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The Effects of Duct Height on Heat Transfer Enhancement and
Flow Characteristics of Finned Surface.
6.1 Introduction

In this chapter we have discussed the effects of duct height on heat transfer enhancement
and flow characteristics of finned surfaces of co-angular and co-rotating pattern as we have
already got the co-rotating pattern shows the highest thermal performance among four different
fin patterns. In this investigation duct height was varied from 20 — 50 mm and the pitch ratio
(PR) in streamwise direction, fin height and inclination angle were fixed as 2, 10 mm and 20
degree respectively
6.2. Detailed heat transfer

The effect of duct height on heat transfer coefficient profile and iso heat transfer
coefficient contour in case of co-angular pattern is observed which is shown in Fig. 6.1. We can
compare the heat transfer coefficient profile from Fig. 6.1(a), (b), (c), (d), (e),(f) and (g) as the
range of heat transfer heat transfer coefficients were maintained same for all the figures. Though
the shape of heat transfer profile among the fin rows on the endwall are found almost same
regardless of duct height but the areas of higher heat transfer and lower heat transfer are clearly
visible different on the endwall. In Fig.6.1 it is observed that higher heat transfer region
decreases with increasing duct height. It is also noticed that the higher heat transfer regions
adjacent to the fin base also decreases with increasing duct height. Iso heat transfer coefficient
contour also shows the enlarged area of higher heat transfer on the endwall incase of lower duct
height while the lower heat transfer regions are apparently shown enlarges with increasing duct

height, This is because duct height influences the flow field as a result heat transfer
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Fig. 6.1 Detailed heat transfer coefficient profile with iso heat transfer coefficient contour of
the representative fin region with co-angular pattern for U= 10 m/s, Hy= 10 mm, PR =2 and
for duct height (Hy) of (a) 20 mm, (b) 25 mm, (c) 30 mm, (d) 35 mm, () 40 mm, (f) 45 mm
and (g) 50 mm.
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Fig. 6.1 Detailed heat transfer coefficient profile with iso heat transfer coefficient contour of
the representative fin region with co-angular pattern for U= 10 m/s, Hy= 10 mm, PR =2 and
for duct height (Hy) of (a) 20 mm, (b) 25 mm, (c) 30 mm, (d) 35 mm, (e) 40 mm, (f) 45 mm
and (g) 50 mm.
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Fig. 6.1 Detailed heat transfer coefficient profile with iso heat transfer coefficient contour of
the representative fin region with co-angular pattern for U= 10 m/s, He= 10 mm, PR = 2 and
for duct height (Hy) of (a) 20 mm, (b) 25 mm, (c¢) 30 mm, (d) 35 mm, (¢) 40 mm, (f) 45 mm
and (g) 50 mm.
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Fig. 6.1 Detailed heat transfer coefficient profile with iso heat transfer coefficient contour of
the representative fin region with co-angular pattern for U= 10 m/s, Hy= 10 mm, PR = 2 and
for duct height (Hy) of (a) 20 mm, (b) 25 mm, (¢) 30 mm, (d) 35 mm, (e) 40 mm, (f) 45 mm
and (g) 50 mm.

characteristics is changed with duct height. Now, we would like to observe the heat transfer
coefficient profile with duct height in case of co-rotating pattern as shown in the following figure,
Fig. 6.2. The shape of the heat transfer coefficient profile on the endwall for co-rotating pattern
is completely different than that for the co-angular pattern. For all duct height shape of heat
transfer coefficient profile is similar for co-rotating pattern. Iso heat transfer contour and heat
transfer profile also shows that heat transfer increases with duct height and then decreases with

increasing duct height and 25 mm duct experiences the highest heat transfer among the duct.

71



l!‘mnm

-
2209

Fig. 6.2 Detailed heat transfer coefficient profile with iso heat transfer coefficient contour of
the representative fin region with co-rotating pattern for /= 10 m/s, Hy= 10 mm, PR = 2 and
for duct height (Hy) of (a) 20 mm, (b) 25 mm, (c) 30 mm, (d) 35 mm, (e) 40 mm, (f) 45 mm

and (g) 50 mm.
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Fig. 6.2 Detailed heat transfer coefficient profile with iso heat transfer coefficient contour of
the representative fin region with co-rotating pattern for U= 10 m/s, Hy= 10 mm, PR =2 and
for duct height (H;) of (a) 20 mm, (b) 25 mm, (c) 30 mm, (d) 35 mm, (e) 40 mm, () 45 mm
and (g) 50 mm.
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Fig. 6.2 Detailed heat transfer coefficient profile with iso heat transfer coefficient contour of
the representative fin region with co-rotating pattern for U= 10 m/s, Hy= 10 mm, PR =2 and
for duct height (H;) of (a) 20 mm, (b) 25 mm., (¢) 30 mm, (d) 35 mm, (e) 40 mm, (f) 45 mm
and (g) 50 mm.
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Fig. 6.2 Detailed heat transfer coefficient profile with iso heat transfer coefficient contour of
the representative fin region with co-rotating pattern for U/= 10 m/s, Hy= 10 mm, PR = 2 and
for duct height (Hy) of (a) 20 mm, (b) 25 mm, (¢) 30 mm, (d) 35 mm, () 40 mm, (f) 45 mm
and (g) 50 mm.

In order to understand the heat transfer distributions more clearly, spanwise heat transfer
distributions are drawn at some streamwise locations of the representative fin region. In Fig. 6.3
and Fig.6.4, spanwise heat transfer distributions are shown for all duct cases of co-angular
pattern and co-rotating pattern respectively.

In case of co-angular pattern spanwise heat transfer distribution at the fin centers, i.e.
X'/L = 0, 2 and 4 is periodic. Higher peak values are located at the fin center positions and the
lower peak values are positioned between the fins in spanwise direction, i.e. at Z'/L = +0.5 and
-0.5. At all duct height case higher peak values are sharper than the lower peak values and this
sharpness decreases with increasing duct height and the heat transfer coefficient of the peak
values gradually decreases in streamwise positions for all duct cases. Just behind the fins, i.e. at

X'/L=0.5,2.5and 4.5 though periodical distribution appears, but it is remarkable that the lower
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peak values are somewhat larger than for at fin center positions. This is expected because the
vortex generated by plate fin touches the endwall (base plate) just after the fins which will be
more clearly explained by streamwise flow visualizations. At the middle of the fin rows, i.e.
X'/L =1 and 3, the shape of the profile is not distinctly periodical. Front of the fins heat transfer
profile becomes periodical again. From Fig.6.3 it is shown that heat transfer coefficient profile at
streamwise direction remains similar for all duct height with some differences in value.

Shape of the heat transfer coefficient profile of co-rotating pattern shows dissimilarity
with co-angular one. Higher heat transfer coefficient distributions are achieved at a duct height
of 25 mm as shown in Fig.6.3. Converging fin pairs causes higher heat transfer coefficient
profile between fins in spanwise direction at X'/L = 0, 2 and 4. Comparatively lower heat
transfer distributions are appeared between diverging fin pairs at the same positions mentioned.

The trends of distributions are almost similar at all duct height.
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Fig. 6.3 Spanwise heat transfer coefficient distributions on the endwall with co-angular
pattern for U=10m/s, Hy= 10 mm and of different duct height.
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Fig. 6.3 Spanwise heat transfer coefficient distributions on the endwall with co-angular pattern
for U=10m/s, Hy= 10 mm and of different duct height.
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Fig. 6.4 Spanwise heat transfer coefficient distributions on the endwall with co-rotating
pattern for U=10m/s, Hr= 10 mm and of different duct height.
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Fig. 6.4 Spanwise heat transfer coefficient distributions on the endwall with co-rotating
pattern for U=10m/s, Hr= 10 mm and of different duct height.
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6.3 Area averaged heat transfer coefficient and Nusselt numbers

We have estimated the area averaged heat transfer coefficient for the overall surfaces of
the representative fin region for different duct height and fin pattern following the Eq.(4.3). And
then we calculated average Nusselt number based on hydraulic diameter of the duct and average
heat transfer coefficient. Area averaged heat transfer coefficients are then plotted against
mainstream velocity. The area averaged heat transfer coefficients are further represented by the
curve fitted lines and all the data fall smoothly on the curve fitted lines and can be well
represented as the form of Eq. (4.4). In Fig.6.5 it is shown that area averaged heat transfer
coefficient increases with mainstream velocity regardless of duct height and fin pattern. In case
of co-angular pattern, are averaged heat transfer coefficient are decreasing with increasing the
duct height and highest heat transfer values are obtained at 20 mm duct. But co-rotating pattern
shows a different behavior. Heat transfer coefficients first increases with duct height and then
decreases with increasing the duct height. Maximum heat transfer coefficients are achieved at 25
mm duct case.

Relationship between Nusselt number and Reynolds number for different duct height
with co-angular pattern and co-rotating pattern is shown in Fig. 6.6and 6.7, respectively. As the
Nusselt number is based on duct equivalent diameter, Nusselt values increases with duct height
regardless of fin pattern and Reynolds number. In Fig.6.7 there shows a significant difference of
Nusselt values between 20 mm and 25 mm duct height which is not distinct in case of co-angular

pattern. Co-rotating pattern shows higher Nusselt numbers than that of co-angular pattern.
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Fig. 6.5 Relation between area-averaged heat transfer coefficients, 7 and mainstream
velocity, U at different duct height of (a) co-angular pattern and (b) co-rotating pattern
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Fig. 6.6 Relationship between Nusselt number and Reynolds number with co-angular
pattern at different duct height.
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Fig. 6.7 Relationship between Nusselt number and Reynolds number with co-rotating
pattern for different duct height.
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6.4 Friction factor

To estimate a pressure drop as well as thermal performance with insertion of fins, the
friction factor for different duct height and fin patterns were measured, and its result are
presented in Fig. 6.8 and Fig. 6.9. Friction factor, f is obtained from Eq. (3.1). Friction factor
decreases with increasing the duct fin height ratio (Hy¢/Hy) regardless of fin pattern and this is
expected because the larger friction occurs for smaller duct fin height ratios. Co-rotating pattern
experiences the larger friction factor than for co-angular pattern, because more turbulence and
flow interactions are occurred in case of co-rotating pattern. When compare Fig.6.8 and 6.9,
there shows a big difference of friction factor between duct fin height ratio (Hy/Hg) of 2 and 2.5
in case of co-angular pattern, but in co-rotating case the difference is comparatively smaller. In
case of co-angular pattern friction factor slowly decreases with Reynolds number and this
tendency continues for duct fin height ratio of 2 and 2.5. For the other duct fin height ratios,
friction factor initially decreases with increasing the Reynolds number but finally slowly

increases with Reynolds number.
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Fig. 6.8 Variation of friction factors with Reynolds numbers for co-angular pattern at
different duct height.
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The tendency of friction factor with Reynolds number is same as that of co-angular case
up to duct fin height ratio of 2 and 2.5. For the larger duct fin height ratio, friction factor initially
decreases with Reynolds number following almost constant value for the higher Reynolds

number which is different behavior than for co-angular pattern.
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Fig. 6.9 Variation of friction factors with Reynolds numbers for co-rotating pattern at

different duct height.
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6.5 Vortex structure analysis

To obtain qualitative information on the flow pattern, vortex structures, size and
reattachment positions, the flow was visualized by Nd: YAG laser sheet using smoke as a tracer
supplied at entrance of the duct and a high speed camera (Phantom V7.1) shot the photographs.
In this study vortex structures at several positions were observed for different duct height and
pattern. But we have shown the vortex structures for the 20 mm duct only and compared the
structures for co-angular and co-rotating pattern as an example. Fig. 6.10 shows the formation
and variation of vortex structures at streamwise positions of X/L =0, 0.5, 1, 1.5, 2, 3.5, 4.5 and 7
for the co-angular pattern. At X/L = 0 and 0.5 formation of longitudinal vortex is clearly
observed at fin top surface which is then growing up at X/L = 1. Vortex pattern looks similar
regardless of streamwise direction. At X/L = 2 vortex reattached to the endwall and the
photograph shows that the vortex size is growing at further downstream. In the figure it is shown
that the longitudinal vortex generated by the fin rotates and then downwash the surface strongly
whereby enhance heat transfer. So it can be concluded that next fin setting at around X/L = 2 will
be effective for heat transfer enhancement. In Fig 6.11 vortex structures at streamwise positions
are shown for the co-rotating pattern. Vortex structures look different than that of co-angular
pattern. Longitudinal behavior is also appeared for co-rotating case same as that of co-angular
pattern. The photographs are arranged with same scale for both patterns. Closer observation
indicates the different length of the origin of circulation for different pattern. In case of co-
rotating pattern origin of the circulation vortex is closer around X/L = 1.5 and then slowly
increases at further downstream wherein in co-angular pattern the closer point is around X/L = 2.
In both cases the rotation of vortexes touched the endwall surfaces and enhances heat transfer.

Vortex rotation in co-rotating case is larger compared to that of co-angular pattern.
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Fig. 6.10 Vortex structures at several streamwise positions with co-angular pattern at Hg = 20 mm
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Fig. 6.11 Vortex structures at several streamwise positions with co-rotating pattern at Hy = 20 mm
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6.6 Thermal performance ratio

As we already know the various technique [1974] to design the heat exchanger. In
Fig.6.12 and Fig.6.13 the relationship between thermal performance ratio with Reynolds
numbers is shown for co-angular pattern and co-rotating pattern respectively. Thermal
performance decreases with Reynolds number regardless of duct fin height ratio and fin pattern.
In general, it is seen that # possesses the higher value for all duct height case at the lower regime
of £ °Re, regardless of fin patterns and its value reaches nearly 3 and 4 for co-angular and co-
rotating pattern respectively. Thermal performance ratio of co-rotating pattern is comparatively
higher than for co-angular pattern. The differences of thermal performance ratios for different
duct heights are almost even in co-angular case. But for co-rotating pattern there shows a big
difference for smaller duct fin height ratio, i.e for HyH¢= 2, 3 and 3.5. Except these ratios a very
little difference in thermal performance ratio is appeared. Next we investigate the effect of duct
height on thermal performance and get the most optimum duct height by compérison with a
reference duct height. The following relation is obtained under the constant pumping power

condition when a reference duct is expressed with sub index “ref”

f3Re(H,, /H,)=f3Re,, (5.6)

where Hg.r denotes a reference duct height, then the heat transfer augmentation or thermal

performance ratio # is expressed as follows:

#=hlhes (5.7
We select Hy= 20 mm as a reference duct height, the data for relative performance ratio #
based on Eq.(5.7) is shown as a function f® Rey in Fig.6.14 and 6.15.
So from the the relative performance graph it is clear that for co-angular pattern 20 mm duct is
the most optimum for the highest thermal performance. The other effect of duct height on the

relative performance is found that thermal performance decreases with increasing the duct height
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Fig. 6.12 Thermal performance ratio with Reynolds number for co-angular pattern at different
duct fin height ratio.
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Fig. 6.13 Thermal performance ratio with Reynolds number for co-rotating pattern at different
duct fin height ratio.
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in case of co-angular pattern. For the co-rotating pattern, the effect of duct height on the relative
performance is different than that of co-angular pattern. Here, initially the relative performance
increases with increasing the duct height and 25 mm duct height shows the highest relative

performance. After then relative performance decreases with increasing the duct height.
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Fig.6.14 Effect of Hy on the relative performance evaluation for the co-angular pattern.
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6.7 Summary

In this chapter we mainly discussed the effects of duct height on heat transfer and flow
characteristics. After thorough investigation we can summaries as follows:

(1) Iso heat transfer coefficient profile along with detailed heat transfer distributions
gives a complete idea how the duct height influences the heat transfer from the endwall for the
different pattern.

(2) The area averaged heat transfer coefficient on the overall surfaces (including fin base)
increases with velocity regardless of duct height and fin pattern. In case of co-angular pattern,
are averaged heat transfer coefficient are decreasing with increasing the duct height and the
highest heat transfer values are obtained at 20 mm duct. But co-rotating pattern shows a different
behavior. Heat transfer coefficients first increases with duct height and then decreases with
increasing the duct height. Maximum heat transfer coefficients are achieved at 25 mm duct case.

(3) The relative performance graph shows 20 mm and 25 mm duct is the most optimum
for the highest thermal performance for co-angular and co-rotating pattern respectively. The
other effect of duct height on the relative performance is found that thermal performance
decreases with increasing the duct height for the co-angular pattern where as for co-rotating case,
initially the relative performance increases with increasing the duct but finally decreases with
increasing the duct height.

(4) Friction factor slowly decreases with Reynolds number regardless of duct fin height
ratio for co-rotating pattern where in co-angular case this behavior exists only for duct fin height
ratio of 2 and 2.5.

(5) The most important information about vortex structures at several streamwise
positions is obtained which shows the reasons of heat transfer enhancement. Vortex structures
for co-angular and co-rotating pattern are found different and the reattachment positions are
obtained. Vortex rotation in co-rotating case is larger compared to that of co-angular pattern

which is responsible for heat transfer enhancement.
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Conclusions

In this thesis we have discussed heat transfer and fluid flow characteristics of finned
surfaces. Inclined short rectangular fins of four different patterns and arrangements are
investigated in duct flows and the relative magnitudes of the extended surface and the vortex
generator effect are determined. Flow behavior and different types of vortexes as well as vortex
structures which causes the heat transfer enhancement are observed by different flow
visualization technique. After thorough investigation we have the following conclusions:

(1) The effect of inclination angle on heat transfer showed that the heat transfer
coefficient for 20° inclination angle is comparatively larger among the three, 0°, 20° and 25°

which agrees with the data obtained by Bilen et al. [2002].

(2) The effect of fin height on area averaged Nusselt number ( Ny,,.qy) for smallest PR
and co-rotating pattern shows that 10 mm fin has the maximum value and the difference of
Nusselt number between 10 mm and 15 mm fin is very little. The same effect was also observed
in case of co-angular pattern [2007].

(3) At a narrow duct, the area averaged Nusselt numbers on overall surface area

(Nttoveran) increases with increasing the Reynolds number regardless of fin patterns and pitch
ratio (PR). Among the four patterns, co-rotating pattern has the highest Nusselt number and the
co-angular pattern has the least Nusselt number. The effect of pitch ratio on heat transfer shows
that PR = 2 have the highest Nusselt value and the value is decreased with increasing PR for all
fin patterns.

(4). When the thermal performance is considered, Higher thermal performance occurred
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in the following order, co-rotating, co-counter rotating, zigzag and co-angular pattern. Co-
rotating pattern with PR = 2 and H;y = 10 mm is the most recommended configuration since it
produces the highest overall heat transfer enhancement with slightly higher pressure penalty due
to the pronounced vortex effect on both the endwall and fin surfaces. Heat transfer augmentation
with co-rotating pattern is more than three times the fin-less duct.

(5) Detailed heat transfer coefficient distributions from the infrared image of
representative region gives a complete idea of higher heat transfer area and lower heat transfer
area. Spanwise heat transfer coefficient profile and streamwise heat transfer coefficient profile
implies the heat transfer characteristics of different fin patterns.

(6) The friction factors for all fin patterns are larger compared to the skin friction on the
smooth surface for a fully developed turbulent flow. Among the four patterns largest friction
factor was developed for the co-rotating pattern owing to the strong flow interactions and
combined vortex attack on the endwall and fin surface whereas the least friction developed for
co-angular pattern. Friction factor value is slowly decreased with increasing Reynolds number
and pitch ratio, PR.

(7) Dye flow in water channel, Oil titanium oxide film flow and smoke flow
visualizations confirmed the longitudinal vortex, horse shoe vortex, corner vortex and other
vortexes generated by all fin patterns which cause the heat transfer enhancement.

(8) Smoke flow pattern around the fins and oil titanium oxide film flow pattern on the
endwall shows a good agreement with each other. Horseshoe vortex is shown apparently
dominant in case of co-angular fin pattern whereas in case of zigzag fin pattern wavy flow
behavior was observed. In case of co-rotating fin pattern more tortuous flow is observed as the
longitudinal vortexes generated by diverging fin pairs combinedly attack the endwall and fin
surfaces. This flow was somewhat disturbed by the following converging fin pairs in case of co-

counter rotating fin pattern.
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(9) The effects of duct height on heat transfer for co-angular and co-rotating patterns
were also observed. In that case, it was found that the area averaged heat transfer coefficient on
the overall surfaces increases with velocity regardless of duct height and fin pattern. In case of
co-angular pattern, area averaged heat transfer coefficient decreases with increasing the duct
height and the highest heat transfer values are bbtained at 20 mm duct whereas co-rotating
achieved the maximum heat transfer coefficients at 25 mm duct.

(10) The relative performance graph also shows 20 mm and 25 mm duct is the most
optimum for the highest thermal performance for co-angular and co-rotating pattern respectively.
The other effect of duct height on the relative performance is found that thermal performance
decreases with increasing the duct height for the co-angular pattern where as for co-rotating case,
initially the relative performance increases with increasing the duct but finally decreases with
increasing the duct height

(11) Friction factor slowly decreases with Reynolds number regardless of duct fin height
ratio for co-rotating pattern where in for co-angular case this behavior exists only for duct fin
height ratio of 2 and 2.5.

(12) Vortex structures for co-rotating pattern and co-angular pattern at several streamwise
positions were traced out by smoke flow which gives new information about the reattachment
positions of the longitudinal vortexes. Comparatively large scale vortex rotation is observed in

co-rotating case which is obviously responsible for heat transfer enhancement.
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