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ABSTRACT

Heat transfer and pressure data were performed and reported on two different rigs. The
first rig has an aspect ratio of (19:1) with two different inlet conditions and the second rig is
composed of two different aspect ratio channels, (1:8) and (1:4). Rib turbulators were used as a
flow disruptor scheme to enhance the heat transfer and friction factor. Rib aspect ratios ranging
from (1:1) to (1:5) rib-height-to-width ratio were used.

The first channel rib-width-to-pitch (W,/P) ratio was kept at 1/2 where flow was kept at
relatively low Reynolds numbers, between 3000 and 13000. Results from the current tests
showed that existing correlations could be used for high aspect ratio channels in predicting the
effectiveness of the cooling scheme. Two different inlet conditions were tested; one was
arranged so that the flow was hydrodynamically fully-developed at the entrance of the heated
section, while the other uses an abrupt entrance from bleeding off mass flow from a horizontal
channel. The heat transfer augmentation (compared to a well known and accepted correlation
proposed by Dittus-Boelter) in these channels are extremely high with an average of 350% to
400%. However, this was accompanied by a substantial increase in the pressure drop, causing
the overall thermal performance to increase between twenty to thirty percent.

The second channel rib-width-to-pitch ratio (W,/P) ranges from 0.1, 0.3, and 0.5; the flow
conditions are tested from 20,000 to 40,000 Reynolds number. Correlations for heat transfer and
friction augmentation of the test data was also given. The test shows large rib blockage ratio does
not demonstrate the best thermal performance; however it does give a high heat transfer
augmentation ranging from 200 to 300 percent for both aspect ratios depending on the width of

the used ribs.
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CHAPTER 1: INTRODUCTION

Developing new cooling schemes has been an ongoing process for decades, especially in
the turbomachinery industry. In the harsh environment of complex machinery, such as the
turbine, the most critical part exists in the first row of blade and vane, where the exiting or
operating temperature of the working fluid far exceeds the melting point of the blade’s material
composition.

Two different advancements in technology makes this possible, one is to develop a new
generation of material, and the other is to have a better cooling scheme. Figure 1 shows the
material advancement over the years, but this is still not enough to survive the operating
condition of the turbine. From Figure 1, it seems that with the current technology we can only
push the blade material limit to operate at only 1150°C using single crystal alloys and thermal
barrier coating (TBC) which survives only up to 1200°C. TBC are ceramic materials, therefore
it is impossible for major components to be made out of only these types of materials. Ceramic
materials are usually poor performers of tensile stresses, where in the turbine, a tremendous
tensile loading occurs due to centripetal acceleration from the rotation of the shaft and every
blade connected to it. Blade made out of only TBC will not be able to survive both the operation
temperature and the major loading.

Single crystal alloys can survive the major loading component of the turbine, but not the
immense temperature. Therefore, current turbine blade and vanes consist of both materials,
where the blades are coated with TBC to help protect the blades/vanes alloys, creating a larger

thermal resistance between the hot gas and the blade’s composition. TBC alone cannot protect



anything without some other type of cooling scheme. If no cooling schemes are used in
conjunction, the entire blade or vane will certainly reach the same temperature of the hot gas
once the turbine reaches steady state, and catastrophic failure occurs once all blades and vanes
are melted away.

Figure 2 shows the operating condition of a Rolls-Royce Trent 800 aircraft engine. The
temperature at the exit of the combustion chamber and the inlet to the high pressure turbine
(HPT) far exceeds the temperature limit of materials currently available, seen in Figure 3. From
Figure 2 and Figure 3, it can be seen that with the current technology, material advancement
alone is not enough to produce materials capable of surviving the temperature distribution in the
entire gas turbine engine. Other cooling schemes are needed in conjunction of material

advancement to be able to push for higher operating temperature.
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Figure 1: Materials advancement over the years, Sourmail [1]

Two major schemes of cooling are currently utilized by industries, they are active and
passive cooling. An example of active cooling is film cooling, where coolant from the
compressor is used to create a thin cooling film, blanketing over the critical portion of the blade
to protect it. This method is more expensive since it bleeds air from the compressor to cool the
blade, after so much work has been spent to compress atmospheric air to such high operating
pressure. Once the compressed air is used for coolant, it can never be used to produce any work;
hence the name “spent” air. Passive cooling involves mostly internal flow and flow trippers. By
turbulating the flow, the boundary layer develops and re-attaches to the heat transfer surface to
increase the heat transfer rate. The main objective of turbulators is to cause more mixing to the

main stream of air, which makes the thermal information from the viscous layer of the boundary
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Figure 2: Operating temperature throughout a typical aircraft engine (Rolls-Royce Trent

800), Sourmail [1]



layer to penetrate quickly toward the bulk core (main) flow, thus removing heat quickly away

from the heated surface.
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Figure 3: Summary of temperature distribution throughout a cross section of a blade or

vane, O’Donoghue [2]

Figure 4 shows an example of the complicated inner working of a classical turbine blade.
This blade has three different cooling scheme designs within it; the film cooling and
impingement effect at the leading edge of the air foil, rib turbulators in single and multiple

passes along the mid-core, and pin-fin cooling at the trailing edge.
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Through the years, rib turbulators were used dominantly in turbines, generators, heat

exchangers and any other devices which require cooling. Ribs are utilized for their ease of

manufacturing and cooling effectiveness.

This research shall look into high aspect ratio of channel as well as ribs aspect ratio and

their effect on the average heat transfer augmentation throughout the length of the channel.



CHAPTER 2: LITERATURE REVIEW

Figure 5 shows the characteristics of rib turbulator definitions. By varying any of these
basic parameters (different parameters changes the characteristics of the flow slightly), which
can either be beneficial or harmful to the overall thermal performance or efficiency of the design.
A vast majority of studies have already mentioned parametric designs to find the most efficient
characteristics of rib shapes, size, orientation, and installation walls. Some of these works are

discussed below.
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Figure 5: Ribs characteristics parameters: p, e, wy,



Rib turbulators have been used for decades in the turbine industries for pushing the limit
of heat transfer rate in internal cooling airfoils. One major contributor to the vast amount of
resources available on internal cooling using turbulators is definitely credited to J. C. Han. J. C.
Han has written scores of papers that utilized the effects of many ribs and channel parameters;
for instance, the number of passes, rib orientations, rib arrangements, pitch to height ratio, etc.

In 1978, Han [4] wrote a paper experimentally proving that ribs arranged symmetrically
or staggered, does not create a difference in regards to the friction factor, as well as the heat
transfer augmentation. In this experiment, he varies both the pitch-to-rib-height (P/e) and the
rib-height-to-hydraulic diameter (e/Dy,). He reported that P/e = 10 produces the largest friction
factor and heat transfer coefficient. For P/e = 10, the flow is able to re-attach to the wall surface
between the ribs, which causes the largest heat transfer coefficient to occur at the re-attachment
zone, very close to the next rib. For P/e > 10, the re-attachment zone is far from the next rib, and
the new boundary layer begins to re-develop. For P/e < 10, the flow did not reattach, thus there
was a smaller loss in momentum from the fluid to the space between the ribs. Different rib’s
angle of attacks were also tested, ribs were oriented at 90°, 75°, 45°and 20° with respect to the
flow. For the most part, the rib aspect ratio (e/W,) remained at a one or square rib for a parallel
plate channel configuration. He also showed that the angle of attack of 45° provided the
optimum thermal performance of all the difference cases ran.

In 1983, Han [5] then changes the channel from two parallel plates to a square channel.
Again, the most important aspect of this work was to determine the effect of rib pitch-to-height
and rib height-to-hydraulic-diameter ratios on friction factor and heat transfer coefficient with

ribs attach to two opposite walls. The e/Dy, varied from 0.021 to 0.063 and P/e varied from 10 to
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40 for a range of Reynolds number between 7,000 and 90,000. Han reported that rib walls
produced an increase of about 1.7 to 2.2 times the Stanton number over the four smooth walls.
Han then used the same channel as in [5] to perform another parametric study of the
angle of attack effects on heat transfer and friction factor. The same range of Reynolds number
as in [5] and an /Dy, = 0.021, 0.042, and 0.063 were used for [6-8]. He reported that for an angle
of attack of 30 to 45 degrees, the heat transfer rate is 20 to 10% respectively higher than the ribs
oriented normal to the main flow. At the same time, these oblique ribs also required 50 to 20%
less pumping power to drive the flow correspondingly. These findings greatly affected the

nature of turbine blade design.

In 1988, Han and J. S. Park [9] also considered the entrance effects of the channel on heat
transfer and friction factor with channels that were associated with rib turbulators. They
considered three different channel aspect ratios for this case, AR =1, 2 and 4. The rib height-to-
hydraulic diameter ratio (e/Dy) used were varied from 0.047 to 0.078, with pitch-to-rib-height
varying from 10 to 20. Not only that, the rib orientation also used an angle of attack ranging from
90°, 60°, 45° or 30°. Local data for heat transfer using thermocouples for the first three hydraulic
diameters were reported as well the rest of the channel’s averaged result. For the first three
X/Dy, the heat transfer coefficient enhancement follows a wavy pattern, meaning that the local

heat transfer enhancement varies greatly with relative location to the rib.

With the same setup as in [9], Han explored more channel aspect ratio dependent
characteristics in [10]. Han [10] did a more in depth study of the channel aspect ratio with

width-to-height ratios of %, %, 1, 2, and 4. Only the rib angle of attack of 90° was considered in



this study. The pitch-to-rib height ratio also varied from 10 to 20, and only two walls are
mounted with rib turbulators. He reported that the Nusselt number ratio displayed the same trend
for different channel aspect ratios, but the local heat transfer coefficient ratios were higher in
larger aspect ratio channels. In other words, Nusselt number ratio was larger in channels (W./H
= 2 and 4) versus channels with aspect ratio of (W,/H = %2 and %). This is due in part by the

larger aspect ratio channels having a larger rib exposure area.

Han et al. [11] expanded the study of rib turbulators yet again. This paper examined the
effect of everything stated above and the effect of parallel vs. crossed arrangement of rib on two
walls with the orientation at a number of different angles with respect to the main fluid flow.
Han reported that the crossed ribs produced a slightly lower heat transfer performance than the
parallel ribs. He reported a 5 to 10 percent variation of heat transfer coefficient between the two

and the cross ribs also produced a higher friction factor augmentation.

To have a more closely related turbine problem, Han and Zhang [3] studied a case which
involves a channel with three passes that represents a portion of the air foil internal cooling
channel in Figure 4. They also changed the measurement method to incorporate mass transfer as
a way to model heat transfer on a local level throughout the channel. Naphthalene was evenly
coated on the entire channel’s surface and the flow was then supplied. To back out the heat
transfer calculation, a measurement of the thickness of Naphthalene was recorded. In this case,
the rate of sublimation of Naphthalene was directly a function of the heat transfer coefficient.
The faster the rate of sublimation, the higher the heat transfer coefficient. The effect of the 180

degree turn in the channel caused a huge heat transfer augmentation to occur on the side walls.
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This can only be seen in the second and third pass, only at locations right after the turn. The heat
transfer augmentation benefit greatly after the first pass due to the turn, secondary effects also
played an important role on the outcome of the local heat transfer coefficient near the turns. They
also concluded that the parallel ribs with a 60° angle of attack produces the most uniform heat
transfer coefficient in all three passes. This is the best design for any situation since uniform
heat transfer rate relieve local thermal stress to the overall component which in turns increases

life and dependency to the part.

Han and Zhang [12] then researched the effect of broken ribs and its effect on the overall
heat transfer enhancement. They reported that the 60° parallel broken rib or the 60° V-shaped
broken rib provided the highest heat transfer enhancement, compared to the 45° broken and V-
shaped broken ribs and the 90° rib orientations. The 60° rib case has the highest heat transfer
augmentation reported thus far, and at the same time, the friction factor augmentation is the same

as the 45° parallel broken and V-shaped broken ribs.

For all of Han’s paper [4-12], he always included a semi-empirical correlation to account
for the heat transfer and friction augmentation using the law of the wall. The law of the wall was
first proposed by Nikuradse in the 1950s using sand roughened surface in a circular tube. Han
then extended these studies to include a correlation that can be applicable to the rib walls.
Friction Roughness function and Heat Transfer Roughness function were used to capture of all

his data in all of his papers in equation 1 and equation 2 respectively.

R =[12.31-27.07*(a/90°) + 17.86*(0/90°)*2] * (W/H)™ 1)
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Where m=-0.5 for 60°< 0 <90°
m = -0.5(a/60°) for  30°<a<60°

m=0 for a<30°

G =C(e")" (2)

Where 2<WJ/H<1
n=0.35
C=2.24,ifa=90°

C=1.8if30°<0<90°

for 1/4 < W/H < 2/4
n=0.35*%(W/H)"*
C =2.24%(WJH)"", if a=90°

C = 1.80*%(W/H)™, if30° <0 <90°

And e" is the Roughness Reynolds Number, which can be defined in equation 3:

e’ = (e/Dp)*Re /f/2 3)

The Friction Roughness Function (R) is setup as a function of the pitch and rib height parameter.
12



R = ¢*(P/e)"> 4)

Webb et al. [13] was the first to extend the law of the wall to rib turbulators in pipes.
They specified that the correlation was only dependent of P/e on the momentum roughness
function (Friction Roughness Function) and independent of e/Dy, They specified a correlation for
the Roughness Function to equal:

R = 0.95(P/e)* for e >35

And the heat transfer Roughness function is:
G = 4.5(c")2(Pr)*

St=/f/{{{He" - Re'](2N"" +2}

One thing to keep in mind is that in order for anyone to use these correlations, the friction
factor must first be converted to Fanno Friction factor, which is 4 times less than the Darcy
friction factor.

Chandra et al. [14] also analyzed a number of internal channel cooling involving rib
turbulators. Unlike Han, Chandra tested the effect of varying the number of rib walls. He tested
the following parameters: P/e = 8 and e/Dy, = 0.0625 with ribs oriented perpendicular to the main
flow and the channel aspect ratio was 2:1 (Width : Height). The friction factor augmentation
increased from 2.85f, to 12.4f, depending on which wall containing the ribs and also the number
of rib walls. With one rib wall, the heat transfer enhancement was 2.7 to 1.92 times more for
Reynolds number ranging from 11,000 to 72,000. At the same time, the 7 augmented at a ratio of

1.64 to 1.15 for the adjacent smooth wall and a heat transfer augmentation of 1.5 to 1.08 for the

13



opposite smooth. With two opposite rib walls, a heat transfer augmentation of 2.96 to 2.04 for
the same range of Reynolds number was reported and a heat transfer augmentation of 1.91 to
1.38 for the smooth walls. With all the rib walls added, a 3.24 to 2.17 times the heat transfer
augmentation was reported. This study also reported the significance of the secondary flow,
which occurs by the presence of the rib turtulators. With just one rib wall, the effect of heat

transfer augmentation was also felt by the opposite wall.

Chandra et al. [15] extended the study by varying the number of rib walls. Like Han,
Chandra used the friction roughness and heat transfer roughness functions to create a semi-
empirical correlation. Instead of using a correlation similar to Han and Webb, Chandra

determined the value for his channel as
R =3.44 for e >120
And G=@E)*Y for e >120

He concluded that with the increasing number of rib walls, the heat transfer augmentation also
increases. The heat transfer augmentation increased by 6% from two ribbed walls to one ribbed
wall, a 5% increase from three rib walls to two ribbed walls and a 7% heat transfer augmentation
increase for four ribbed versus three. The friction roughness function is independent from

Reynolds number.

In order to study the passages in a real turbine blade, Chandra and Han [16] used
Naphthalene sublimation technique to evaluate heat transfer and pressure drop in a two pass

channel with ribs oriented at 90°, 60°, and 45°. For the smooth wall alone, the first pass
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produced a pressure and heat transfer similar to the available correlations of smooth pipes.
However, in the second pass, due to the 180° turn, the pressure and heat transfer results were
double as the amount of the smooth wall correlation. The augmentations amplified with the
presence of the different ribs configurations. The angled ribs produced the largest heat transfer

and friction augmentation over the 90° or normal rib orientation.

In 1998, Chandra [17] provided a thorough study of the different types of rib geometries
and their effects on heat transfer and friction factor distribution. The turbulators’ geometries
which were tested included the square, cylinder, triangle, irregular hexagon and semi-circle
shapes; along with the smooth wall was also tested. Again, copper ribs were glued onto two
opposite walls in a square channel. Chandra concluded that square ribs produced the highest
friction factor as well as the highest heat transfer augmentation; while rounded ribs produced
lower friction and heat transfer augmentation. As a comparison, with the same rib base area, the
square ribs exhibited 24% higher heat transfer than the circular ribs while creating 33% more

pressure drop than the circular ribs.

Like Chandra, Taslim [18 - 21] also worked with rib geometries and their effects on the
overall heat transfer and the pressure drop occurring inside the fully developed channels. Taslim
and Spring [18] uses the thermochromatic liquid crystal method with two types of ribs tested,
square and 2:1 rib-height-to-width ratio, they were arranged in staggered fashion on two opposite
walls oriented at 90° to the flow. Their rounded corner rib counterparts were also tested.
Different rib aspect ratios were tested due to the minimum practical limit of turbulator size which

existed in air-craft engines on the order of 0.010inches in size. With the built-in rib machining

15



tolerance of 0.002 — 0.003 inches, then the actual rib may vary as much as +30%. Hence this
study also helped to characterize the effect of rib aspect ratio as well as rib spacing on the overall
heat transfer and friction factor augmentation. With high blockage ratio, e/Dy = 0.22, the
optimum P/e appears to be around 8, and by considering only the manufacturing tolerance (30%
change in rib size), this may result up to 40% deviation in the Nusselt number from the targeted
heat transfer coefficient. Taslim concluded that there was an optimum turbulator spacing (P/e)
for every given turbulator blockage ratio (e/Dy) and rib aspect ratio, the sensitivity of Nusselt

number to P/e decreases as e/Dy, decreases.

Taslim [19] expressed an interest in heat transfer enhancement on the rib surface. This
was not previously reported in any publication, since ribs are usually glued to the surface of the
channel and the uniform temperature between the rib and the channel surface was assumed. For
the current test, ribs were staggered in a square duct with rib orientation 90° to the flow. Taslim
also considered the effect of rib blockage ratio, three different rib heights were chosen, e/Dy, of
0.133, 0.167 and 0.25; with spacing P/e of 5, 7, 8.5 and 10. Taslim reported that the rib average
heat transfer coefficient was much higher than the average of the wall and the rib pitch-to-height
ratio of 8.5 constantly produces the best augmentation. Most importantly, the thermal

performance decreases with an increase in blockage ratio.

To further study the internal channel cooling, Taslim [20] tested a configuration with
relatively large blockage ratio. He investigated a channel with 22% blockage ratio using square
and trapezoidal cross-sectional area channels with ribs arranged staggered and normal to the

flow. Ribs were added to 2, 3, or 4 walls on both cases of the square and trapezoidal channel
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cross section. The test involved the use of thermochromatic liquid crystal for local data of heat
transfer; from this data, the heat transfer coefficient is highest at the top of the large rib.

Taslim [21] uses large blockage ratio ribs to further the study of the effect of rib shapes.
In this case, he used a square channel with non-square ribs, the ribs has an aspect ratio of /W, =
0.667 or W,/e = 1.5 with P/e varying from 5, 8.5, and 10. A maximum blockage ratio of /Dy, =
0.25 (25 percent), rounded corner ribs were used. The ribs were assembled in staggered manner
on two opposite walls with a variation in blockage ratio. Taslim reported that low aspect ratio
ribs produce lower pressure drop, along with the decrease in heat transfer coefficient. He
concluded that for high blockage ratio, square, and low aspect ratio ribs, the results were
insensitive to the pitch-to-height ratio changes in the location of the ribs.

Besides Taslim, others also explored the effect of wide shapes and their benefits in
internal cooling channels. Casarsa [22] characterized the velocity and heat transfer field in a
high blockage ratio channel. Casarsa uses the Particle Image Velocimetry and liquid crystal
thermometry to study the flow pattern, secondary flow, and the local region of high heat transfer
in a square cross section channel. The ribs are 30% of the channel’s height and mounted on one
wall with 90° relative to the main flow.

Wright [23] studied the effects of different rib widths mounted at an angle relative to the
flow with a low aspect ratio channel. Wright reported a decrease of space between the ribs in
addition to a decrease in the friction factor.

Experimenting with rib shapes is not new, Lewis [24] has tested the effect of rib shapes
since 1975. During this time, he tested the different rib geometries and also created correlations

to determine the friction and heat transfer roughness function.
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Papers written by Liou [25-27] also added to the vast amount of turbulated internal
channel cooling flow research. Liou [25] studied the local flow field and heat transfer in a
repeated ribbed rectangular channel. Laser holographic interferometry measurements were made
and the results were verified with computational fluid dynamics (CFD) using fully elliptic two
dimensional Navier-Stokes equations with k- model. The results from the experiments matched
with the results predicted by the CFD model. Both the interferometry and CFD captures the
effect of the recirculation zone before and after the ribs, and depending on the spacing (rib-
height-to-pitch) ratio, the reattachment of the main flow to the channel wall might not be
obtainable.

Liou [26] again uses Laser holographic interferometry and thermocouples to study the
flow in a rectangular channel with P/e varying from 10, 15 and 20 and e/Dy, varies between
0.063, 0.81 and 0.106. The laser interferometer reveals that there are two major peaks of high
enhancement, they are located slightly downstream of the rib’s leading edge and a 0.5 to 1.0 rib
height upstream of the reattachment point on the wall. Hot spot occurs at the back face of the rib
and from O to 1 rib height on the wall right after each rib.

Unlike other authors, Liou [27] completely detached the rib location from the wall. This
means that the flow can go over and under the ribs. Figure 6 shows the different scenarios which
occurred and how the flow reacts if there was a gap under the rib. The first photograph in Figure
6 illustrated a normal scenario of glued ribs, showing the flow of a normal rib. The reattaching
zone and the newly formed boundary layer effect on the top of each rib were also shown. The

main aim for the detached ribs was to completely eliminate the local hot spots that occur around
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the rear of the ribs. The reported thermal performance was actually worse than the smooth wall

for high Reynolds number in these detached wall cases.

Figure 6: Flow pattern using interferometry, Liou [27]
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Large channel aspect ratio papers were also presented in many existing literatures.
Sparrow [28] tested a very high aspect ratio channel (W /H = 18) using naphthalene sublimation
technique. Sparrow only tested a smooth channel for this case; he only wanted to capture the
effect of symmetrical versus asymmetrical heating from the channel boundary condition. The
difference of the heat transfer coefficient reported varied only by 7 percent; resulting in the
symmetrical heating having the best performance. The calculation for the 7% is found in the
Heat Transfer Handbook [29] based on the correlation for symmetrical versus asymmetrical
heating.

Zhang [30] also studied large aspect ratio channels. Instead of using only ribs, he
included grooves at strategic locations; this is to accomplish mitigating the secondary flow
effects happening after every row of ribs. With the groove in place, there is extra surface area,
thus increasing the heat transfer coefficient when compared to the projected area. Zhang
reported that there was an increase of 36% for the channel with ribs and groove present versus
only rib.

Both Olsson [31] and Cai [32] experimented with channels that are 8:1 aspect ratio.
Olsson used a wide variety of rib designs and arrangements; he tested cross, parallel, cross V-
shaped, and parallel V-shaped ribs. Smoke wire visualization and LDV (Laser Doppler
Velocimetry) were used for flow visualization and measurements. Since smoke wires are used,
only a small Reynolds number range would be viewable (range of 1100 and LDV at 3000). Cai
on the other hand used smooth walls for the 1:8 aspect ratio in a two pass the channel. By
changing the angle of the deflector board on the dividing channel, different heat transfer

augmentation was obtained in the second pass. This will have a great impact on the design of the
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internal channel arrangement in an airfoil. By using naphthalene sublimation technique, local
data were also obtained.

Although there are more papers available on this subject matter, the same parameters are
repeated over and over again. There are other types of literature available that kindly
summarized all valuable data to anyone who is interested in the subject. Chang [33] briefly
summarized on the effectiveness of different rib geometry versus scaled and dimple surfaces.
The Single Phase Convective Heat Transfer Handbook [29] also contains a summary and
additional reference to hundreds of papers on convective heat transfer alone. Everything Han
has done plus different schemes of internal heat transfer and the cooling of different turbine
components can be found in Han’s book [34]. Also Ligrani [35] did an extensive summary of
different cooling schemes used up to the year 2003. He compared techniques like pin-fin arrays,
dimpled surfaces, rib turbulators and swirl chambers performed by past authors. Results from

Ligrani on rib turbulators are summarized below in Figure 7.
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Figure 7: Summary of Nu/Nu, versus f/f, from multiple authors, Ligrani [35]
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From different studies, there was not enough papers available involving the entrance
effects on an extremely high aspect ratio channel with turbulators. The effect of high blockage
ratio in conjunction with ribs and the change of channel aspect ratio have not been looked into.
Therefore the objective of this paper is to provide some average heat transfer and frictional data
occurring in high aspect ratio channel and the impact of rib width changes while keeping the

pitch-to-rib-height-ratio constant.
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CHAPTER 3: HIGH ASPECT RATIO CHANNEL

3.1 Fully developed entrance condition, Configuration A

Two different test sections were executed for this thesis. The first was composed of very
high aspect ratio channel using copper blocks with appropriate opening milled out material; and
the second channel was composed of 4 different walls assembled together to create a sharp

cornered channel with copper blocks overlaying the inner surface at the heat transfer test section.

3.1.1 Fully developed entrance condition test setup

In laboratories, the fully developed conditions were usually tested. In part, due to the
limited amount of time and resources available, and the different correlations derived can be
used universally. Figure 8 shows a 3D model of the high aspect ratio channel with the
hydrodynamcially fully developed portion.

From Figure 8, the entrance of the test section is made of Plexiglas at % inches thick and
the total entrance length is 35 Dy,. Copper bars are used for the test section with a (19:1) aspect
ratio channel milled out. Fiber glass clamps are used for both structure support of the test section
and for providing adequate loads to prevent air leakage from the channel once all copper blocks
are assembled. Teflon was used as the guide rail during the assembly process and as insulation

material during the heat transfer tests.
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Figure 8: High aspect ratio channel with hydrodynamically fully developed entrance,

Configuration A setup

Equipments used
The driving force behind the whole test section was a VB-007 blower (Figure 9) by
Spencer with the specification provided in Table 1. The blower was configured in suction mode,

with air drawn from the room, maintained at 25+2 °C.
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Figure 9: Spencer VB 007 blower

Table 1: VB007 specification

SPECIFICATIONS
Volts Amperes | Amperes | rpm @ 1.5m b | kg
N_— G0 | 107 [181.8| 51 127 45 (1121 ) 1 115/208-230, 1@ | 12.4/65-6.2 |89/40.2-44. 5 3450 | 70dba@60Hz | 65 | 29.5
50 B9 |15L2| 35 av.2 32 a7 1 100-110/220, 16 [12.7-12.4/6.2| T2.7-80/40 | 2850 65 | 29.5
VB00T G0 | 107 [181.8| 51 127 45 (1121 ) 1 200-230/460,300 | 27-2.8/1.4 | 208-24/12 | 3450 | Bddba@alHz | 50 | 227
50 [ B9 |15L2| 35 | BT.Z | 22 AT | B3| 190/380-4153@ | Z.8/1.4-15 | 2041092 | 28RO 50| 227

Maximum Ambient Temperature: 104"F/40°C, Maximum Internal Motor Temperature: 311"E/155"C.

The flow rate was measured using a series of venturi meters. Venturi meters are basically

converging diverging nozzles which utilized the Bernoulli’s equation to back calculate the flow

rate. Venturi required the pressure drop measurement across it to resolve for the flow rate.

Figure 10 shows an example of the venturi used along with the pressure manometers. Table 2

lists a summary of the different venturi. The appropriate venturi needed to be selected for the
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different cases and tests depends on the analyzed flow rate. For the high aspect ratio simple

channel, only venturi 3 and 4 were used. A gate valve was connected downstream from the

venturi to adjust the flow rate.

8

Figure 10: Venturi and pressure manometers used

Table 2: Venturi table and flow rate

- —

Model Testing Flowrate (scfm) | Pipe — Throat Size
Venturi 1 PCVFI1C2A1 > 100 27— 65
Venturi 2 PVBRFAAA2C 20-70 27 -20
Venturi 3 PVBRCAAA3A >17 17-38
Venturi 4 PCBRAAAAIC 2-17 %7 -- 10
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For the required high density power, each copper block was powered using a pair of
Watlow Silicone Rubber heaters. Each pair of heaters was wired in parallel configuration and
controlled independently using a variable AC (alternating current) transformer. A total of 9
copper blocks were used, with a total of 18 heaters and 9 transformers used. Figure 11 and
Figure 12 shows an example of the heater and transformer respectively. Regular multimeters

obtained from Home Depot were used to get voltage and resistance reading in the pair of heaters.

Figure 11: Watlow silicone rubber heater

Figure 12: Variable alternating current (AC) transformer
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Each copper block also contained three type T thermocouples to measure the
temperature. The thermocouples are located at %4, 2 and % of the way in the block at the mid-
plane. All of these thermocouples read the same temperature during testing which provided a
check and backup in case of one or two failures. All three thermocouples reported the same
temperature, within the uncertainty of the thermocouples +1 °C; this was due to the copper
having a high thermal conductivity and was verified using Biot number calculation. All
thermocouples were collected using a data acquisition system from Measurement and Computing
Inc. and Labview was used as a data acquisition program. An example of the Labview program
interface is shown in

Figure 13.

= 128_thermocouples.yvi

Figure 13: Labview user interface screen
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Test Channel Geometry
Figure 14 shows the cross section of the (19:1) aspect ratio channel. Due to machining
limitation, the channel has a circular end wall instead of a rectangular cross sectional shape. The
test channel was composed of 9 different copper blocks with the following rib parameters:
P/W, = 2.0, /D, = 0.0885, P/e = 18.8, L/D, = 13.3, P/Dy, = 1.67, where Dy, is defined as
(2WH/ (H+W,)). The air flow is normal to the copper blocks and the ribs were oriented at an
angle a = 90°. These rib parameters led to a 33 percent blockage ratio of the total channel cross
sectional area.
A thin layer of polymer insulation was used to separate the copper blocks. To ensure a
smooth transition across the insulation, the copper blocks and insulations were machined at the

same time.

insulation copperblock

heater

copper block

: ; heater
insulation

Ty

Figure 14 Cross-sectional view of the channel (top); Side view of the ribs in the main flow

(bottom)
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3.2 Split entrance effect, Configuration B

In typical laboratory conditions, a fully developed portion of the test rig is used to
understand the flow structure and to ease calculations and/or develop mathematical correlations.
This may not be the case for application in different machines. Frequently, fully developed
conditions are not attainable in short channels used in these machines. To simulate a machine of
interest, the second portion of this experiment uses a horizontal channel and a vertical test
channel to test the overall entrance effect on the average heat transfer augmentation on the
vertical channel. Figure 15 shows the overview of the final test section and instrumental
locations.

Like the fully developed high aspect ratio used in section 3.1.1, the test section is the
same as the previously mentioned. With the extra channel, a new blower is needed. The new
blower was also made by Spencer, model VB-110, a 15 Horse power motor blower capable of
forcing up to 300 cubic feet per minute of air at 100 inches of water pressure head. Figure 16
and Table 3 shows an example of the blower and its specification respectively. Venturi 1 and 2
were used for the horizontal channel only (refer to Table 2 for more details). Since the blower
puts a very large amount of work into the flow, a heat exchanger is needed to keep the inlet
temperature of the test section cooled. The heat exchanger was also piped in series with the
blower and horizontal flow system. The heat exchanger uses tap water in an open loop to

dissipate heat and keeps the inlet temperature of the test section at around 30°C.
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Figure 15: Overall setup of the Split entrance test channel, Configuration B
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Figure 16: VB-110 Spencer blower

Table 3: VB-110 Spencer blower specifications

SPECIFICATIONS
Mo | P Valume | QUGS | S | [TV comon | iy (P S|
Hz | ¢fm | m?h | "H,0 |mbar| "Ho0 | mbar|hp Volts Amperes | Amperes | rpm @ 1.5m b | kg

- 60 | 645 | 1096 [ 102 2541 104 | 25801 | 15 | 200-230/460,34) | 40-37/18.5 | 250.4-288/ 144 3450 | B0dba@60Hz | 370 | 168

RO | 538 (9142 94 2342 V6 | 1893 (125 180/380-415,30 | 37/18.5-18 [276/138-126.4| 2850 a70 | 168
Maximum Ambient Temperature: 104°F/40°C. Maximum Internal Motor Temperature: 311"F/155"C.

Inlet temperatures were collected along the horizontal channel with four type T
thermocouples protruding into the flow. The temperature readings obtained for all thermocouples
were the same, within the uncertainty of the thermocouples. These four measurements were then

averaged as the inlet temperature for the main test (vertical) channel.
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To have a more detailed study of the inlet conditions, two horizontal channel sizes were
tested to study the effects of the different cross-sectional area in the supply channel on the
turning of the flow entering the test channel. Figure 17 shows the two horizontal channel cross-
sections. Note that these dimensions are given in terms of the hydraulic diameter of the vertical
test section. Due to privacy sensitive information, the exact dimensions cannot be given.

Table 4 summarizes the different cases ran for all high aspect ratio channel test sections.

0.68 ”‘f 222 |»

Figure 17: Different horizontal channel sizes (dimensions are given in term of vertical

channel’s hydraulic diameter)

Table 4: Test conditions specifications

Configuration | Horizontal channel Horizontal channel Reynolds
Configuration number at the exit
A None None
B 1 20,000
B 2a 50,000
B 2b 100,000
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Configuration A and B in Table 4 are referring to the fully developed high aspect ratio
channel setup and the split entrance condition correspondingly. Horizontal channel 1 and 2
refers to the small or large horizontal channel depicted in Figure 17. The horizontal channel’s
Reynolds number at the exit refers to the actual Reynolds number that the horizontal channel
depicts after the consideration of the flow extraction of the vertical channel.

To emphasize the sign convention and channel overview, Figure 18 reiterates the used
sign convention. The Y is in the vertical direction referring to the vertical channel starting at the

height of the horizontal channel and the X-direction is in the horizontal flow direction.
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Figure 18: 2-D overview of the completed Configuration B setup



3.3 High aspect ratio channel data analysis

The sought after parameter for heat transfer experiments is the thermal performance
factor (1) under constant pumping power (equation 12). The thermal performance is a quantity
that describes the ratio of the amount of heat transfer that can occur to a given pressure drop.
The best design is the one which maximizes the thermal performance.

Nusselts number (Nu) is the factor that describes the amount of heat transfer across the
internal surface of the channel. The friction factor correlates to the pressure drop in the stream
wised direction of the channel. The Nusselt number is directly related to heat transfer coefficient
(h) which can be obtained by a number of measured parameters in the Heat Transfer Coefficient
Calculation, section 3.3.2. Pressure drop through the channel is directly linked to the friction

factor (f) and is determined in the Friction Factor Calculation, section 3.3.3.

3.3.1 Heat leakage and lateral conduction correction

Heat leakage tests were done for both configurations. To perform the heat leakage test,
all valves and openings were closed or filled with insulation to eliminate the possibility of any
convection currents in the channel. A constant amount of power was applied to meet the desired
channel temperature, while maintaining an isothermal condition throughout all copper blocks and
avoiding lateral conduction between the blocks. Three to five different temperature settings were
tested and the collected data was fitted into a curve. From the tests were nine different
equations—one for each block—relating leaked power to the temperature difference between the

copper blocks and the ambient temperature (Power vs. (Tyw — Tamp)). Each equation found the
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heat leakage for the respective copper block during data processing. It was discovered, in both
cases, the maximum heat leakage was observed to be less than ten percent of the lowest power
setting.

It was necessary to determine the amount of heat leakage to the horizontal channel by the
bottommost copper block. To do so, a number of 4 to 5 different horizontal flow rates were ran
to determine the amount of power needed to maintain all copper blocks at a given temperature.
The first set of data was obtained by supplying a known flow rate in the horizontal channel and
no flow through the vertical channel. The data of interest was the amount of power required to
maintain the bottommost copper block at an actual testing temperature, two or three temperature
settings were tested. Next, was an adjustment in the horizontal channel’s flow rate and the same
sets of temperature settings were ran. Again data was curve fitted, ultimately yielding a
correlation for the flow rate versus power input and temperature for the bottommost copper
block.

One of the advantages with Configuration B is that the exact thermal resistance between
each copper block can be determined. By taking advantage of the horizontal flow, a large
temperature gradient between the bottommost copper block and the next block is obtained
(Figure 19). The horizontal channel was then subjected to a known flow rate which acts as a
means to remove the heat from the bottommost (first) copper block while keeping all other
surfaces insulated. The first copper block was then minimally powered and the rest were
maintained at a constant temperature of 10 to 20 degree Centigrade above the first block. With
the heat leakage completed before hand, the lateral conductions were calculated by employing a

simple control volume analysis. The thermal contact resistance was determined using the known
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lateral conduction; the temperature difference between the first and the second copper block, the
thickness of the insulation, the surface area of contact between the blocks, and the heat removal
by the horizontal channel all uses Fourier’s Law of conductivity. Equation 5 shows the setup of
all the measured parameter to obtain thermal conductivity (k), and algebraic manipulation is

needed to isolate k.

Qin = qgenerated = V2/ R

Qioss
insulator -
Qioss
_
_—
_—
- —\/2
Axial Qin= qgenerated =V/R
Figure 19: Contact resistance control volume
 Kins“A Thigh = Tiow! (5)
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3.3.2 Heat transfer coefficient calculation

For a copper block, the heat transfer coefficient (k) was calculated using the following

equation:



h= 9 6)

A-(Tw=Tp)

where Qin is the power input minus the power leaked to the ambient room condition due to the
temperature gradient. A is the total projected wetted area, Ty, and T, —are the wall temperature
and the fluid bulk temperature respectively. Ty, was calculated with an energy balance at each Y
location, based on the total power input, mass flow rate and the fluid’s specific heat capacity
(equation 7).

Qin

Tb - Tb—l + "-Cp (7)

Now that h is known, we can non-dimensionalize all results with the aid of the Nusselt

number (Nu) based on the hydraulic diameter, given by equation 8.

Nu=— t))

In order to use the Nusselt number for heat transfer enhancement comparison, it is
necessary to define a baseline. This baseline, Nuy is provided by the Dittus-Boelter correlation
(equation 9) for internal flow of heating using the hydraulic diameter of the non-ribbed portion

of the test channel.
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Nu, = 0.023 - Re®8 . pro+ 9)

The overall uncertainty for Nu/Nuy was determined to be less than 6.5 percent using the

procedures proposed by Kline and Mc-Clintock [36]

3.3.3 Friction factor calculation

Friction factor was calculated based on the pressure drop and average velocity of the fluid

through the copper channel as shown in equation 10.

AP-Dp,

f =510 (10)

In this expression p is the density of the fluid and V is the velocity based on
m=p-V-A; and A, is the cross section area perpendicular to the flow.
f» was determined using the Blasius correlation (equation 11) for Darcy Friction Factor for the

Reynolds number range of less than 10° [37].
f, = 0.316 - Re 025 (11)

The ratio (f/f,) was reported in the result section. The overall uncertainty of the friction

factor was determined to be less than 6 percent.
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3.4 Results and discussion

This project was funded by Siemens Power Generation Inc. therefore detailed results and
the channel’s exact measurements are not publishable. In order for the publication to take place,
everything has to be non-dimensionlized and the results are more useful from an academia point

of view.

3.4.1 Heat transfer results

Configuration A
The following results were obtained after normalizing with the Dittus-Boelter correlation

(Figure 20) for Configuration A.

Configuration A
7
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Figure 20: Configuration A results, normalized with Dittus —Boelter at different vertical

channel Reynolds number
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Since the entrance channel was not heated, as expected, the results in Figure 20 shows a
higher Nu at the beginning of the test channel. This is due to the flow at the inlet being only
hydrodynamically fully developed and not thermally fully developed. Based on the observed
trend for the Nusselt number in this setup, the thermal boundary layer became fully developed
after Y = 5Dy. This coincides with existing literature like Chandra et al [15]. Figure 20 also
shows that the average heat transfer augmentation for the developed portion of the duct was

around 3.5 times that of the Nu predicted by the Dittus-Boelter correlation.

Configuration B
The results for Configuration B are shown from Figure 21 through Figure 23. The flow
settings for each of the different horizontal channels are shown in Table 4. The Reynolds
numbers in the legend of each figure corresponds to the Reynolds number in the vertical channel,

calculated with respect to the channel’s hydraulic diameter in the non-ribbed cross section.
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Figure 21: Configuration B, horizontal channel 1, Reynolds number of 20,000 at the exit of

the horizontal channel
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Figure 22: Configuration B, horizontal channel 2a, Reynolds number of 50,000 at the exit

of the horizontal channel
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Configuration B Axial 2b
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Figure 23: Configuration B, horizontal channel 2b, Reynolds number of 100,000 at the exit

of the horizontal channel

The heat transfer augmentation trends of Configuration B in Figure 21 through Figure 23
are different from those in Configuration A. It is clearly shown that there is an oscillatory trend
occurring for all cases ran with the added horizontal channel. To explain such a phenomenon,
one can speculate that a recirculation zone occurred at the entrance of the vertical channel.
Figure 24 was used to visually explain such a zone. The size and flow structure of the zone is

only a speculation, so the actual flow might not follow such a pattern.
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Vertical flow direction

Axial flow direction r-» —— —

Figure 24: Speculated recirculation zone for Configuration B

The recirculation zone’s size is affected by several linked factors within the horizontal
channel including flow-rate in both the horizontal and vertical channel cross sectional area of the
horizontal channel and the corresponding momentum of the fluids within each channel. These
parameters thus affect the overall heat transfer trend throughout the vertical channel. The
recirculation zone can extend as much as half (7 Dy) of the total length of the vertical channel,
explaining the drop in Nu/Nuy at the location of Y = 7Dy, for high horizontal flow velocity and
relatively low vertical velocity. The same effect can be seen clearly in Figure 23 for all vertical
flow rates tested. These oscillations do not occur with the pure duct case since the flow is
hydrodynamically fully developed before entering the vertical test channel.

It is important to note that all Nu/Nuy calculations from Figure 21 to Figure 23 were done
with the assumption that none of the thermal energy input from the bottommost copper surface
enters the main vertical channel, meaning that the amount of heat leakage from the bottom

copper block for all horizontal flow rate is kept without any modification when testing both
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horizontal and vertical flow. It is safe to say that some of the energy removed from the
bottommost surface actually entered the vertical channel because the thermal boundary layer
developed at the beginning of the copper block is directly within the path of the slot which enter
the vertical channel. Figure 24 also shows this phenomenon from the streamline point of view.
To have a good estimate of such a factor, a detailed Computational Fluid Dynamics (CFD) study
at the mentioned location must be performed.

To consider the effects of the entrance condition on the entire vertical channel, the
average Nu/Nu, from the second to the eighth copper block (1.7<Y/D<13.3) was plotted in
Figure 25. The overall average heat transfer augmentation was not affected by the inlet
condition. This may change if one were to consider the heat picked up by the flow before it
enters the vertical channel. In addition, the size and flow rate of the horizontal channel is not
essential in the overall average heat transfer coefficient. This may not be the case if one were to
design turbine blades where uniform heat transfer coefficient values are required for minimizing
thermal stress. A more detailed investigation on the rib size with advanced tools such as CFD or
local temperature measurement may be required to determine the location or the extent of the
recirculation zone in order to eliminate or reduce the size of the zone to significantly avoid the

large Nu fluctuation.
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Figure 25: Summary of the average heat transfer coefficient for all cases vs. Reynolds

number of the vertical channel

3.4.2 Pressure distribution

The pressure drop across the channel for each case was summarized in terms of the

friction factor vs. Reynolds number (Figure 26).
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Friction Factor for all cases
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Figure 26: Friction factor vs. Reynolds number for all cases

The friction factor obtained from the current channel exceeds most of the data from Han,
Chandra, Zhang and Liou. This is due to the high blockage ratio and the extremely high aspect
ratio of the channel being tested. Also, with identical P/e, blockage ratio, and e/Dy; for a given
increase in aspect ratio, the friction factor increases greatly without a significant increase in heat
transfer augmentation.

The smooth wall case for this channel was never ran, therefore the rig cannot be validated
against well known correlations like Dittus-Boelter and Blassius equations, due to the nature of
the work and the confidentiality with Siemens. The results were compared to the existing data

summarized by Ligrani [35] and with the comparable blockage ratio performed by Taslim [19].
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Figure 25 and Figure 26 contains a summary of the heat transfer augmentation ratio and friction
factor augmentation ratio as a function of the vertical channel’s Reynolds number along with
data taken from Taslim [19]. These are two figures show both the data from the current test
section. Two different blockage ratio parameters were chosen by Taslim for his tests. Taslim
uses the channel blockage ratio of /Dy, = 0.25 and e/D, = 0.167 for a channel with P/e = 10 and
AR =1 with only two staggered rib walls. These blockage ratios are comparable with the current
test setup and the results are similar to each other. The heat transfer augmentation presented by
[19] is within the same order of the augmentation received from the current test, as shown in
Figure 25. The friction factor augmentation on the other hand, falls within the two limits set by
Taslim. This is due to the arrangement of the rib performed by Taslim, his e/Dy, = 0.25 provided
a 25% blockage ratio from the start.

Figure 7 from Ligrani et al. [35] provides an overview of the results obtained from
different authors. At a glance, the collected data falls within the range available sources,
Figure 27 re-emphasizes the data from this configuration with the existing data set provided by

Ligrani.
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Figure 27: Friction factor augmentation vs. 2 augmentation data taken from

Ligrani et al. [35]

In order to evaluate the effectiveness of a design, thermal performance factor is
considered. Equation 12 determines the factors involved in calculating the thermal performance.
Thermal performance is a function of both heat transfer and friction factor and how they

compare to the smooth wall cases. Equation 12 characterizes the thermal performance factor at

constant pumping power.

Nu/zNug

S
JPOEL

12)

50



Thermal performance calculated for this rig using equation 12 is graphed on Figure 28.
The values Taslim [19] obtained are graphed in Figure 29. Similar thermal performances
reported from Taslim are similar with the current setup. It appears that the highest blockage ratio
from Taslim (e/Dy, = 0.25) has a similar thermal performance factor like the current test section.
The small variation between the two is because of the different channel aspect ratio, rib

parameters, and blockage ratio used.

Thermal Performance
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Figure 28: Thermal efficiency of all cases versus Reynolds number
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Figure 29: Thermal performance taken from Taslim [19]

Although the channel average thermal performance, friction factor, and heat transfer
augmentation is similar between the current setup and existing works, more detailed study is
needed at the split portion of the channel to determine the exact flow structure and the circulation
zone due to the horizontal flow. Computational Fluid Dynamics (CFD) is one of the tools
available to model this complex flow. Local data measurements like thermochromatic liquid
crystal or laser interferometer may be used to collect detailed data needed to precisely determine
the extent of the re-circulation zone.

Different test configurations are needed to decide the exact amount of energy picked up
by the bottom surface entering the vertical channel. This was mentioned in section 3.4 under

Configuration B. With the correct fraction of energy picked up from the bottom surface entering
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the vertical channel, the heat transfer augmentation in each copper block will increase due to the

smaller temperature gradient between the calculated bulk temperature and the copper walls.
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CHAPTER 4: EFFECT OF VARYING RIB WIDTH

To have a better understanding of the effect of rib width on the overall heat transfer and
friction factor augmentation in an internal flow channel, a new rig was built and tested without
ties to Siemens, meaning publication is allowed. The new rig has two associated aspect ratios,
1:4 and 1:8 Height to Width (H:W,) aspect ratio. The rib parameters are W,/P = 0.1, 0.3 and 0.5,
refer to Figure 31 for more details on the current configuration setup, and the W./P relative in
size can be viewed in Figure 5. Table 5 lists the total cases ran for this rig, each configuration
has three different corresponding Reynolds number flow conditions; having a total of 21 separate

complete tests in addition to the smooth wall cases for each channel aspect ratio.

' < W, >
! : Acrylics
]
|
Copper \ .
Copper Ribs

Insulations and Heaters

Figure 30: Cross section of the varying width channel
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Table 5: Rib width test runs

Case# | W.(in) | H(in) | e(in) | W;(in) | P(in) | W/P | /Dy
1 4.0 1.0 0.2 0.2 20 | 0.1 | 0.125
2 4.0 1.0 0.2 0.6 20 | 0.3 | 0.125
3 4.0 1.0 0.2 1.0 20 | 0.5 | 0.125
4 8.0 1.0 0.2 0.2 20 | 0.1 [0.1125
5 8.0 1.0 0.2 0.6 20 | 0.3 [0.1125
6a 8.0 1.0 0.2 1.0 20 | 0.5 [0.1125
6b 8.0 1.0 0.2 1.0 20 | 0.5 [0.1125

4.1 Channel setup

Figure 31 illustrates the overview of the setup for the new test section.

equipments are used for this setup as the previous experiment; however, Kapton foil heaters from
EGC Inc. were used instead of the Watlow Rubber Silicone heaters. With the new heaters, a new
way to power them was needed. Since the new heaters have a lower resistance than Watlow’s, it
was more convenient to wire them in series instead of parallel.

The same VB-110 blower from Spencer Inc. was installed and operated under suction
mode to draw in ambient room temperature air through the test channel; composing of an
entrance length, a test section, and an exit section. The entrance and the test section are 20 inches
long and the exit section is 8 inches long, equivalent to almost 12 Dy and 5 Dy respectively.
Venturi 2, PVBRFAAA2C with a throat size of 2” 20 was used for all flow rate tested. A gate

valve was connected in series with the blower and the venturi to control the flow rate for each

test.
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Figure 31: Varying rib width channel setup overview

The basic setup of this channel is akin to the previous test section; the only difference is
that this channel has four independently controllable walls instead of a single copper block like
the previous test section. Figure 30 shows the basic cross-sectional view of the new rig. Copper
was mounted to all four walls using epoxy and cork. To ensure that a smooth transition from one
copper block to the next is maintained, single sided Kapton tape was used to connect one block
to another.

The actual completed test section is represented in Figure 32. Each individual wall
contains full arrays of ribs which can be seen from Figure 33 to Figure 35. Figure 35 shows a
close-up of the rib settings, it contains three different increments of rib width sizes. The first
from the right is the W,/P = 0.1, then adding the next rib segment increases the rib size to W,/P =

0.3 and the final length creates a rib size of W,/P =0.5.
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Figure 33: 1:4 Aspect ratio channel
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Figure 34: 1: 8 Aspect ratio channel

Figure 35: Ribs close-up

To guarantee that the added rib segment does not create any extra mixing on top of the

rib surface, case 6a was repeated to include a thin layer of aluminum tape attached to all of the
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rib surfaces. This ensures that the top surface is smooth and flow does not trip because of the
rib’s surface features. The rib taped channel can be seen in Figure 36. This also made sure that
the results from this rig are repeatable and can be trusted that the added rib width is considered as

a single full size copper trip strip.

Figure 36: Case 6 repeated with taped rib surface

The test section is composed of nominal % inches thick acrylic plates with cork insulation
glued between the heaters and the acrylic’s backing. The heaters contain adhesive to adhere to

the copper plates and the ribs are glued on with high conductive thermal adhesive paste.
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The entire test section is composed of 10 sets of four walled blocks of copper. As shown
in Figure 33 to Figure 35, each wall contains its own copper plates, ribs, and heaters. Power is
supplied through the use of four different variable AC current transformers. The heaters were
arranged in series with a voltmeter to collect current, and the voltage was collected through the

use of a highly accurate Keithley multimeter (Figure 37).

Figure 37: Keithley multimeter

4.2 Results and discussion

Like the previous test section, heat leakage tests were required in order to accurately
process the final heat transfer data. To perform the heat leakage tests, the entire channel was
filled with micro fiber glass type insulation to eliminate all possible internal convection currents.
The entire test section was heated until thermal equilibrium was achieved. This takes
approximately 12 hours for one temporal setting. Voltage, current, and ambient temperature was

recorded along the process. Three of these cases were performed for each channel. Data was
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then curve fitted with heat leakage as a function of the temperature gradient of the individual
copper block with the ambient temperature.

Lateral conduction was also considered with the cork’s thermal conductivity provided by
the manufacturer and the measureable thickness which separated from one copper block to
another. The exact thermal conductivity cannot be determined because in this case a large
thermal gradient between any two consecutive copper blocks cannot be achieved like in the
previous test section, configuration B. Energy balance was performed from one copper block to
the next to find the lateral heat leakage; the same equation can be applied here like in the past
experiment, equation 5.

The basic heat transfer and friction factor augmentation equations and thermal
performance factor used in this channel is also similar to the previous channel rig from section 3.

3.2t03.3.3.

4.2.1 Baseline configuration, smooth channel

Both aspect ratio channels were validated using the smooth wall correlation proposed by
Dittus-Boelter. Figure 38 shows Nusselt number ratio results for the (1:4), (W:H), aspect ratio
channel and Figure 39 reported the Nusselt number ratio for the (1:8), (W:H), aspect ratio
channel. For the lower aspect ratio channel (1:4), the results obtained from the validation tests
ended up to be very similar to that of Dittus-Boelter’s. This is to show that the hydraulic

diameter equivalent can be applied to the (1:4) channel.
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Figure 38: Smooth wall for 1:4 aspect ratio channel
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Figure 39: Smooth wall for 1:8 aspect ratio channel
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Figure 39 shows that the smooth walls for the (1:8) aspect ratio does not behave like the
(1:4) aspect ratio channel with no augmentation (Nu/Nu, = 1). It appears that the two sided walls
for the (1:8) channel always has a higher heat transfer coefficient than the top and bottom walls
for the smooth wall cases. Figure 40 provides the Nusselt number ratio for the area weighted
average for the three Reynolds number belonging to the (1:8) aspect ratio channel. The results
shows that individually the heat transfer coefficient on the smaller side walls has an enhanced h,
but average wise, the overall channel has a Nusselt ratio that is the same as Dittus-Boelter

correlation.

(1:8) Smooth Channel (Area weighted average)
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Figure 40: Area weighted average for the smooth channel of 1:8 aspect ratio

The augmentation of the side wall can be explained using isovel’s characteristics of the
large aspect ratio. Figure 4la and Figure 41b was taken from the Single Phase Heat Transfer

Hand-book [29] providing some insight to the side wall enhancement of h. Figure 41a presents
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the isovels in a rectangular channel. These isovels causes asymmetry to the flow structure, thus

causing secondary flow to occur, as seen in Figure 41b.

Figure 41a: Isovels from a (2:7) aspect ratio channel, Single Phase Heat Transfer Hand

Book [29]

Figure 41b:: Secondary flow generate from Isovels, Single Phase Heat Transfer Hand

Book [29]
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Notice that the large secondary only flow occurs around the side wall in Figure 41b.
These secondary flows will create local mixing, enhancing the heat transfer rate only to the side
walls. This explains the result from the smooth wall case when the side walls constantly has a

higher h than the top and bottom walls.

4.2.2 Heat transfer results

A total of 21 cases were ran, three Reynolds number for each rib size of each channel
aspect ratio. Instead of showing the actual heat transfer coefficient, it is easier to see the level of
augmentation if the data was reported in term of Nusselt number ratio. The Nuy is the baseline
Nusselt number calculated based on Dittus-Boelter’s correlation for a circular duct using the
non-ribbed portion of the equivalent hydraulic diameter. The full set of data is as follow: Figure
42 to Figure 44 corresponds to the 1* channel (1:4) aspect ratio; the uncertainty bars for each
Reynolds number were graphed, an example of the uncertainty calculation is available in the
APPENDIX. The same method [36] of calculating uncertainties in the previous test rig was
employed here as well. The level of uncertainty obtained for this rig was around £10% for the

worst case pertaining to the heat transfer tests.
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Figure 42: Case 1, all walls heat transfer augmentation
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Case 2: 20,000 Reynolds number

5.00
400 +3 .
—o— Right
S 3.00 1 i i i' ! i gi ! —— Bottom
§ 2.00 e Left
Z 100 Top
0.00 T T T T T T 1
0.00 2.00 400 6.00 8.00 10.00 12.00 14.00
X/Dh
Case 2: 30,000 Reynolds Number
4.00
3.00 W— —o—Right
S —li— Bottom
2 2.00
S e Left
Z 100 Top
0-00 T T T T T T 1
0.00 2.00 400 6.00 8.00 10.00 12.00 14.00
X/Dh
Case 2: 40,000 Reynolds number
4.00
g —fl— Bottom
2 2.00
S e Left
Z 100 —%—Top
0.00 T T T T T T 1
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

X/Dh

Figure 43: Case 2, all walls heat transfer augmentation
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Case 3: 20,000 Reynolds number
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Figure 44: Case 3, all walls heat transfer augmentation
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In all cases from the (1:4) aspect ratio channel, the bottom walls seems to have the largest
heat transfer augmentation, but the uncertainty band for all walls overlap each other, therefore it
is accurate to assume that the augmentation for all walls are similar.

Figure 45 is a summary of all cases ran with the (1:4) channel, it shows the area weighted
average of the four walls per case per Reynolds number. Casel provided the highest heat
transfer augmentation; this corresponds closely with the literature stating that P/e=10 gave the
highest heat transfer augmentation for square ribs, which were immensely tested. In this case,
the heat transfer augmentation was highest with the square rib attachments, and the degree of

augmentation decreases as the Reynolds number and the rib’s width increases.

1:4 Aspect Ratio Heat Tranfer Result
& Casel, 20K Re
4.00
[JCasel, 30K Re
% @ Q A Casel, 40K Re
3.00 - O ©
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% 2.00 X Case2, 30K Re
= — A O Case2, 40K Re
Casel
100 =g = o =‘\ Case3, 20K Re
e | o (1) Case3, 30K Re
channel
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O-OO T T T T T T 1 Case3' 4OK Re
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Figure 45: Summary of all cases ran for 1:4 aspect ratio channel
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Figure 46 to Figure 50 are the results obtained from the (1:8) aspect ratio channel.

Case4: 20,000 Reynolds number
5.00
4.00 + —o—Right
g 3.00 - —f—Bottom
% 2.00 e Left
2 =—>=Top
1.00
0-00 T T T T T 1
0.00 200 4.00 600 800 10.00 12.00
X/Dh
Case 4: 30,000 Reynolds number
5.00
4.00 - —o—Right
S 3.00 - —i— Bottom
% 2.00 i Left
z —>=Top
1.00
0-00 T T T T T 1
0.00 200 4.00 6.00 800 10.00 12.00
X/Dh
Case 4: 40,000 Reynolds number
5.00
r
4.00 —o— Right
S 3.00 - —i— Bottom
% 2.00 e Left
z —<Top
1.00
0.00 T T T T T 1
0.00 200 4.00 600 800 10.00 12.00
X/Dh

Figure 46: Case 4, all walls heat transfer augmentation
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Case 5: 20,000 Reynolds number
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Figure 47: Case5, all walls heat transfer augmentation
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Case 6a: 20,000 Reynolds number
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Figure 48: Case 6a, all walls heat transfer augmentation

73




Case 6b: 20,000 Reynolds number
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Figure 49: Case 6b, all walls heat transfer augmentation
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1:8 Aspect Ratio Heat Transfer Results
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Of all the cases ran for the (1:8) aspect ratio channels, there seems to be no dominating
wall effects like the (1:4) channel. From the results of the two channels, the larger aspect ratio
channel has a more uniform heat transfer augmentation from wall to wall than the smaller

channel. When comparing the two channels, Figure 45 and Figure 50, the (1:4) channel has a

Figure 50: Summary of all cases ran for 1:8 aspect ratio channel

better augmentation at /P = 0.1 and 0.3, but has a similar augmentation for e¢/P = 0.5.

From Figure 45 and Figure 50, the trend of heat transfer augmentation decreases as a

function of Reynolds number increase, which corresponds consistently with all available texts.
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This is because the higher Reynolds number increases turbulence intensity, so the boundary layer
disruption caused by the ribs becomes less effective. Rib’s width also decreases the heat transfer
augmentation as the e/P ratio become larger. Figure 51, taken from Webb et al [13] shows a
distribution of the different P/e patterns. As the ribs becomes wider and wider, this led to less
available space between the ribs to have the flow re-attach to the channel surface. Without the
reattachment region, the local high heat transfer hot spot is not utilized to its fullest potential.

From Figure 51, it requires 6 to 8 times the rib’s height for the main flow to reattach, which

means the rib size cannot exceed e/p of 0.3.

Ref p/eI Flow pattern
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Figure 51: Flow pattern as a function of p/e Webb [13]
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4.2.3 Pressure distribution results

The pressure measurements were taken consecutively with the heat transfer tests. Like
the heat transfer distribution, the pressure results for the smooth walls were also compared with a
correlation proposed by Blassius for internal pipe flow in terms of friction factor. The results for
the (1:4) aspect ratio channels are available on Figure 52 and the results for the (1:8) aspect ratio
channels are on Figure 53. With the overall uncertainty of the friction factors being less than 12
percent according to the Kline and McClintok [36] method.

The smooth wall friction factor for both channels matched Blassius correlation. With the
ribs, the friction factor increased exponentially due to the large ribs. The current rib height-to-
hydraulic diameter (e/Dy,) is 0.125 and 0.1125 for AR of (1:4) and (1:8) respectively; which has a
blockage ratio of 45 and 50 percent. There is a few available works for high blockage ratio
channel; the location where such a design exists is in a place that has no pressure head limit
and/or pressure head is not of an issue. These locations uses these channels for choke flow; or
for structural support and the ribs function as flow turbulators. Figure 52 and Figure 53 shows a
decrease in friction factor as the rib width increases. This is the opposite trend of the heat
transfer enhancement. Webb [13], in 1970 explained the reason for such a phenomenon

occurring. Figure 51 exhibits the different rib locations and their relative reattaching zone.
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1:4 Aspect Ratio Channel Friction Factor
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Figure 52: 1:4 aspect ratio channel friction factor distribution

1x8 Aspect Ratio Channel Friction Factor
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Figure 53: 1:8 aspect ratio channel friction factor distribution
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For the current test setup, any rib size ratio W,/P > 0.1, the flow will not be able to re-
attach to the channel’s surface between the ribs. Meaning that the fluid will jet across all the ribs
causing only cavity driven flow between the consecutive ribs; this shall reduce the friction factor
because the fluid does not re-attach to the channel’s surface, a lower amount of momentum will
be loss. The reason is because at the re-attachment zone, all local fluid momentum is loss and
the boundary layer begins to grow.

To review the performance level of the current design, it is important to simultaneously
look at both heat transfer and friction factor results. The thermal performance factor was once
again calculated, the same equation 12 was used again. The results are shown in Figure 54 and

Figure 55 for the (1:4) and (1:8) channels respectively.
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Figure 54: Thermal performance for the 1:4 aspect ratio channel
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n, Overall Average 1:8 Channel
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Figure 55: Thermal performance for the 1:8 aspect ratio channel

For a design to be thermally effective, the performance level needs to be one, like the
smooth channels. The current design’s thermal performance is similar to Taslim’s [19] reported
in Figure 29 for the largest blockage ratio. For the current rig, the blockage ratio is from 45 to
50%; hence the friction factor completely dominates, causing the thermal performance to decay.

Unexpectedly, the large rib does not perform like it was intended; high blockage ratio
ribs should not be used for thermal performance factor alone. Large rib blockage ratio is best for
heat transfer augmentation if the design does not put a large specification on pressure drop or the
pressure supply is well over the channel design’s pressure drop. Large ribs like the current

turbulators’ design is more useful for flow restriction or structure design.
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4.2.4 Channel’s correlation

With the data collected, a heat transfer and friction factor correlation using the law of the
wall was attempted. The friction and heat transfer similarity laws in a 4 ribbed wall is expressed

as follow [14]:

R = (f2)"* + 2.5 In((2e/Dp) 2W/(WH+H)) + 2.5 (13)

G = ((f/2)"%)/St +2.5 In((2e/Dy) W/ (W+H,)) + 2.5 (14)

The friction factor for these correlations in equations (13) and (14) were converted to
Fanning friction factor, which was equal to a quarter of the values obtained from equations (10)
and (11). Figure 56 plotted the results using equation 13 to calculate the law of the wall’s
roughness function. To predict the roughness value, an equation to correlate all of these data is
needed.

The Roughness value for this channel is a function of the aspect ratio and the rib aspect
ratio:

Reoret = C*(Wo/Ho)™ (Wile)" (15)
where: for channel aspect ratio of 1:4 (W:H)

C=338; m = 0.661; n=0.074

for channel aspect ratio of 1:8 (W:H)

C=27; m = 0.661; n=0.0579
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Friction Roughness Fuction
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Figure 56: Friction roughness function
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Figure 57: Normalize friction roughness function
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The correlated values obtained using equation 15 is graphed as a normalize distribution
with the law of the wall roughness correlation using equation 13 being graphed on Figure 57. It
is apparent that the semi-empirical correlation using equation 15 matches with the law of the
wall with a 4% discrepancy.

These are the same procedures as the heat transfer roughness function. Figure 58 is the
plotted heat transfer roughness function for all cases ran using the law of the wall from equation
14. A semi-empirical data correlation was used to merge these data points together so that the
heat transfer coefficient can calculate the desired Reynolds number. The correlation for this rig is

identical to the correlation Han [11] used.

Heat Transfer Roughness Function
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Figure 58: Heat transfer roughness function
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Heat Transfer Roughness Function Normalize
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Figure 59: Normalize heat transfer roughness function

The data for both aspect ratios conformed to the heat transfer roughness function as a
function of the roughness Reynolds number (e") and the channel aspect ratio. The correlation is
in the form of:

Georet = C(e")" (W/H)/10)™ (16)
where: for the 1:4 (W.:H) aspect ratio channel,

C=6.514; n=0.1902; m=04781

for the 1:8 (W.:H) aspect ratio channel,

C=11.108; n=0.1402; m=2.802
The normalized value from the heat transfer roughness function with the law of the wall is

plotted in Figure 59. All of these data are within £5% discrepancy of one another.
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CHAPTER 5: CONCLUSION/FUTURE WORKS

A number of large aspect ratio channels were tested with the parameter of rib-width-to-

pitch variation. For the first test setup, although different inlet conditions were applied, the

overall average heat transfer coefficient was not greatly affected. The following conclusions can

be made:

1)

2)

3)

4)

With a high horizontal flow rate, the oscillating trend in the Nusselt number was
observed from one segment to the next. This is because of the reattachment from the
separation and circulation zone.

Thermal performance decreases as Reynolds number increases, following the trend of a
number of authors because the increase in Reynolds number also means that the
turbulence intensity of the flow is acting in conjunction with the turbulence caused by the
ribs, resulting in the enhancement from the rib to decay.

Although the overall average Nu/Nuy was not affected by the inlet conditions, further
investigations of the vertical channel’s inlet needs to be thoroughly examined to
determine the ratio of heat picked up by the bottommost copper surface entering the
vertical channel.

The extent of the recirculation zone is still unknown from the effects of the horizontal
flow conditioning. Other methods of measurements and/or CFD studies must be used to

fully understand the local flow structures.
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For the second test setup, extremely high blockage ratio for two different aspect ratio

channels were tested with varying rib width while keeping all other parameters constant. The

following conclusions were made:

1y

2)

3)

4)

5)

The increase in rib width and without the appropriate pitch length, the flow will not re-
attach to the channel’s surface causing it to lose one of the highest heat transfer region.
For constant P/W, parameters, square ribs (e=W,;) produces the highest heat transfer
enhancement and the highest friction factor.

Friction factor drops with wider rib usage. This was explained by speculation that with
the absence of the re-attachment zone, the momentum of the fluid would collide with the
channel’s surface and be saved.

A more in-depth parametric study is required in order to use of the idea of varying the
rib’s width for internal cooling channel

Semi-empirical correlations was also derived, results varied less than 5% of the existing
data for both friction roughness function and the heat transfer roughness function using

the law of the wall.

For future studies, it is best if the local data is acquired using thermochromatic liquid

crystal technique to obtain the surface heat transfer coefficient. Computational Fluid Dynamics

(CFD) is needed to locally study the effect of ribs and utilizes all local hot spot generated by the

secondary flow effect and gaining the ability to view all of the flow structures throughout the

channel.
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APPENDIX: UNCERTAINTY CALCULATION
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Error measured::

Manomenter: range 0-52 "H20
0.1% reading + 0.1% full scale + 1 digit

Manometer: range 0-52 inch H20
accuracy +/- 0.2% of full scale
repeatabilty: +/- 0.1%

Voltmeter: +/- 0.005 volts (using Keithly)
/- 0.01A + 2.5% of reading
DAQ system: Resolution 16bits
Input 0- +/- 5 volts
ITC: gain 100 --> error (typical 0.01%) (max 0.1%)

CIO-EXP32 board.

venturi uncertainy +/- 3% of reading

q=V-I <-- Measured, with uncertainty of the voltmeter
A=LW <-- Measured using the caliber, +/- 0.005 inch
T, Tine <-- Measured using the computer DAQ system accuracy +/- 1degC

h = q-A-TI TlIlf

NPUTS
flowrate:= (61.2)scfm <--Radial Vent Flowrate
Tipjet = 24.3°C <--Inlet Temperature
Tamp = 24.6°C <--Ambient Temperature
width = 4in length = 2in
height := lin <-- copper's height, should not change

3. 3.

AconRight = Em-lm AconBottom = gm-4m
AconLeft = Ac onRight AconTop = AconBottom
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Voltage Inputs, Right, Bottom, Left, Top wall |

VRight =

4.885
4914
4383
4458
4.693
4.336
4.122
4.437
4292
4.663

CurrentRight =0.85A

VBottom =

15.211
15.288
14.364
15.11
14.831
15.023
14.83
15.129
14.988
15.19

CurrentBottom =0.88A

VLeft=

Curren‘[Left =0.85A

| Temperature Inputs, Right, Bottom, Left, Top wall|

TRightCu =

52.52
55.48
55.28
57.01
57.4
58.45
59.02
60.6
60.02
61.52

°C

TRottomCu =

51.87
53.24
53.06
55.72
55.19
57.44
58.35
60.77
60.7
62.16

°C
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TLeftcu =

4.634
4.953
4.821
4.907
4.822
4.774
4.587
4.451
4.851
4.586

50.48
55.3
55.48
59.3
58.89
60.66
61.18
61.56
63.45
63.27

VT op =

CurrentTOp =0.88A

15.033
15.432
15.119
14.688
15.01

14.974
15.041
14.953
14.945
14.651

52.68
55.72
56.59
57.81
59.88
61.65
62.24
63.47
64.68
64.32




Heat Leakage Loss Coefficient Inputs, Right, Bottom, Left, Top wall

LossCoefRight =

LossCoef; L=

AP = 0.0619psi

7.85x 10

7.83x 10

7.22x 10

727% 10

721x 10

6.81x 10

7.12x 10

734x 10

7.96x 10

7.97x 10

8.56x 10
7.72x 10

6.51x 10

6.66x 10

3

-3

6.97x 10
6.5% 10
6.39% 10
7.19% 10
6.92x 10

8.01x 10

3

3

3

3

3

W
K
W
K
inH20 = 22
27.68
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LossCoefBott i =

LossCoefT op =

0.068
0.067
0.063
0.058
0.061
0.059
0.059
0.06

6.642% 10
0.066

0.062
0.057
0.059
0.056
0.052
0.056
0.052
0.055
0.058
0.06

~| =

3

~| =



5 N-s

£ ke

u=18L10 " — scfm= — density = 12—
PARAMETERS o min o
Mo = density -flow rate Perimeter := 2-(height + width)
kg
mgop = 0035 Pr:=0.706
w —IN-
Kyip = 0.0267—— Joule:= IN-m
mK
4-width-height
Joule Dy, = : .
Cp:= 1008 2(height + width)
kg-K
Dy, = 0.04064m
4-mg o
Rem — O dlength = 0.004n
Li-Perimeter
dheight := 0.005n
Re=30156 dwidth == 0.003n
ATyt = 1K
dflowrate :== 0.03 flow rate
dflowrate = 1.836scfm
K= 0.043—
Cork Thickness: Corkipicf = -0015n cork = VT
2width? (2-hei ht)2 2
dDy, =2 dheight | + g -dwidth
| (height + width)” | [ (height + width)® |

dDy, = 3.277x 10 *m

dPerimeter:= \/ (2-dheight)? + (2-dwidth)>

dPerimeter= 3.592x 10 'm

dmy; = dflowrate-density

<-- Flow Rate uncertainty, This will
be used foruncertinty in RE and
HTC,DB
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—3 kg
dmg, = 1.04x 10 .

ldmy ? —my
dReN == 4 ( o ) + ot

_LL-Perimeter/I

2
dPerim eter)

L _LL-PeriIneterz ) <-- Reynolds Numbe
Uncertainty

dReN = 905.685

Power uncertainty Parameters

VRight = 0-00% dVpottom = 0-00%V

dCurrentRight = CurrentRight-O.025+ 0.01A dCurrentBottom = CurrentBottom-O.025+ 0.01A

dCunrentRight =0.031A dCuITentBottom =0.032A

AV ey = 0.00V
Left dVpgp = 0.00

dCurrentLeft = CurrentLeft-0.025+ 0.01A dCurrentTOp = CurrentTOp-O.025+ 0.01A

~ 00324
dCurrenty o, = 0.031A dCurrentrgp = 0.03

(Dittus-Boelter Eqn & its Uncertainty)

4
Nupg = 0.023Re” P4

Nupp = 76.692

) NuDB
HTCpp = ki ——

Dy

W
HTCpp = 50.3867
m K
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<-- Dittus-Boelter
Uncertainty

o
[\8}

4
( 4 35 o4
dNuDB = 0.023E-Re -Pr -dReN

\

dHTCpp == (kair'

k Dh ) 1\ th )

W
dHTCDB= 1.2777
m K

Flow Area Uncertainty

dA = | (height -dwideh)> + (wideh-dheight )

dA = 0.021in2 K-- Cross section area Uncertainity
Ar = height-length dAr — | (height-dkength ) + (dheight -length)
eaRjopt = height-leng CaRight = (height -dlength )~ + (dheight -length)
Arear ofy = Areagioh dAreay ofy == dAreagighy
Ar = length-width dAr '—\/l h-d 'dh2 dlength 'dh2
eapsttom = length-widt eapytom == V (length-dwidth) + (dlength - width)
AreaTOp = Areapg,iom dAreaTop = dAreapg,iom
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| _Uncertainty, Right Wall |

1K
dTRightCu, = T ‘TRightCu.
! RightCu,

Pow eerght = VRjght'CurrentRight

Pow erRight =

for 1£0..9

L“TRJ'ghti - TRightCui ~ Tamb

L\‘TRight

94

1 dTRightCu =

4.152

4177

3.726

3.789

3989

3.686

3504

3.771

3648

3.964

ATRight =

27.92

30.88

30.68

32.41

32.8

33.85

34.42

36

35.42

36.92




Energy loss to the environment:: These data points are taken from the heat leakage ddt

QlossRight =]ie<0 0219

for i=0..9 0242
0222

QlOSSRight. “— LosscoefRight.'ATRight. 0236
1 1 1
0236 |
0231
0245
0264
0282
0294

QlossRgh Qlossgight =

Lateral Conduction Right Wall|

ConResis Right =

QinRight =

Corkihick
KeorkAc onRight

i< 0

TrightCu,, | ~ TRightCu,

QinRisht. < ;
Rlghti ConResis Right

for i1..8
TRightCu, | ~ TRightCu, * TRightCu,

.~ TRightCu,

Qingight. < :
nghti ConResis Right

TRightCu, ~ TRightCug

Qingight, < ,
ghty COI]RES]SRight

Qingioht

0.021
-0.022
0013
-9.294-10-3

<-- Lateral Conduction from one module to tl-‘e

Qingigh = 4577103 |y next for the right wall only

-3.329-10-3
7.00510-3
-0.015
0014

0.01
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PR]ght = |i<0

PRight

Qac tualR]ght =

anCtualRight =

for 120..9

Pnghtl « Pow ernghtl + QmR]ghtl - QIOS SRighti

Qac tualRighti “—

for i€1..9

1
Qacumhggh%<—-E(PRghq_l*'PRghgj Qactualop =

Qac tualRightlo —

Qac tualRight

3954
3913
3517
3544
3757 |w
3452
3266
3492
3.381
368

PRight =

K-- Use to calculate Thulk only

i< 0

PRghﬁ 1977
Ty 3933
3715
3531
3651
3604 | W
- 3359
Right, 3379
) 3436
353
184

2 2
.\/(VRighti-dCurrentRight) + | CurrentRight-dVRight|

2

anCtualRight. —
1

for i1..9

1 2 2
anCtualRighti — E {(VRighti_l-dCurrentRight) + | CurrentR]ght-dVR]ghtl }

2 2
+ (VRighti'dcurrentRightj + | CurrentRight-dVRight|

2 2
J(VRightg'dcu”entRightj + | CurrentRight-dVRjghtl

2

anCtualRightlo «—

anCtu al R]ght
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0076
0.108
0.103
0.098
0.101
anctualRight = 01 w
0094
0095
0097
0.099
0073

Uncertainty, Bottom Wall |

i=0,1..9

IK

dTRottomCu. = T “TBottom Cu. dTRottomCu =
! BottomCu, !

‘_k_l_l_k_k_k_\_\_k_l

13.386

13.453

12.64

13.297

Powergyitom = VBottom™ CUITeNtBottom 13.051

Power =
Bottom 1322

13.05

13.314

13.189

ATBOnmn:: 1«0 13.367
for 1£0..9

27.27
L“TBottomi « TBottomCui ~ Tamb 28.64
28.46
ATBottom 31.12
30.59 |
32.84
33.75
36.17
36.1
37.56

ATgottom =

97




Energy loss to the environment:: These data points are taken from the heat leakage dat

. 1854
Qlossgyttom = 1< 0 1919

for i£0..9 1793
1805
1866 W
1938
1991
217
024
2479

Qloss Bottomi < LossCo efBottomi' L\‘TBottomi

Ql Qlossgottom =
oss
Bottom

Lateral Conduction |

Corkipick
Kc ork'Ac onBottom

ConResis Bottom =

Qingyttom = |10

T -T
BottomCu i1 Bottom Cui

Qin «— -
Bottomi ConResis Bottom

for ie1..8

TBottornCui 1 B TBo‘[tomCui * TBo‘[tomCui_1 B TBottomCui

Qin “«—
Bottomi ConResis Right

TBottomCu9 N TBottomCu ]

QinBottom « .
9 COl’lReS]SBottom

QinBottom

98



0038
-0.011
0.02

-0.022 <-- Lateral Conduction from one module to the
; 0.019

Qin = W next for the Bottom wall only

Bottom 15594103
0.01
-0.017
0.011
0.041

11.569

11.524

. ; 10.867

PBottom = |1 ¢ 0 1147

for i£0..9
P P i -qQ PBottom 11232
Bottomi « Fow erBottomi * anBottomi Q OSSBo‘ttomi :

11.07

PBottom 11.126

12.96

10.929

K-- Use to calculate Tbulk only
Qactualg o = |1« 0

PBottomi

Qac tualBott om, “— >

for i1..9

i

P
Bottom 9

Qactual “«—
Bottom 10 b

Qac tualB ottom

99

5.785

11.547

11.195

11.168

11.337

1
Qactual « —(P +P m ua =
Bottomi 2 Bottomi_ | Bottor Qact 1Bottom N

11.239

11172

11.098

12.043

11.945

5464




dQactualg oy = |i< 0

2 2
(VBottomi'dcurrentBottom) +, CurrentBo‘['[om'dVBottom|

2

anCtualBottom. “«—
1

for i=1..9

2 2
{(VBottomi_l'dcurrentBottom) * CurrentBottom'dVBottom| }

N =

ancmalBottom. “—
1

2 2
+ (VBottomi'dcurremBottom) + Currentgom*dVBottoml

2 2
j (VBottom 9'dcurremBottom) + Currentgom dVBottom!
dQactualgstom <

10 2

anCtualBottom

0243
0.345
0336
0334
0.339
anctualBOttom = 0338 W
0338
0.339
0.341
0.341
0243
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| Uncertainty, Le ft Wall |

i=0,1..9 ]
y
dT e IK T 1
LeftCu. = -~ 'LeftCu. - 1
O T ey, N AT eficu=— K
y
y
y
| 1]
3939
421
Pow Of_oft = VLeft'CurrentLeft 4,098
4171
4,099
Pow er = \%%
Left = =053
3899
3783
4123 25.88
3898 30.7
30.88
s 347
ATLeft =11« 0 3429
for i£0..9 36.06
L\‘TLeft. A TLeftCu. N Tamb 36.58
! ! 36.96
ATLdﬁ 38.85
38.67

Energy loss to the environment:: These data points are taken from the heat leakage ddt

0222
0237
0201
0231
Qlossy of = 0239 |y

QlossLefti — LosscoefLefti'ATLefti 0234
0234
Qlossy of 0266
0269
0.31

Qlossy ofp= |1 0
for i1£0..9
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Lateral Conduction Left Wall only |

, Corkipick
ConResis| opp = ———————
KeorkAconLeft
QmLeft = li< 0
TLeftCui 1 TLeftCui
Qin «—
Lefti ConResS ot
for ie1..8
TLeftCui 1 TLeftCui * TLeftCui_1 - TLeftCui
Qinp oy < .
i ConResis Right
TLeftCuy = TLeftCug
Qin «—
Left9 ConRes | ot
QinLeft
0033
-0.032
0.025
-0.029
Qing o = 0015 |y <-- Lateral Conduction from one module to the
-8.669-10-3 he xt for the right wall only
-9.71-10-4
001
-0.014
-1.248-10-3
3.751
. 3.941
PLeft = (1«0 3922
for i0..9 3911
P <« Power + Qin — Qloss _| 3875
Lefti Lefti Lefti Lefti Pl eft I
P eft 3664
3528
384
3587
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Qac tualL oft =

dQactualy o =

i< 0
P K-- Use to calculate Tbulk only
Left.
QactualLef,[i — !
1875
for ie1..9 3846
1 3931
Qacma’lLefti « E(P Lefti_1 + PLefti) 3916
P 3893
Q wal Left9 QactualLeft = 3845 W
actua “—
Left1 0 ) 374
3596
Qactualy o 3684
3714
1794

2 2
Wﬂf“h“m%aQ'hCWWMUﬂ@Wﬂ%

dQactualy o 5
i

for i£1..9

1 2 2
anctualLefti “— > r( VLefti_l'dcurremLeftj + Currenty op-dV] o —|

] I

2 2
+(me@0m“ﬁﬁg +  Currenty op-d V] of

2 2
j ( VLeftg-dCurrentLeft) + Currenty op-d V] o

2

anctualLeft —
10

dQactualy of

0.072
0106
0108
0108
0108
dQactualy o= "0 106 |W
0.103

0.1
0.103
0104
0072
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| Uncertainty, Top Wall |

]
i=0,1..9 1
]
1K 1
dT =———T dT =11 K
TopCu. TopCu. TopCu
! TTopCui ! 1
]
]
|1
13.229
13.58
13.305
Pow erTOp = VTop-CurrentTop 12.925
13.209
Powerp ., = W
Top 3777
13.236
13.159
13.152
12.893
ATTOp =|li<0 28.08
for 1£0..9 31.12
; _ 31.99
A‘TTopi A TTopCui Tamb 3321
_. ) _| 3528
ATTop ATTop 3705 K
37.64
38.87
40.08
39.72

Ene rgy loss to the environment::: These data points are taken from the heat leakage dat

1.741
1774
1887
QlossTop =]i«0 186
for i£0..9 Qloss —| 1835[w

Top = 5075
1957
2138
2325
2383

QlossTOpi — LossCoefTopi-ATTOpi

QlossTOp

104



Lateral Conduction Top Wall only |

ConResis Top =

QmTOp =

QinTop =

Pop =

Corkpick

KeorkAc onTop

i< 0

TTopCui 1 B TTopCui

Qin « ;
TOpi ConResis Top

for ie1..8

TTopCuiH h TTopCui * TTopCui_

1

B TTopCui

Qin «— -
Top]. ConRes1s Right

TTopCu9 B TTopCh8

Qin —
T0p9 ConResis Top

QinTop

0.084

-0.015

2427-10-3

589510-3

-2.081-10-3 W

<-- Lateral Conduction from one module to t
next for the right wall only

IT

-8.184-10-3

443910-3

-1.387-10-4

-0.011

-9.987-10-3

i< 0
for i£0..9
PTopi “— PowerTOpi + QinTOpi - QlossTOpi

PTop

105

PTop =

11.572

11.791

11.42

11.072

11.372

11.094

11.283

11.021

10.816

10.5




K- Use to calculate Thulk only

Qactualy op = i« 0
P
Top; 5786
Qactualyqpy  —— 11.682
, 11.606
for i1..9 11246
1 11.222
actual «— —(P + P
Quetualrop, 2( Top; T"Pij Qactualy oy =711 233 | W
P 11.189
Quctual - Topg 11152
acti@Top 5 10.918
10.658
Qactualy op coE
anctualTop =1li<0

2 2
. J ( V1 Opi-dCurrentT op) + Currenty op'dVT op!

2

dQactual op. <
1

for ie1..9

1 2 2
anctualTOpi — > [(VTOpi_l-dCurrentTop) + CurrentTop-dVTopl }

2 2
+ ( V1 Opi-dCurrentT Op) + Currenty op'dVT op

2 2
\/(VT Opg-dCurrentT Op) + CurrentTop-dVTop|

2

anctualToplo —

dQactual op

0241
0345
0346
0337
0336
0339|W

034
0339
0338
0335
0234

dQactual op =
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Qingyta = QactualRight + Qactualg oy + Qactualy op + QactualTOp

Qintotal =

15.423

31.008

30.448

29.861 <-- Use tocalculateTbulk

30.102 ONLY

29921 |W

29.458

29.225

30.082

29.846

14.348

. 2 2 2 2
dQing .1 = \/anCtualRight + dQactualg o, + dQactualp o + anctualTOp

0.358

0511

0504

0496

0499

dQing,a) =

k-- Use to calculate dTbulk ONLY

0499

0499

05

0499

0.353

Tb]ki= 1< 0

Tb]k. — — +
i mge-Cp flow through the radial vent

Tb]k~ — — + Tblki_

Tok

thotali

T. <-- Bulk Te mperature calculation,
inlet

for 1i1..10

thotali

i myot-Cp 1
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K-- Bulk Temperature Uncertainty|

dTb]k = 1<« 0
] 2
( | w2 —Qinga]
ATy, < —C'detotal0 + dmgop |+ dTjpier
! \ Mdot"“P ) C
\ Mdot ~“P )
for i1..10
. 2
( . )2 Qingotal, 5
ATy < || ———-dQingypy) | + | ————dmyy | + ( dTp . )
b mgoCp . L mg 2Cp ) o
ot
ATy
24.741 !
25.629 1'281
265 1'001
27.355 1'002
28.217 -
=) dT = K
Ty =[ 20073 °C bk 1'882
29.916 1'003
30.753 1'00 2
31.614 1'0 m
32.468 1'00 2
32.879 -
HTCRight = |10 110.303
Qac tualRighti 102.12
HTCoh: 1. <« 100.049
Right.
Y Areapioht . 1 92277
> TRighicu; ~ Tok) HTCpyp - |_96951
. g 95.091
for 121..9
89.439
QactualRighti 87.737
HTCp: 1, « 93.757
Right.
i AreaRight'( TRightCu, ~ Tblkij 94.173
HTCRight
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Augment Right =

dHT Cnght =

HTCRighy
HTCpp

«— 0

—

Augment nght =

2

dHT Cnghtl —

for i€0..9

Areapioht

1
'anCtualRight.—‘
1
- Tp; -T
5 ( RightCu, blkl.) J

: —Qac tualRightl i

5 -dAreaRight
( AreaRighq

Tz '(TRightCui_ Tb]ki) ]

: —Qac tualRightl i

dTo:
RightCu.
AreaRight T T 2 g 1
2 ( RightCu, b]ki) J
2
QactualRighti

-(i»’-l-‘bﬂ(~
2 1
( TRighiCu, ~ Tok ) ]

i

AreaRight
2

2

dHT Cp; “—
R]gh‘[i

| 2

dHT Cgg

+ -dAreaRight

+ > dTRightCu,

) i
i

-dQactualp; ht—‘
AfeaRight'( TRighiCu, ~ Tok ) £

-2

: —Qac tualRightl :

2
Areapiohy ( TRightCu, ~ Tblkij

-2

'—Qactual gl

AreaRight'( TRightCu, ~ Tblkij
- 2
Qac tualRighti

2
AfeaRight'( TRightCu, ~ Tblkij ]
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2.189

2027

1986

1831

1924

1887

1775

1.741

1861

1869




uncertainty percentage:

3538
5626
5674 3208
5117 5509
w 5671
dHT CRipp = 22431 — dHT Cp;
- mK UnCtRight% =—-100 :
5039 HTCRight Uncto : _| 5614
286 Right% 5538
5392 5634
5326 5539
5.751
[ 5655]
HTCRgttom = |10 82.627
Qac tualBottomi 81.024
HTC « 81.67
Bottomi Area
Bottom 76.287
'(TBottomCu. N Tb]k.j 81.436
2 ! ! HTCRyttom = -
for i1..9 76.764
76.124
QaCtualBottomi 71.633
HTC “— 80.223
Bottom.
1 AreaBottom'(TBottomCui - Tb]ki) 77.943
HTCBottom
164
1608
1621
A ¢ HTCBottom 1514
ugmen =— J
Bottom HTCpp Avgment gt om = 1 2;i
1511
1422
1592
1547
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dHT Cpyttom =

ie—0
dHTC “— -dQactual
Bottom. Bottom.
! Areag ttom 1—‘
f'(TBottomCui - Tb]ki) J
— | 2
,~Qactualg | ;
+ 2 -dAr €aBottom
Ar
( “aBottom ]
k P /] '(TBottomCui - Tb]ki) J
- , 5
,~Qactualgiom|
+ -dT
BottomCu.
Areagitom 2 1
f'(TBottomCui - Tb]ki) J
- 2
Qac tualBottomi
* ATy,
Areapitom 2 1
J 2 '(TBottomCui - Tb]ki) J
for i0..9
dHTC — -dQactual —‘
Bottom. Bottom.
1 AreaBo‘[tom'(TBottornCui - Tblkij IJ
- | 4
,~Qactualg ol
+ ) -dAreapiiom
Area (T -T
Bottom ( BottomCui blki)
: 1 : 2
,~Qactualgyon| ;
+ ) 'dTBottom Cu.
Area T -T !
Bottom ( BottomCui b]kij
L 1 ) _
Qactua Bottom,
+ 5 'dTb]ki
¢ AreaBottom'(TBottomCui - Tb]kij J

dHT CBottorn
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uncertainty percentage:

2.77 3353
4811 =938
4998 6.12
4441 W U dHT Cyttom 100 5822
4923 "ClRottom% = T
dHTCBO‘[tOIn = HTCpottom Unct o, = | 6046
4478 mzK Bottom % 5833
444 =833
4032 =608
4525 c6a
| 4342] 557
HTCp o= |10 112.938
Qactualy ¢ 100.452
! 105.139
HTC «—
Lefy Areay of 95.012
— T -T
7 Treficy, ~ Tok)) HTC, - | 98354
94335
for 121..9 927
Qactualy ofy 90.467
HTCY o < 1 89.684
1 AreaLef‘['(TLeftCui - TbIkij 93.438
HTCLeft
2241
1994
2087
1886
A t T eft 1952
USMENty eft = - — Augment ¢ = |
184
1795
178
1854
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dHT CLeft =

«— 0

—

dHT CLeft. —
1

AIeaLeft T T
I (LeftCui b]kij ]

: —QactualLefﬂ i
+ -dAreaLeft

2
(AreaLeftw T T
T ( LefiCu, b]kj

i

: —QactualLefﬂ i

+ -dT
LeftCu.
AreaLeft i

2
T T
: ( LeftCu, b]ki) |
2

Qac tualL eﬂi

AreaLeft i

for i0..9

dHT CLeft. —
1

dHT CLeft

2
T T
5 ( LeftCu, b]ki) |

2
-anctualLeft'—‘ ..
1

2

1

AreaLeft'( TLeficu, - Tb]kij i
-2

1
1

: —QactualLefﬂ i
+ -dAreaLeft

2
Areay qp ( TLefiCu, = Tblkij

: —Qactualy ¢ 7?
1

+ > 'dTLeftcui

AfeaLeff( TLefiCu, - Tb]kij

- 2~
Qactualp efti

] AfeaLeff( TLefiCu, ~ Tb]kij ]
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2
-anctualLeft'—‘ .
1



uncertainty percentage:

ss6i 37
'592 5536
i 5631
4981 W Unct dHTCLeft 100 5242
nc =—
iy g - [2219] W Lef% ™ Gy o
. 2K Left% 5293
4948 5338
=
5064 2284
. 542
HTCrop = [i ¢ 0 80.253
QactualTop. 75.217
1
HTC «— 74.729
Top,
Pi Areapy, . . 71.544
5 ( TopCu, bIki) HTC _| 68.668
Top 56 800
for i1..9 :
67.066
Q’clctualTopi 66.042
HTC «— 63.976
Top. j _
i Areay, (TTopCui Tb]ki) 64.831
HTCr,
1593
1493
1483
HTCrqp, 142
AugmentTop = W Augment _| 1363
DB Top = ™7326
1.331
1311
127
1287
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dHTCT op =

2

dHTCTOpi «—

]

AreaTOp
5 '(TTopCui h Tb]ki)

i

1
-dQactual op—‘

: —Qactualp Op|

i

A\

2
(AreaTop

-dAreaT op

5 ) '(TTopCui_ TbIkij
: —Qactualy 0p|

i

% {T -T \]2
5 L TopCu, b]ki) J

'dTTopCui

2
Qactualp op,

for 1£0..9

AreaTOp

2
- T -T
5 ( TopCu, b]ki) J

2

1

AreaTop'(TTopCui - Tblkj

i
1 = 2
,~Qactualy Op|

i

5 -dAreaTop
Arearq, '(TTopCui ~ Tyk j

i
| _ 2
,~Qactualp Opl

i

'dTTopCui

2
AreaTop'(TT opCu, B Tb]ki)

Qac tualT op;

VL

dHTCr,

2 i
AlreaTop'(TTopCui - Tb]ki) J
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2
-anctualTop.—‘ .
1



uncertainty percentage:

2631 3278
418 5558
4165 5573
3962 dHTCr 5538
\\% Unct oy = ——-100
JHT [ 37 Top% Unct —| 5388
C’l"op 3541| 2. HTCp op Top% 53
3579 5337
35 5299
3387 5295
3536 5454
0.Sheight 0.5 width
HTC,.  =HTCp: 1| ——=— | + HTC J—" ..
avg Right'| Yeioht + width ) Bottom'| ‘height + width )
0.5height \ 0.5 width W

+HTCy | — 88 | 4 HTCp, | — o
Left] height + width J Top| height + width )

Frition factor Uncertainfy

A fjoy = height - width

AX =20.25n
m
AP- t
. AP-Dy, Vel ——20 Vel = 11,1922
= ) 4 5 density -Afjow s
AX-E-denSIty -Vel
dAP = 0.00¢psi
f=0.449 dA - =\ (height-dwidth)> + (dheight-width)>
- dAX == 0.25n flow == V{RCIEht-aw clght-w
dm 2 m 2
dot dot
dVel = d—OAW + o dAﬂOWW
ensty - . 2
k Y ﬂOW) L\ density -Afjow )
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2 2
dAP-Dy, AP-dDy, —AP-Dy,
f = + + -dAX | ...
unct 1 . 2 1 . 2 21 . 2
AX-—-density - Vel AX-—-density - Vel AX -—-density - Vel
o2 )2 v 2 /
2
~2-AP-Dy,
+ " -d Vel
AX-—-density -Vel3
\ LT )
funct = 0052
f
t
2 _011s
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