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1. Abstract

The purposes of this experiment are to determine pin fin effectiveness and convective heat transfer
coefficients for free and forced convection over pin fins of differing length and material. The results from
pin fins made of copper, aluminum, and stainless steel showed differing temperature distributions, heat
transfer coefficients, and fin effectiveness values. One of the pin fins, made of stainless steel, can be
treated as an “infinitely long fin.”

2. Introduction / Theory

Empirical correlations from heat transfer allow one to estimate free and forced convective heat transfer
coefficients. Because empirical correlations typically cover a wide range of fluids and flow conditions, an
estimated convection coefficient can deviate from the real value by 20% or more. More accurate measures
of convective heat transfer coefficients can be determined experimentally by obtaining temperature
differences and/or heat transfer rates using a testing prototype.

In this experiment, temperature distributions for three different pin fins are measured under natural and
forced convection boundary conditions. The three cylindrical-rod pin fins used in these experiments are
made of copper, stainless steel, and aluminum. The rate of heat transfer into each pin fin is determined by
the electrical power of the heater at the base of the fin and by the conduction rate through the base of the
fin. The primary purpose of this experiment is to compare heat transfer coefficients obtained
experimentally with estimated values from (text book) empirical correlations. The secondary purpose is
to compare values of pin fin effectiveness for different fin lengths and materials.

3. Procedure

The apparatus consists of three different fins, each with a heater at the base of the fin surrounded by
insulation to reduce heat loss. Five to seven thermocouples are placed along the longitudinal
direction. Temperatures are measured, displayed and recorded with DAQ devices. Two Keithley
meters measure the voltage and current drawn by the heater in order to measure the electrical power.
A switch box selects the fin being monitored by the Keithley meters.

4. Results

4.1. Estimate the fin heat transfer rate qrassuming negligible heat loss from the insulated heater /
base.
df = Getectricar = V1

Fin type Stainless Steel Round Copper Aluminum

qr [W] 6.51 8.76 11.35

In practice, considerable heat is dissipated through the insulation box, and the fin heat transfer

rate is estimated more accurately using Fourier’s law:
A aTr A T, — Ty
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Natural convection:

Fin type Stainless Steel Round Copper Aluminum

qr [W] 1.06 3.68 5.13




Forced convection:

Fin type

Stainless Steel

Round Copper

Aluminum

qr [W]

1.21

6.35

6.48

Throughout this example report the heat transfer rates qr are calculated from the second
approach using Fourier’s law.

4.2. Estimate h values using an overall heat balance on the fin and an “average” fin surface
temperature for both the natural and forced convection cases.

Treating the fin as a lumped object with uniform “average” temperature:
Qs = hAsin(Ts — Too)

Afin(Ts - TOO)

where Agp, = DL + mr? for cylindrical rod fins.

An average fin temperature is calculated from simple averaging of all thermocouples along the
fin:

Tp+Tg1+Tsy+Ts3+Tgs+Ts5+T. - Tp+Tg1+Tsy+Ts3+T,
— bT1ls1T1ls2 ;3 s4T1s5 56, OI'TS= bT1ls1 552 s3 54f0rthecopperﬁn.
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Calculated values of h are tabulated below:

Natural convection:

Fin type Stainless Steel Copper Aluminum
h [W/m’K] 7.0 10.5 9.6
Forced convection:

Fin type Stainless Steel Copper Aluminum
h [W/m’K] 15.2 56.7 35.9

4.3. Predict the temperature profile T(x) along the length of the pin fin, based on an appropriate
boundary condition at the fin tip, x = L, and the fin heat transfer rate qr.

The appropriate boundary condition at the fin tip is the convection heat transfer condition such
that:

, where 06 =T — T,.

x=L

ho(L) = -k o
- dx

The temperature distribution is thus:

g coshm(L—x)+ (%) sinhm(L — x)
Oy coshmlL + (%) sinhmlL




where m = \/hP /kA,

All of the known fin material properties are tabulated below:

Fin type Stainless Steel Copper Aluminum

k [W/mK] 16 388 167

Predicted and measured temperatures are calculated and plotted against longitudinal position as
shown in Figures 1-4.

4.4. How do the predicted T(x) profiles compare with the measured profiles? On the same graph,
plot and compare the predicted and measured temperature profiles T(x) along the length of the
fin, first for the natural convection case, then for the forced convection case.

Predicted temperature profiles generally agree well with measured temperatures except there is
significant deviation in the case of the stainless steel fin. This is due to a large temperature
gradient at the base of the fin resulting in poor estimations of the heat transfer coefficient. Due to
the lower thermal conductivity of stainless steel, there is greater temperature gradient at the base
of this fin; therefore, assignment of a properly weighted "average" surface temperature requires
greater care. Adjusted values of natural and forced convection coefficients to obtain better
agreement between measured and predicted T(x) are shown in the plots of Figure 4. These values
of heat transfer coefficient are significantly higher than the initial estimates, indicating that the
average temperature was overestimated and the heat transfer coefficients were underestimated,
based on the simple arithmetic average of the stainless steel pin fin surface temperatures.
Furthermore, in the case of the stainless steel pin fin, the effects of radiation heat transfer are
non-negligible.

Stainless steel adjusted h Natural convection Forced convection

h [W/m’K] 18.3 76.0
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Figure 1. Predicted and measured temperature distributions T(x) along the length of the stainless
steel pin fin.
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Figure 2. Predicted and measured temperature distributions T(x) along the length of the copper
pin fin.
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Figure 3. Predicted and measured temperature distributions T(x) along the length of the
aluminum pin fin.
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Figure 4. Predicted and measured temperature distributions T(x) along the length of the stainless
steel pin fin with adjusted values of natural and forced convection coefficients.



4.5. Obtain another estimate of the heat transfer coefficient by using measured air velocity and
an appropriate forced convection correlation from Chapter 7 of your textbook. Using this
estimate of h from an empirical correlation, how does the predicted T(x) compare with measured
values?

Empirical correlations relate the heat transfer coefficient of a cylinder (pin fin) in cross flow with
the Prandtl number and Rayleigh number for natural convection,

0.387Ra;/6 ,
[1+ (0-559/Pr)9/16]8/27}

Nu = {0.6 +

or the Prandtl number and Reynolds number for forced convection:

0.62 + Rey/>Pri/3 Rep
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The Prandtl number is evaluated at the film temperature,

and the characteristic dimension for the Reynolds and Rayleigh numbers is the pin fin diameter:

e VD
eD—v

gﬂ(Ts - Too)D3 g(Ts - Too)D3
RaD = =
va vaTy
where, for an ideal gas, § = 1/T;.

Convective heat transfer coefficients from empirical correlations are tabulated below:
Natural convection:

Fin type Stainless Steel Round Copper Aluminum
Rioy [W/m’K] 7.69 8.74 8.59
Forced convection:

Fin type Stainless Steel Round Copper Aluminum
Rioy [W/m’K] 60.0 542 48.3

The effects of radiation heat loss are non-negligible, especially for the stainless steel fin with a
relatively high emissivity value as shown in the table below. A simplified lumped analysis can be
performed with an average surface temperature to incorporate the effects of radiation heat loss
with an effective radiation heat transfer coefficient:




—2 —
hrad = SO-(TS + Tszur)(Ts + Tsur)

Emissivity:

Fin type Stainless Steel Round Copper Aluminum
£ 0.8 0.05 0.1
Natural convection:

Fin type Stainless Steel Round Copper Aluminum
Ryqq [W/m’K] 5.29 0.387 0.758
Forced convection:

Fin type Stainless Steel Round Copper Aluminum
Rygq [W/mK] 5.03 0.326 0.650

Based on the radiation coefficients h,.q tabulated above for the natural and forced convection
cases, the tables below give the overall effective heat transfer coefficients for convection and
radiation combined, in both the natural and forced convection cases for each of the three pin fins:

Natural convection:

Fin type Stainless Steel Round Copper Aluminum
Nefrecive [W/mK] 13.0 9.13 9.35
Forced convection:

Fin type Stainless Steel Round Copper Aluminum
Nefrecive [W/mK] 65.0 54.5 48.9

4.6. Plot and compare the predicted and measured temperature profiles T(x) along the length of
each pin fin, making sure to obtain a new estimate of h for each pin fin configuration, based on

measured air velocity and at least one correlation from Chapter 7.

Parts 3 and 4 are repeated with the heat transfer coefficients obtained in part 5. The results are
shown in Figures 5, 6 and 7 below. In Figure 5 for the stainless steel pin fin, heat loss due to
radiation is included and has a non-negligible effect.
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Figure 5. Predicted and measured temperature distributions T(x) along the length of the stainless
steel pin fin. Radiation heat loss is considered using effective heat transfer coefficient.
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Figure 6. Predicted and measured temperature distributions T(x) along the length of the round
copper pin fin. Radiation heat loss is considered using effective heat transfer coefficient.
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Figure 7. Predicted and measured temperature distributions T(x) along the length of the
aluminum pin fin. Radiation heat loss is considered using effective heat transfer coefficient.



4.7. Calculate the fin effectiveness for all three pin fins, both natural and forced convection cases.

Fin effectiveness is the ratio of the fin heat transfer rate to the heat transfer rate that would exist
without the fin:

s
& =
hA_ 6,

Natural convection:
Fin type Stainless Steel Round Copper Aluminum

€ 34 50 64
Forced convection:
Fin type Stainless Steel Round Copper Aluminum

€ 25 39 41

5. Discussion (25%)

5.1. The accuracy of your estimates of convection coefficients h. What are potential sources of
error?

The accuracy of the convection coefficients calculated from an average fin surface temperature
relies on the accuracy of measured qf, A, and average surface temperature. The heat loss
through the insulation contributes to the error of qf; A, is as accurate as the geometry
measurement of the fin; surface temperature error comes from thermocouple error and averaging
error occurs from the discrete positions of the thermocouples which yields an approximate
average rather than a true surface temperature average. The assumption of uniform temperature
also results in less accurate values of h.

The accuracy of the convection coefficients calculated from empirical relations relies on the
measured air velocity for forced convection and temperature difference from thermocouples.
Again, the assumption of uniform properties (temperature, air velocity, air properties) affects the
accuracy of h. There is also uncertainty from the empirical relation itself.

5.2. Discuss the uncertainty of forced convection air velocities. Estimate velocity measurement
error.

The air velocity profile as a function of position along the pin fin is plotted in appendix C of the
lab manual. The standard deviation of the velocity is approximately 20% of the mean value.
While the correlation is not linear against air velocity, similar uncertainty can be expected from
the results of part 5.

5.3. Estimate the heat dissipated from the electric heater through the backing insulation. How
does this compare with the fin heat transfer rate?




The heat transfer rate qf can be estimated using the theory of heat transfer from extended
surfaces:

sinhmlL + (%) coshmlL

g =M
coshmlL + (%) sinh mL

where M = \/hPkA_By,.

Subtracting q¢ from the measured heater power, we can estimate the heat dissipation from the
insulation.

Natural convection:

Fin type Stainless Steel Round Copper Aluminum
dais (W) 5.0 5.1 6.4
Forced convection:

Fin type Stainless Steel Round Copper Aluminum
dais (W) 4.2 2.7 5.4

The dissipation rate varies in the same trend of fin base temperature, which is consistent with
expectation.

Similar analysis can be drawn from q; = —kA, Z—i ~ —kA, Tl;—Tb:

x=0 1
Natural convection:
Fin type Stainless Steel Round Copper Aluminum
dais (W) 5.4 5.1 6.2
Forced convection:
Fin type Stainless Steel Round Copper Aluminum
qgis (W) 53 2.4 4.9

5.4. What is the effect of neglecting radiation? Are the errors greater or lesser for natural
convection compared to forced convection cases?

Previous analyses assumed convection as the only heat transfer mode; however, radiation heat
transfer should also be included, particularly for the stainless steel pin fin. The heat transfer
coefficient calculated should be considered as a “combined” heat transfer coefficient including
both convection and radiation. The fact that the h values calculated from empirical correlations
are less than experimental h values (using method of average surface temperature) is consistent
with the argument that radiation heat loss must be included.

The “effective” radiation heat transfer coefficient can be described as:

hyaq = €0(T2 + T2,,)(Ts + Tsyy) for a uniform and steady surface temperature. The average fin
temperature under forced convection is less than that under natural convection, due to greater
convection coefficient (and therefore greater “combined” heat transfer coefficient). Therefore the




error of neglecting radiation is less when the surface temperature is lower, hence under forced
convection.

5.5. Compare predicted and measured temperature profiles T(x) along the length of each pin fin.
Estimate an error range for measured location of the thermocouples and include (horizontal)
error bars on all plots of T(x) versus x. What is the typical accuracy of type K (un-calibrated)
thermocouples? Include vertical error bars to illustrate uncertainty in the temperature
measurements for all plots of T(x) versus x.

Error range of measured locations of the thermocouples depends on the spot size of the
thermocouple fixture and the accuracy associated with measuring from a specific fin base
location. The measurement error in thermocouple location is estimated at 0.1”. Type K
thermocouples have a standard error of 2.2°C according to the OMEGA website [1]. These
uncertainty errors are reflected in Figures 1-7.

5.6. Could any of the fins be modeled as infinite? If so, explain. If not, what fin length would be
needed for an infinite fin model to be valid?

A fin can be considered infinite when the tip temperature is very close to ambient temperature,
which suggests that additional fin length will not increase the rate of heat transfer. Typically, for
mL > 2.65, the infinite fin criterion is considered satisfied. Of the four fins, the stainless steel fin
can be treated as infinite as the value of mL is 9.6 and 13 for natural and forced convection
respectively.

5.7. Compare the calculated values of fin effectiveness for natural and forced convection and for
each of the four different pin fins. Compare and discuss each of the fin effectiveness values.

The fin effectiveness describes how much heat is transferred compared to the scenario where
there is no fin. The fin effectiveness values for natural convection are greater than those for
forced convection, indicating that the fins are more effective when the heat transfer coefficient is
low and surface temperature is high. The aluminum fin is slightly more effective than the copper
fin (due to the higher emissivity of aluminum compared to copper), with the stainless steel fin
being the least effective due to its low thermal conductivity (although its emissivity is relatively
high). Stainless steel suffers from low thermal conductivity, and it therefore transfers less heat to
the extended surface compared to other more conductive fin materials. Geometry differences
might also account for some differences in fin effectiveness of the copper and aluminum fins.

6. Conclusion

In this experiment, the temperature distributions of three different pin fins were measured under
natural and forced convection conditions. The convective heat transfer coefficients were
calculated by average temperature method and empirical correlations. Radiation heat transfer is
not negligible for the stainless steel pin fin. Furthermore, the stainless steel pin fin can be
considered “infinitely long”, and it is the least effective of all three fins.
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