficient via the lumped
capacitance method. These convection coefficients are shown in Table 3.

Figure 2
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Table 3

All of the Biot numbers associated with the calculated h at each time step are less than 0.1, so the
lumped capacitance method used to calculate h for the case of V = 0 m/s is valid. The
experimental results are therefore likely to be accurate aside from any sources of bias or
precision error. These convection coefficient results are displayed in Table 6, along with the
results for the two forced convection scenarios.

7



Forced Convection Coefficients at V = 2 m/s:

Figure 3
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Table 4

As expected, the convection coefficient calculations of each material increase with forced
convection air flow. This means that the Biot numbers have increased, so it is important to
confirm that the lumped capacitance method is still valid. Bi < 0.1 for copper and aluminum, so
this method is valid for both of these materials. For stainless steel, however, the Biot numbers are
slightly above 0.1 so a different method is needed to find a more accurate convection coefficient.
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Forced Convection Coefficients at V = 3.5 m/s:

Figure 4
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Table 5

Table 5 shows that the calculated convection coefficients increase even further with a greater air
flow speed. This result confirms expected behavior, as the convection coefficient must increase
with a greater level of forced convection. The stainless steel Biot numbers for this air flow speed,
however, are also greater than 0.1 so we cannot trust these calculated coefficients to be fully
accurate. The Biot numbers of copper and aluminum remain below 0.1.

Convection Coefficient Results Comparison:

Table 6: Calculated Convection Coefficients of Each Scenario
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Free convection results from this table summary show that the three tested materials have similar
nominal convection coefficients. Given that the air conditions were the same despite different
materials, this can be expected.

The difference in how each of these materials respond to forced convection is also evaluated
using these coefficients and those calculated for forced convection. The case of free convection
is a baseline that can be used to evaluate how much forced convection changes the convection
coefficient of a material. As seen in the final two columns, the percent increase of the convection
coefficient from free convection is calculated for V = 2 m/s and 3.5 m/s. There is no significant
variation in this value between materials for V = 2 m/s, although this variation is slightly higher
for V = 3.5 m/s because it is a more significant change from free convection. These results
suggest that materials have slight differences in how their rate of convection changes with an
added forced convection air flow.

Uncertainty Analysis:
Although we see some variation in the calculated convection coefficient at each time step, it
should theoretically not change throughout the heat dissipation process since it is a constant
given steady-state conditions. We do see some variation quantified by a calculated standard
deviation, however, which indicates the presence of non-ideal conditions and possible precision
error. This standard deviation is of the calculated convection coefficient at each time step, but it
also represents precision error of the collected temperature change data because the collected
data dT/dt is proportional to the calculated h as shown by Equation 5. Any errors in measuring
temperature at a time step creates differing h values at these steps. Environmental factors may
also have an impact on temperature measurements, however, and be a factor in these differing h
calculations. These include a changing room temperature and slight changes in the wind tunnel
speed. The standard deviation calculations shown in Table 7 quantify the error of each scenario,
of which all of these factors may have contributed.

Table 7: Standard deviation of the Calculated h in Each Scenario

The standard deviation values indicate that there seems to be measurable precision error within
this experiment. The greatest error appears to be at the largest air speed V = 3.5 m/s, which is
expected because this had the quickest temperature change and introduces the greatest human
error to the manual temperature time interval recordings. The Biot number is also larger at this
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greatest air flow speed due to a higher calculated h. Although most scenarios fell under lumped
capacitance, it may have still affected the accuracy of the higher air flow h calculations.

Conclusion

This experiment demonstrates the quantity of change that the convection coefficient of a material
experiences when placed under a forced convection condition. Using two different air flow
speeds in comparison to the free convection condition, this experiment generated results of the
calculated convection coefficients themselves and a percentage representation of the convection
coefficient increase from the nominal free convection value. These results help us understand the
impact air flow has on the convection heat transfer of an object and how this impact differs
between materials.

Recommendations for Improvement:
To improve this experiment, it would be valuable to address some of the sources of error,
particularly precision error. The experiment required manual recording of a thermocouple
temperature measurement every 20 seconds. This introduces human error, but implementation of
a digitally-compatible thermocouple would allow for automatic temperature logging and
eliminate the human error. Digital data collection can also introduce far shorter time intervals for
more accurate dT/dt data and therefore h calculations. This experiment involved only one trial
per scenario, so to ensure the dT/dt data collection is accurate and consistent, it should involve at
least 3 trials per scenario. Ensuring consistency of data collection under the same conditions can
quantify precision error and is a factor in determining how accurate the final convection
coefficient calculations are.

Further Investigation:
In this experiment, the primary factors under investigation are the impact of forced convection
on the calculated convection coefficient of a material specimen and the differences of materials
in how much forced convection changes the calculated coefficient. To expand on this
experiment, more wind speeds can be tested and a convection coefficient calculated for each.
This would create enough calculated coefficients over a variety of air flow speeds to plot
convection coefficient vs air speed. The plot would provide a better understanding of how
convection coefficient changes with air speed and create a predictive trendline for each material.
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Appendices

Appendix A: Additional plots comparing temperature change over time (dT/dt) to air velocity

Figure 5
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Figure 6

Figure 7
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Appendix B: Time Spent on Experimental Process

Table 8

Activity Date and Time

Designed experiment: Free vs forced convection 9/30

Determined research question 9/30

Found calculation methods of h 10/7

Created experimental procedure / setup 10/7 - 10/13

Gathered materials 10/14 11:00 am - 11:15 am

Took experimental data (Table 1) 10/14, 10/21 11:00 am - 12:30 pm

Performed data analysis 10/21 - 10/28

Wrote report 10/26 - 10/28
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