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ABSTRACT

The following thesis documents the comparison of surfat@eocements in rectan-
gular ducts for heat transfer enhancement of the air-sidéfobad heat exchangers. Two
sets of experiments were completed, one utilizing air asmbiking fluid, and the other
utilizing water.

Five air geometries and four water geometries were stuthetyding those with
crosswise bumps, longitudinal vortex generators, and guéaniifling geometry. A smooth
test section was also tested in the water experiments tfy ¥le experimental setup. Such
verification had been performed previously for the air eixpents by Rucker [2007].

The experiment involved an applied constant heat flux to ehahnel as fluid was
circulated through. Heat transfer and friction resultsen@stained using thermocouple and
pressure drop data. The data was then compared and redalitseab

It was found that longitudinal vortex generators give lotweat transfer coefficients
than crosswise bumps, but at a substantially lower frii@ost, leading to a higher good-
ness factor overall. The rifling geometry showed similarthemsfer performance to the
crosswise bumps, with substantially lower frictional lessleading to very good perfor-

mance overall.
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1. INTRODUCTION

Much study has been done in the area of compact heat exchdegign. Auto-
mobile radiators are long-tested, tried-and-true desiyasdo an efficient job in a small
space. Automobiles, however, have certain luxuries thatat afforded to most large
machinery and tractors. While automobiles generally maviekdy through a relatively
clean air stream, machinery and tractors are generally-siowing and often must ingest
air littered with particulates and debris, such as in haimggrain, bull-dozing, etc.

Because of these differences, machinery radiators mustdigried differently than
those for automobiles. The louvered fins used in automohitadd clog very quickly in
the dirtier environment, and larger fans are needed to muwair in the absence of the
fast-moving flow experienced on the open road.

One solution is to make heat exchangers with full-flow passamn the air side
through which the air can move largely unrestricted. An eglenof such a heat exchanger
is presented as Figure 1.1. This both helps to keep the hehaeger from clogging
and reduces the pressure drop experienced, allowing foe modest power to move the
air through the heat exchanger. The downside to this desigwever, is that the heat
exchangers must be relatively larger than the louvereddsigth to obtain the same heat
duty.

In an effort to reduce the size of such heat exchangers,ceugiahancements are
placed on the walls of the air-side channels to destabitiedlow and increase heat trans-
fer, while keeping pressure drop to a minimum and at the sameleaving the channels
open so debris can pass through and not clog them. Adding toaimplexity of the prob-
lem is the fact that the Reynolds numbers based on hydraaliceater experienced in the
aforementioned heat exchangers is generally between @800 which, for horizontal
pipes, is in the transitional regime; though care is takeensure that the flow is fully in

the forced convection regime (see Figure 1.2.)



Figure 1.1: Example of radiator simulated in present expenits. Cooling liquid is passed
through flat tubes in-between corrugated fins.
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Figure 1.2: Free, forced, and mixed convection regimesdar ith horizontal circular tubes
for 10-2 < Pr2 < 1 by Metais and Eckert [1964]

Two sets of experiments were performed in order to attempesi represent the
flow in the heat exchangers being studied. In both cases,glesthannel in the heat
exchanger was approximated as a rectangular duct. Theehaas manufactured with the

desired surface enhancements, and heaters installed.ndheal was then well insulated



and fluid passed through the channel and around a closedvittopeat rejection, allowing
for a steady-state to be reached. Fluid temperature measuate were taken at the inlet
and outlet of the test section. In addition, temperaturesmesnents were taken at close
intervals along the wall of the channel. Finally, differi@hpressure measurements were
taken at points along the channel, as well as across the ehtinnel in some cases.

In the first set of experiments, air was used as the working,fland the chan-
nel was scaled to be ten times larger than the heat exchamgensions. The Reynolds
numbers were kept similar in order to ensure similarity. &aletailed description of the
experimental apparatus and procedure, see Sections 322and

In the experiments involving air as the working fluid, a sfgr@int amount of the
heat provided by the heaters was conducted by the wall, mad@al effects effects impos-
sible to resolve. Therefore, in the second set of experisp@rdter was used as the working
fluid in an attempt to see more one-dimensional flow of heanftioe heaters to the fluid.
Again, the Reynolds numbers were maintained for similafitye attempt paid off, and the
experiments involving water did in fact produce much begsplution of local effects. For
a detailed description of the experimental apparatus aadegure, see Sections 3.1 and
4.1.

In the following sections of the thesis a literature reviewerformed, the experi-
mental apparatus and procedure are described, an explanéthe data reduction methods

used is given, and, finally, results and conclusions arengavel recommendations made.



2. LITERATURE REVIEW

2.1. SURFACE ROUGHNESS

In 1933 the German researcher Nikuradse [1950] investighte affect of surface
roughness on the pressure drop through circular pipes. Meaped some very useful
correlations, and discovered that the pressure drop ioptiopal to the surface roughness
scale divided by the pipe diameter. Later, in 1940, Moodyil@ompiled the most current
research of the day, including Nikuradse’s, and createchtve-famous and much used
Moody charts for estimating friction factors and, to someeas, heat transfer coefficients
in pipes. An example of the results of his research, calledady diagram, is included as

Figure 2.1.

Moody Diagran
0.1 v T NEEE) L T R

Transition yio

Friction Factor

Friction Factor = 245 AP |-
I H H H Hil
10’ 10° 10 10°

Reynolds Number, Re = l')/Td

(Sumut h Pipe it

Figure 2.1: Moody Diagram by Moody [1944].



2.2. FLOW DESTABILIZATION

The primary method of augmenting heat transfer is to ddstatthe flow, thus pro-
moting mixing and enhancing energy flow from the solid walthe fluid. There are both
active and passive methods for destabilizing the flow. Asctivethods generally involve
fluctuation of the flow rate in some way. Passive methods wa/oking flow geometries to
generate the flow destabilization. For our purposes, weonlif consider passive methods
of destabilization. Karniadakis et al. [1988] studied floasthbilization using direct nu-
merical simulation by placing flow-disrupting cylindersarperiodic array within a plane
channel, a diagram of which can be seen in Figure 2.2. Simnukbf the channel were

run with and without the cylinders present, and results canexb.

4 /
£
I_"," ! i aD,
2h ¢
. ~ g i Eddy promoter /
“ v @\d @ _E@ .o a.D
/ B

[ i ! Jilikd
&

Figure 2.2: Periodic eddy-promoter channel geometry. fikatakis et al., 1988]

They reference Isaacson and Sonin [1976], the results ofhwimnplicate low-
Reynolds-number configurations as producing minimum plg&gin for a given mass trans-
fer rate. The aim of their analysis was to determine if sinfiglérodynamic arguments can
be put forth that isolate the critical phenomena or pararadiat determine the relationship
between ‘desirable’ heat or mass transfer and ‘unwantedous dissipation.

They take the Reynolds’ analogy as the focus of their studytlaey note that, while

the Reynolds analogy is only truly rigorous for the case efldminar flat-plate boundary



layer with unity Prandtl number, it appears to be valid in #ow which direct pressure
effects are small, in which a strong convective-diffuseabak prevails, and in which the
gradients in velocity and temperature appear in similarsnaytheir respective equations.
Then, taking the Reynolds analogy as given, they state thhaen follows from simple
momentum and energy integrals that shear stress, pressyreahd viscous dissipation
are all reduced if a lower-Reynolds-number flow can be folwadl &chieves the same heat
transfer rate as a higher-Reynolds-number flow. Thus, peb&nhancement can best be
described as a hydrodynamic stability problem. A more unstiiow (that is, a flow with

a lower critical Reynolds number) will generate larger Rays fluxes at lower Reynolds
numbers, and thus achieve the same Nusselt number at a l@yeols number, and
therefore a lower dissipative cost, than a more stable flow.

They demonstrate that the most significant increase in spa@@ge Nusselt num-
ber is due to the spatially homogeneous Tollmien-Schinghtvave, not due to local flow
phenomena induced by the cylinder (see Figure 2.3.) Theglede that eddy-promoter
flows achieve significant heat transfer at low Reynolds nus)@nd do so while roughly
preserving the Reynolds analogy, and that eddy promotesfam save up to 500% in

dissipation in the Nusselt-number (Nu) range of approxatyat < Nu < 5.

Figure 2.3: A plot of the unsteady isotherms at one instatitnie of the steady-periodic
supercritical flow for the base geometry at R&800. Transport enhancement is effected
by Tollmien-Schlichting-induced convective mixing. [Kaadakis et al., 1988]



They further conclude that at larger Reynolds numbers tegghtion reduction in
eddy-promoter flows decreases into the turbulent reginmigh there is an exception at
transition. The reason for this decrease in dissipationagtah is the fact that as Reynolds
number increases the scales of motion destabilized by it @@dmoters are increasingly
naturally unstable, so the eddy promoters make relativesdg tifference in flow mixing,
while continuing to contribute to dissipation through agler drag. Therefore, if significant
reduction in dissipation is to be realized as Reynolds nurabeé Nusselt number increase,
then destabilization should be applied at the naturallylstacales of motion (such as the
viscous sublayer in turbulent flow.)

Kozlu et al. [1988] demonstrates an experimental methodptimizing the scale
and type of flow destabilization. They considered the cyload eddy promoters as well as
microgrooves along the wall. They found that for very lowrthal load, laminar smooth
wall flow performs best due to enhancements having littleatfbecause of the strong sta-
bility of the low Reynolds number flow (a method for choosimimal Reynolds number
based on thermal load is presented in the article.) As thdoadincreases the macro scale
eddy promoters become relatively more efficient than thecflannel. Finally, as thermal
load, and therefore Reynolds number, increases furthdy, pamoters loose their effect
due to the scales at which the eddy promoters have affecthbiegonaturally unstable.
At this point microgrooves, which match the ‘stable’ partloé flow, namely the viscous

sublayer, become most beneficial.

2.3. REPEATED RIBS

Perhaps the most studied method for flow destabilizatiortlaunnslaugmentation of
heat transfer in ducts is by placing repeated ribs on theswadilthe channel normal to the

flow direction.



Webb et al. [1971] developed useful correlations for heatdfer for turbulent flow
in tubes having repeated-rib roughness. They used the latveodvall similarity corre-
lations developed by Nikuradse for friction; and for heansfer they used a correlation
based on application of a heat-momentum transfer analofjgptoover a rough surface,
which was first used by Dipprey and Sabersky for sand-graighioess. In their work,
they used two non-dimensional parameters: rib heighdjvided by diameterD, and rib

spacingp, divided by diametem) (see Figure 2.4.)

e/ Relotive roughness
p/e  Relglive rib spacing

Figure 2.4: Characteristic dimensions of repeated-rilghmess. [Webb et al., 1971]

It was mentioned in the article that, while the repeatedsuliace can be classified
as a “roughness” geometry, it may also be viewed as a probi&auindary layer separation
and re-attachment. Note in Figure 2.5 that when the rib sgdsilarge, the flow detaches
and a recirculation zone develops downstream of the ribflandreattaches 6-8 rib heights
downstream from the separation point. It is at this reattaaft point that experimental
measurements [Edwards and Sheriff, 1961], [Emmerson,]1€66v the maximum heat

transfer occurs.
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Figure 2.5: Flow patterns as a functionmfe. [Webb et al., 1971]

An experimental setup was used by Webb in which air was fotfwemigh a rough-
ened tube with heaters attached to the tube and heat tramsf@ressure drop measured.
See Figure 2.6 for a schematic of the experimental setup. difherent roughness geome-
tries were studied. The data were then plotted and comekatestablished. The friction
data showed thatf = 0.95(p/e)°3 for " > 35. Adding in the heat transfer data, a rela-

tion for Stanton number was determined, shown in Equatiohsi2d 2.2.

St f/2
1+ +/f/2[4.3(e"28P10>57 — 0.95(p/e)0-53]

2.1)
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Figure 2.6: Sketch of experimental setup for Webb et al. 1197

V/2/f =2.5In(D/2e) — 3.75+0.95(p/e)*>3 (2.2)

They concluded that law of the wall similarity with a log&ntic velocity distribu-
tion gives good correlations for repeated-rib frictionalalt was also concluded that the
heat-momentum transfer analogy based on the law of the walbsity adequately corre-
lates the heat transfer data over a wide range/bf, p/e, and Pr. It is also postulated that
law of the wall similarity and heat-momentum analogy may pgli@d to correlations for
geometrically similar forms of arbitrary roughness.

Han et al. [1978] revisited the repeated rib geometry in dorefo study lower
Reynolds number flow as well as the effects of rib symmetre (Sgure 2.7), rib angle
of attack, and rib cross sectional shape (see Figure 2.8ptimfbiction and heat transfer.
A similar experimental setup to Webb et al. [1971] was useeé (Sgure 2.9) and air was
again the working fluid.

It is noted that for turbulent flows at lower Reynolds numbeigarger rib height
to hydraulic diameter ratio is needed to achieve fully rodighv conditions. It is also
noted that ribs perpendicular to the flow induce the largeshfdrag, and that reducing

the angle of attack from 90 degrees can give a better theonaydraulic performance.
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Figure 2.7: Symmetric vs. staggered ribs. [Han et al., 1978]
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Figure 2.8: Rib cross-sectional shapes. [Han et al., 1978]

They, therefore, determine to find an optimal height to hyticadiameter ratio as well as
an optimal rib angle of attack.

A number of different rib shapes, heights, and angles otltteere investigated
and it was concluded that symmetry is of little importanced ¢hat rib cross-sectional
shape has a marked effect on friction factor, but only a modffsct on heat transfer.
It was determined that a rib angle of attack of 45 degreessgivgher heat transfer for

the same friction power than that of 90 degrees. It was alsnddhat both the Stanton
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Figure 2.9: Experimental setup used by Han et al. [1978]

number and friction factor have a maximum value when thénpiteheight ratio of the ribs
is approximately ten.

Han [1984] once again investigated ribbed roughness inreanbut this time
his aim was to discover the effect of having two opposite svesughened, while having
the other two smooth. This case is of particular interesttierpresent application since
the geometry will be similar. When creating a heat excharsgeh as the one shown
in Figure 1.1 it is not feasible to roughen all four sides af #pproximately rectangular
channel. The convention, therefore, is to roughen the twtica¢ sides and leave the
horizontal sides smooth.

The experimental apparatus was very similar to that usedqusly by Han et al.
[1978], and consists of a blower forcing room air through tbeghened section, with
pressure and temperature measurements taken at vari@i®ihscto determine overall
heat transfer and pressure drop across the channel.

It was concluded that the Stanton number of the ribbed walksincreased by about
1.5to 2.2 times compared to a smooth duct, but were aboutrt@meower than that for
a four-sided ribbed duct. On the smooth walls the Stantonbmuiwas increased about 25

percent as compared to the four-sided smooth duct.
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The average friction factor was about 2 to 6 times that of tlwe-ided smooth duct
for the range of data tested, but about 30-45 percent lowaerttiat of the four-sided ribbed
duct.

Finally, it was concluded that the average friction factan de determined by a
weighted average of the four-sided smooth duct frictioridaend the four-sided ribbed

duct friction factor by the relation in Equation 2.3.

Afs+Bf;

f=
A+B

(2.3)

WhereA is the duct width along the smooth walB,is the duct width along the
rough sides (see Figure 2.10y)is the friction factor for the four-sided smooth duct, and
f is the friction factor for the four-sided rough duct.

Similarly, the average Stanton number can be predicted Bighted average of the

four-sided smooth duct and the four-sided ribbed duct Stantmbers, as in Equation 2.4.

~.  ASL+BSt

St 2.4
A+B (24)

WhereA andB are defined as above,s3$ the Stanton number of the four-sided
smooth channel, and 3t the Stanton number of the four-sided rough channel.

Han [1988] once again looked into the rectangular channil twio facing ribbed
walls and two smooth walls. Much of the data presented andlgsions reached are
similar to those already mentioned. One point of note, hawneg that the heat transfer
and friction characteristics are affected by aspect ratsh @articularly, whether the ribs
are placed on the long or short walls of the channel. Han tepbat when the channel
aspect ratioW /H, with ribs on sidéN as shown in Figure 2.11, is changed fr@vmm 4

with pumping power kept constant, that the ribbed side weditliransfer is decreased, but
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that the average heat transfer is increased, giving a meredistribution of heat removal

and a more efficient system overall.
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Figure 2.11: Dimensions of duct for Han [1988]
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Up to this point, all of the flows looked at in this section hdneen in the fully
turbulent regime. Greiner et al. [1990] performed a simebgrerimental procedure to those
above, but for flows in the Reynolds number range of 30Re < 15,000. A schematic
of the test section which was used can be seen in Figure Zhladdition to heat transfer
measurements, flow visualization was also used. For theafalfew visualization, the
heater on top of the section was replaced with a Plexiglagrcand a tracer dye was

injected, and the flow videotaped.

INSULATED , q'=0 UNIFORM HEAT FLUX ,

disssssauununuun Ny
I—.: ba— H X

Figure 2.12: Schematic of test section used by Greiner £290]

Figures 2.13 and 2.14 show a representation of the stresktibserved. A progres-
sion can be seen with increasing Reynolds number. In Figure & Re= 600 the flow
is subcritical, and individual recirculation zones can berswithin each groove, while the
outer flow is straight and parallel to the upper wall, as ifé¢heere no grooves at all, em-
phasizing what was said before that flow destabilizatioesnat beneficial for very low
Reynolds number flows. At Re 700 a traveling wave structure develops, and the outer
flow is beginning to be disturbed. These streaklines arerttestas “smooth”, and mostly
two-dimensional. In Figure 2.14 it can be seen that smallesstructures begin to be su-
perimposed on top of the waves. As the Reynolds number isesedhe length scales of

the smaller structures decrease and the three-dimenisyoobthe flow increases. It is
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noted that the Reynolds number above which flow is oscijaf@r percent of the time is

approximately 630.

Figure 2.13: Streakline flow visualizationﬁt = 24.4: (left) Re= 600, steady flow; (right)
Re= 700, traveling wave structure. [Greiner et al., 1990]

Figure 2.14. Streakline flow visualization showing threeensional wave structure at

Dih = 24.4: (left) Re= 1000; (right) Re= 2000 [Greiner et al., 1990]

Heat transfer measurements showed that for this channigjacettion, an enhance-
ment in heat transfer in excess of 10 percent extends oveatige 1206< Re< 4800, and
3R > 16, with the maximum enhancement of 65 percent occurringeat B000- 1000.

Greiner et al. [1995] further studied the behavior of the fldawnstream of a
grooved section similar to that described above, a schens@tivhich can be seen in
Figure 2.15. The regime studied was 169@Re < 5000. It was concluded that the un-
steadiness produced by the groves persists for up to 20 Wlyclchameters past the end

of the grooved section. The recovery lengths for shearstied pressure gradient drop
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off rapidly as Reynolds number increases beyond=R#00, while the decrease in heat
transfer augmentation is much less rapid, leading to aease in heat transfer to pumping
power ratio. The article states that the difference betwbherrecovery lengths for shear
stress and heat transfer indicate that heat/momentunptremaechanics in this region are
uncoupled. It may, therefore, be most beneficial to havermteently grooved channels to

maximize heat transfer while minimizing required pumpirgver.

/_ Unifarm gq°, Ts{x:u

LU

Figure 2.15: Partially grooved, rectangular cross-seealichannel used by Greiner et al.
[1995]. The channel has widilW normal to the page. Thecoordinate originZ= 0) is at
the center span.

Greiner et al. [1998] further performed a three-dimendidiract numerical simu-
lation of a grooved channel. A single groove was modeled) mériodic boundary condi-
tions along the length and width of the channeh(dz directions), with solid wall bound-
ary conditions at the top of the channel and the bottom of thevge. The computational
domain used, with axes labeled, is shown in Figure 2.16.

It was concluded that at Re 325 the flow was steady and two-dimensional, but
it exhibits a series of transitions with increasing Reysofiimber. AtRe= 350, two
dimensional traveling waves are exhibited. For-Ré82, the flow becomes time-periodic

and regular variations in cross-stream flow are observedREe- 748, the flow exhibits
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Figure 2.16: Three-dimensional computational domain gedtsal element mesh used to
investigate a periodically grooved transport passageeiftér et al., 1990]

irregularities in the z-direction, and more than one domifi@equency is observed. Finally,
for Re= 1530, the flow becomes very irregular and a wide band of flogqueacies is
observed.

It was also noted that two dimensional simulations of theogea channel flow
predict laminar-like (unmixed) friction factor and Nusselimber verses Reynolds number
behaviors. The author recommends that three-dimensi@mapuatations are required to
accurately quantify the heat and momentum transport behtoi Re> 500.

Wirtz et al. [1999] once again studied forced convection gr@ved channel ex-
perimentally. For this analysis the channel was groovedath top and bottom, as shown
in Figure 2.17. Interesting conclusions from this analysttude the finding that the heat
flux is not uniform across the grooves, but that it has a mimmait the vertex of each

groove. Also, the Nusselt number of the windward face of egrdove is approximately
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twice that of the leeward face. Finally, the fully develogdector becomes greater than

equivalent flat channel values when Rel50.

Figure 2.17: Grooved channel geometry used by Wirtz et 809]

2.4. LONGITUDINAL VORTEX GENERATORS (LVGS)

Another common method for enhancing heat transfer on aciréby the gener-
ation of longitudinal vortices. Longitudinal vortices arertices which have their axis of
rotation in the direction of the mean flow path as shown in Fédli18. These vortices tend
to persist in the flow longer than transverse vortices. Weasinmence a review of some
studies involving methods for generation of longitudinaitices.

Jacobi and Shah [1995] reviewed the current literature®fity pertaining to lon-
gitudinal vortex generators. They mention several difierethods for generating lon-
gitudinal vortices, shown in Figure 2.19, and compare thiemint methods for overall
heat transfer enhancement as well as pressure drop pewadtse available. A table sum-

marizing what was found is presented as Figure 2.20. It apdeam the table that, for
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Flat Plate

Approaching
air flow

Delta-winglet
vortex generator

Figure 2.18: Longitudinal vortices. [Jacobi and Shah, 1995

rectangular channels, heat transfer enhancement is ondbe af 20-77%, with pressure
drop penalty ranging from 45-145%.

Jacobi and Shah [1995] concluded that, while some dataeelxistuch more re-
search needed to be done before a real understanding of Lé@eiey could be had.
They made particular mention of more LVG testing needingeaalbne in channels and
pipes since most compact heat exchangers utilize flow throbgnnels, not flow over flat
plates. They also surmise that laminar flow with passivetiuged longitudinal vortices
could prove to be more efficient than turbulent flow in compeezit exchangers due to the
decreased entropy generation of the less chaotic flow.

Zhu et al. [1993], with the help of numerical techniquesdstd heat transfer aug-
mentation due to LVGs in a rectangular channel. Figure 2tftivs the different LVG
geometries studied. To illustrate what is happening whenflibhw passes over a LVG
Figure 2.22 shows some cross sectional velocity vectorar&wsx locations within and
downstream of a channel with a delta winglet pair showingteation and development
of longitudinal vortices. Similarly, Figure 2.23 shows 8teucture of the temperature field.

Note how the vortices mix the flow and bring the higher tempees from the walls into
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Figure 2.19: Natural and passively generated vortices anigx generators for heat ex-
changer applications. (a) The natural formation of a laminmseshoe vortex at a fin-tube
junction; (b) typical passively generated longitudinattiaes; (c) common vortex genera-
tors and the associated geometrical definitions. [JacabSah, 1995]

the inner flow. Finally, Figure 2.24 shows an increase inulaht kinetic energy due to
the longitudinal vortices. They concluded that this insee@ turbulent kinetic energy,
along with the exchange of the fluid between the near wall ane egion of the channel,
were the mechanisms which augmented the heat transfer frerwall to the fluid. For

the geometry studied, they reported an increase in meartfaeater of 16-19%, with a
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Orverall Heat Pressure
Transfer® Drop Method of
Ref. Geonetry Re/(164) Ernhancement Penalty the Study
21 Cubic protuberances and delta winglets 6l 76% cube Unknown Luminescent phosphor
42% counter
15% corot {ocal)
23 Plate-fin heat exchanger (full scale) $3-22 50% 20-30% Lert
3 Flat plate /rectangular winglets 30-300 1009 Unknown  Conventional
thermocouples
24 Rectangular channel with a delta wing, 1.36-2.27 20~60% Unknown  LCT
delta winglets, and rectangular winglets {delta wing)
25,42  Rect. channel with delta wing (no hole) 0.50 349% T9% Computational
Rect. channel with delta wing (hole) 10% 48%
26,27  Parallel plates with a delta winglet pair 1.0-4.0 84% Unknewn  Computational
28,29  Turbulent boundary layer/channel wall 50 16-19% 300-400%  Computational
30-32 Rectangular channel
delta wings 1.0-2.0 S0% 45% LCT and drag
winglet pair 5.6 77% Unknown measurements
multiple pairs; inline 4.6 60% 145%
multiple pairs, staggered 4.6 52% 129%
33-36  Rectangular channel with one tube, 5.0 20% —10% LCT /drag [33, 34]
winglet pair downstream of tube (lower AP)  computational [35, 36]
38,39 Three tube rows
inline round 0.6-3.0 55-65% 20-44% LCT and drag
staggered round 9% 3%
flat tubes 100% 100%:

* Typical or maximum overall heat transfer enbancement unless otherwise noted.
" Transient liguid crystal thermography.

Figure 2.20: A summary of passive vortex enhancement geyliacobi and Shah [1995].

corresponding increase in flow losses of 400-500% over thatloulent flow in a channel

with no vortex generator. They also presented ratios of &lussimber with and without

LVGs on each wall for the different LVG types and made recomadadions for choosing

the best type of LVG for a given flow based on their findings.

channel walls

Figure 2.21: Some types of longitudinal vortex generaté)sRectangular Winglet Pair
(RWP); B) Delta Winglet Pair (DWP); C) Rectangular Wing (RW) Delta Wing (DW).
[Zhu et al., 1993]
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Figure 2.22: Cross sectional velocity vectors at axial ﬂi«ms’ﬁ =1.3,2.3,4.3, and 93,
showing the formation and development of longitudinal &4 in a channel with a delta
winglet pair as shown by Zhu et al. [1993].

Dep et al. [1995] did very similar work to Zhu et al. [1993] acmmpared their re-
sults to previous experimental work. They used a RANSe model, the details of which
| will leave to the reader to reference the paper. They fourad the numerical model
gave good results compared to the experiments done by Pantejaton [1988]. Fig-
ure 2.25 shows the schematic of the experimental faciliggusy Pauley and Eaton [1988].
The numerical domain chosen by Dep et al. [1995] was confibiarenimic this geometry.
Figure 2.26 shows vector plots of the secondary flow for bo¢hnumerical and experimen-
tal case at threg locations after the LVG. Although the results seem to cqoes quite

well atx = 97cmandx = 18&m, atx = 14Zmthe experiments show larger secondary ve-
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Figure 2.23: Structure of the temperature field in a turbutdannel flow with a delta
winglet pair: isotherms for a temperature ratio%f: 2 at cross sectioff = 1.3,2.3,4.3,
and 93; Rey = 50,000, Pr= 0.7 as shown by Zhu et al. [1993].

locities than those computed numerically, though the piasie trends are shown in both.
Finally, Figure 2.27 shows isolines of turbulent kinetiergy at differentx locations for
both the numerical and experimental setups. Again, thdtedsok to be in good harmony
at x = 97cmandx = 188cm, but unfortunately thex = 142cm location is not presented.
No quantitative measurement of error between the numeaigdlexperimental results are
given.

Biswas et al. [1996] did similar numerical work with a singfG winglet as well
as a winglet pair. They studied the effect of different watgingles of attack on Nusselt

number as well as on the quality factor (j/f). Increased amnglattack uniformly increased
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Figure 2.24: Elevation of turbulent kinetic energy in theashel with a built-in delta
winglet pair, Rg; = 50,000, as shown by Zhu et al. [1993].
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Figure 2.25: Schematic of the experimental facility of gudnd Eaton [1988].

Nusselt number, while decreasing the quality factoff§ for the regime studied (Re
1580,a = 3, Pr=0.7.)
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Figure 2.26: Vector plots of secondary flow: %R& 67,000 by Dep et al. [1995].

In their conclusion, they give an explanation of the methgavhich a winglet in-
duces a longitudinal vortex. They state that the main vagtéormed by the flow separation
at the leading edge of the winglet, while the corner of theghghinduces a horseshoe-like
vortex. These vortices induce a vortex opposite in rotatdroth of themselves. The com-
bined effect of these vortices distorts the temperaturd field serves ultimately to bring
about enhancement of heat transfer between the fluid antlverigg surfaces.

Xiao-wei et al. [2007] published some nice visualizatiofid\¥G induced flow,

a representation of which is shown in Figure 2.28. They aated that vortex intensity
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Figure 2.27: Isolines for turbulent kinetic energy at diffiet cross-sections for Frge:
67,000 by Dep et al. [1995].

increased with increased Reynolds number and that thendestaver which the vortices
flowed downstream decreased with increasing Reynolds numbe

Wu and Tao [2008] performed a numerical simulation of a deiteglet LVG and
verified that increasing angle of attack uniformly incresageessure drop. They also found
that punching the LVG out and leaving a hole in the fin incrdaseat transfer near the
location of the LVG, but has little effect on the overall hé@nsfer. Finally, they found
that an angle of 45 degrees gives the highest Nusselt nurobgrared to the other angles

studied (15, 30, 60, and 90 degrees.)
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Figure 2.28: Double vortices with rib at Re100Q 1700. (a) Re= 1000, (b) Re= 1000,
(c) Re= 1700, by Xiao-wei et al. [2007].
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3. EXPERIMENTAL APPARATUS

This section describes in detail the experimental appanadad to conduct the ex-
periments for both the liquid and air experiments. Thougipttemise was the same in both
cases, there is enough of a difference in the two apparastishtby are treated separately
here. Section 3.1 describes the experiments involvingraiel Section 3.2 describes the

experiments involving air.

3.1. LIQUID LOOP

The experimental apparatus consisted primarily of a clés®o though which wa-
ter was circulated. Installed in the loop was an aluminummokeawith surface enhance-
ments machined in the channel walls, referred to hereadtdraatest section. Heaters were
installed on the test section, and a heat exchanger wadledsiimanother part of the loop
for heat rejection. The loop, along with supporting instamms, was mounted to a 10 foot
long pallet rack for convenience. The apparatus was catetifiand first used by Bridges
[2007], though modifications were made to accommodate tiremmuresearch. A photo of
the entire apparatus is presented as Figure 3.1. Eachpoftibe apparatus is described
in more detail in the following sections.

3.1.1. Flow Loop. The majority of the flow loop was constructed using 5/8 in.
nominal diameter type L nitrogenized ACR/MED rigid coppabing and brass Swagelok-
style 3/4 in. O.D. tube fittings. The subsections below dbsaach portion of the loop in
the order of fluid flow, starting with the pump.

3.1.1.1. Pump. The pump used was a Dayton 6PA10 stainless steel rotary gear
pump, with optional thickened gasket. The pump materiavadld for high temperature

operation, as well as good corrosion resistance. The pursplvisgen by a Dayton 6XH74
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Figure 3.1: Photo of liquid loop test apparatus.

3/4 hp, 1,200 rpm motor. The pump and motor were mounted taralssolated from the
rest of the apparatus and connected to the loop with rublsshim mitigate vibration as
much as possible.

3.1.1.2. Flow meter. A Micro Motion R-series Coriolis flow meter was used to
monitor the mass flow rate traveling through the closed Idde meter was connected to
a Micro Motion 2700 series transmitter, which was wired itite data acquisition system,
details of which can be found in Section 3.1.3.1 below. The fiate was controlled using

a needle valve located just after the flow meter.
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3.1.1.3. Heat exchanger for heat rejectionHeat rejection was accomplished us-
ing a shop-made concentric counter-flow heat exchanger. h€Ehe exchanger was con-
structed by assembling a 40 in. Ion% ih. nominal diameter coper tube over a section of
the flow loop with reducer fittings and tee’s such that cootantld flow around the inner
pipe, through which the loop fluid passed. The building co&dex supply was used as the
coolant, and was regulated up to a maximum of 2.4 gpm usingeavgéve and rotameter.

3.1.1.4. Bleed valvesA bleed valve was placed at the highest point in the loop. It
consists of a tee installed at a right-angle junction, mdiaf an elbow, and a short piece of
pipe pointing upward with a valve installed. The valve isseld during loop operation, but
may be opened for bleeding when necessary. This valve wasisésl to relieve the loop
pressure due to expansion of the water during heating. Blaléds were also installed in
each settling chamber.

3.1.1.5. Inlet settling chamber. The inlet settling chamber consisted of a large
rectangular duct made from Weldédnch thick plate aluminum. On the inlet side a fitting
to receive the loop tubing was installed, and a flange was roadde outlet side onto
which the test section was bolted. A groove was machinedthoflange to accept a
square rubber o-ring type gasket, which was secured in plebeRTV silicone. Within
the settling chamber were two screens placed before andaadeetion of honeycomb. The
screens were made from 0.025 in. diameter stainless stesd atiten wires per inch length
and width. The honeycomb was é In. thick section of aluminum honeycomb intended
for use in composite board manufacture. The hexagon sidghevas approximately 1/10
in. giving a length-to-cell-diameter ratio of roughly 8.5.

The inlet settling chamber is rigidly mounted to a set of dinenotion bearings
which extend to the outlet settling chamber in such a way asaimtain alignment of the

two chambers.
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3.1.1.6. Test section.The test sections were machined from aluminum stock to
represent a scaled-up, single channel in the representagiat exchanger shown in Fig-
ure 1.1. The scale factor was three, giving a channel width.b25 inch, height of 0.3
inch, and length of 26.5 inches. Once assembled, each tégtree/as fitted with phenolic
flanges at each end, the bolt pattern of which matched thectge settling chambers.

A detailed description of test section construction, mstentation, assembly, and
installation can be found in Section 3.1.2.

3.1.1.7. Ouitlet settling chamber.The outlet settling chamber was identical to the
inlet settling chamber, and was bolted to the outlet sidédef¢st section. Unlike the inlet
settling chamber, which is fixed in place, the outlet segtithamber is mounted to a pair
of % in. linear motion bearings, allowing it to slide toward orawfrom the inlet settling
chamber, while maintaining their alignment.

3.1.1.8. Building water supply connection.The loop was filled by the building
water supply, which was connected via a tee after the owtldlirey chamber. The water
supply was regulated using a needle valve. Also present ypasssure gage with which
to monitor the loop gauge pressure. The building line presaas used to bring the loop
operating pressure up to a nominal 10 psi for all experimentgevent cavitation at the
pump inlet.

3.1.1.9. Auxiliary heater. A Zerostart 330-5004 engine block heater was installed
to aid in bringing the loop up to operating temperature mareldy. It had a maximum
output of 2.5 kW and was controlled by a Powerstat S1002 blriautotransformer with
a maximum rating of 2 kW. The heater’s internal thermostat txgpassed so it would not
shut off based on a preset fluid temperature, as it had beematigrdesigned to do.

3.1.1.10. Recirculation loop. A recirculation loop was installed which, when
opened, allowed a portion of the water in the loop to ciraufadbm the pump outlet back

into the pump inlet. The purpose for the recirculation loggswo lessen the burden on the
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pump at very low flow rates by preventing a high pressure buyldbetween the pump and
the flow-regulating needle valve.

3.1.2. Test Section Design, Fabrication, and InstallationEach test section con-
sisted of two halves bolted together to form a complete celarttach half was machined
from a single piece of aluminum stock via a computer numéyi@ntrolled mill. Sur-
face enhancements were machined into the long edge of eadc&hand grooves were
machined into the short edge of each channel to accommduaseals and side wall insu-
lators described below. A dimensional drawing of a typiesk tsection half cross section

is presented as Figure 3.2.

-+
i

Figure 3.2: Liquid test section half geometry.

3.1.2.1. Thermocouple wells.Thermocouple wells were drilled along the center-
line of both test section halves. They consist of a 1 mm haléedrto within .010 inch
of the bottom surface of the channel. This assured that thpdeatures measured were
as close as possible to the wall temperature at the surfaceoRvenience in installation,
a clearance hole of diameter 0.067 in. was drilled to withi i@. of the surface. A
dimensional drawing showing a typical thermocouple wefinssented as Figure 3.3.
Once the test sections were complete, thermocouples werented into the holes

using Omegabond 600 high temperature chemical set cement.
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Figure 3.3: Thermocouple well geometry.

3.1.2.2. Pressure tap holesThe pressure tap holes were very similar to the ther-
mocouple holes, except that they were drilled completeiyugh the test section, allowing
pressure to be measured. A dimensional drawing of a typrealpire tap hole is presented

as Figure 3.4.

Figure 3.4: Pressure tap hole geometry.

Once the test sections were manufactured, tubes werdduksitatio the pressure tap

holes using J.B. Weld. The tubes consisted of a 0.065 in. &d2l tube mounted inside
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a 0.065 I.D. copper tube, as shown in Figure 3.5. The tubavatidhe pressure taps to be

connected to the pressure transducer manifold duringlliatsta.

Figure 3.5: Pressure tap tubes which were mounted in peetasoiholes.

3.1.2.3. Seals and side wall insulatorsThe two shorter walls of each channel
were insulated to promote 1-dimensional flow of heat fromhbaters into the water. The
side walls were machined out éfinch phenolic to fit, along with rubber seals, into the
grooves machined into the test section halves. More detaihe side insulators can be

found in Section 3.1.2.6.
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3.1.2.4. Heaters. Two custom mica etched foil heaters from Hi-Heat Industries
were ordered, which were sized to precisely fit the testeettalves, one for each channel
half. In addition to being sized to the wetted portion of timarnel, slots were made in
the center to allow the thermocouple wires and pressurettgpass through. The heaters
were capable of delivering approximately 1.400 kW eachaftstal of 2.8 kW to the test
section. The heaters were very thin and delicate; they weeesfore, permanently installed
between two aluminum plates which were machined to the shapesas the heaters. Each
plate adjacent to the test section was cut fr@gﬁn. 6061-T6 aluminum, while the plate
opposite the heater was cut fr(%'n'n. 6061-T6 aluminum. In addition, a layer of ceramic
paper was placed between the heater and the outer platéjipga softer and more even
clamping surface, as well as creating a thermal barrier.

3.1.2.5. Flanges.At each end of the test section was a flange to accommodate
bolting of the test section to the settling chambers. Theg#arnwere machined fror%'l
in. phenolic plate. Phenolic was used because of its malititgathermal resistance, and
strength. Each flange was drilled with the bolt pattern tocm#te settling chambers, and
an opening was machined through which the tongue of thedetbs would fit snugly. A
rabbet was also machined around the opening so the tesirseaiuld be recessed slightly
into the flange for added support. A photo of one flange is pteskeas Figure 3.6. Each
flange was attached to the test section using high temperRfliY silicone and clamped
by running long threaded rods through two pairs of the flangleshand bolting such that
there was good tension and the flanges were square to thedttisns If the flanges were
not square, they would be stressed as they were installedaud likely leak. A photo of
a flange installed on one end of a test section is presenteigaeB.7.

3.1.2.6. Assembly.With the thermocouples and pressure tap tubes installed, th

test sections were ready for assembly. Assembly proceadbe following steps:



37

Figure 3.6: Flange for mounting test section to test apparat

Figure 3.7: Flange mounted to test section.

1. Assembled halvesthe bottom half was placed with the channel facing upward on
supports to ensure the thermocouple wires were not damageitting directly on
the table. Two lengths of 0.139 in. diameter rubber sealorg were installed, one

in each groove. The two phenolic insulating side walls wikeatnstalled. Two more



38

lengths of sealing cord were then placed in the grooves itojhehannel and held in
slight tension while the top channel was carefully placeth@he bottom. Once the
top channel grooves had received the phenolic side walisjde was released and
the top channel slid down to rest onto the bottom half. Thsiky#8-32x1" socket
head cap screws were then used to secure the two halvesdngetmpressing the
sealing cord. The cord was them trimmed to length and thendsdgeof the two
halves was complete. Figure 3.8 shows an end view of a coemplassembled

channel.

.

Figure 3.8: End view of liquid test section channel.

2. Installed heatersOnce the halves were assembled, the two heater assembfies we
installed, one each, on the top and bottom of the test seascdiollows: The as-
sembled test section was placed on blocks with the top suféaeng upward. The
thermocouple wires were then pulled through the corresipgrelot in the heater, as

shown in Figure 3.9, and the heater was slid over the presaprkoles to rest on
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top of the test section. The test section was then flipped awverthe other heater
similarly placed. Installation was completed by using 3432&2” socket head cap

screws with nuts to secure the heaters firmly in place.

Figure 3.9: Pulling thermocouple wires through slots inteea

3. Installed flangesWith the heaters installed, the flanges were ready to beledtas
follows: The test section was placed on a block of such a heiglt the installed
flanges would clear the bench once installed. The flanges theretest fit and
sanded as necessary. Once everything was fitting well, Rlidbse was spread
in a thin layer on both the flange and the test section surfatee flanges were
then set in place and a long threaded rod placed through wesrieost hole in both
flanges, and nuts installed. Care was taken at this step rioiotck the flanges off
of the test section. Use of small diameter threaded rod wasfiogal to accomplish
this. Another long threaded rod was placed through the uppstrhole in each of the

two flanges and nuts installed. The nuts were then altegigitiightened until both
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were snug and the distance between the two flanges at eachcattbh was equal,
thus assuring even clamping pressure and assisting in mdierflanges square. The
test section was then removed from the blocks and placedtatfianges resting on
the bench, and both flanges were squared to the test sectahdinections. Any
variations from square were corrected, using a small rubizlet when necessary.

The RTV was allowed to dry and the threaded rods removed.

With the test section halves assembled and heaters and Slamgjalled, the test section
was ready to be installed into the testing apparatus.
3.1.2.7. Installation. The outlet settling chamber was slid on the linear bearings

so that it was as far away from the inlet settling chamber asipte. Blocks were placed
across the rails to support the test section at the propghterthe test section was then
placed on the blocks between the settling chambers so thasiresting against the inlet
settling chamber. The outlet settling chamber was then ohegehat it was just touching
the test section flange. One bolt and washer was then threadedeach end of three
threaded rods. The bolts were threaded toward the middleeatireaded rods so as to fit
between the flanges when installed. One of the threaded rasishen placed through the
uppermost hole in the two flange pairs, such that it was spgnthie entire test section.
The other two rods were similarly installed in two of the lbottholes such that the three
rods had the same number of flange holes between each of theadditional washer and
bolt were then threaded onto each end of the rods and tightenté the settling chambers
were just snug against the test section flanges. The threadsderved to keep the outlet
settling chamber from sliding back when the loop was pressdy thus preventing the
phenolic from deforming and causing leaks. The inner boitthe threaded rod were then
tightened against the test section flanges, and nine balsnwis and washers installed in
every other hole in each manifold. It was determined thatai$ wot necessary to install a

bolt in every hole. The installed test section can be seemgur€ 3.10.
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Figure 3.10: Test section installed in liquid loop.

Once the test section was installed between the settlinglobes, the thermocou-
ples were wired to the data acquisition card and their placemecorded. The pressure tap
tubes were fitted with nipples, and rubber tubing was atclvlich led to the respective
manifold positions. The test section was then well insul@® described in the following
section.

3.1.2.8. Insulation. The test section surface was insulated using one inch thick
mineral wool insulation as shown in Figure 3.11. Mineral Waas chosen because of
its ability to withstand high temperatures. Once the testige was covered with mineral
wool, it was further insulated with standard R-13 home iagah, which was fitted into a
clamshell-style box designed to go around the test sec®seen in Figure 3.12 as well
as in Figure 3.11 mentioned previously.

Once the test section was fully insulated, the flanges wendated by wrapping

household R-13 insulation around them and securing it witiilvape. The gap in the top
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Figure 3.12: Insulation clamshell installed around liqtast section.

of the clamshell was also insulated using another piece ®8 RThe fully insulated test
setup can be see in Figure 3.13.
3.1.3. Instrumentation. The following sections describe the various pieces of in-

strumentation used in the liquid flow loop, beginning witk flow meter.
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Figure 3.13: Fully insulated liquid test section.

3.1.3.1. Flow meter. Since Reynold’s number was critical to the data reduction
process, it was important to have accurate measuremen@ssffiow rate and fluid density.
A Micro Motion R025 Coriolis flow meter was used in conjunctiaith a Micro Motion
2700 series transmitter to measure both quantities. Eaahtigyiwas output on a 0-10
V scale. The meter and transmitter combination is accumate ©.5% of the mass flow
reading within its range of 0 to 0.38 kg/s.

3.1.3.2. Differential pressure gauge.Differential pressure measurements were
made using a Validyne DP15-26 pressure transducer comhtecké@lidyne CD-23 carrier
demodulator, which had an accuracy 60.25% of its full scale reading of 1.4 in.w.g.
Through the use of a manifold, each pressure tap on the tesbrseould be applied to
either the high or low side of the transducer. The inlet arttebsettling chambers also had
pressure taps installed which could be applied to the high@n sides of the transducer,

respectively. The pressure measurement setup is pressenkadure 3.14.



44

Figure 3.14: Pressure measurement setup for liquid loop.

3.1.3.3. Test section heater power control and monitoring.The power to the
each of the two test section heaters was varied using a Pawv&B6B variable autotrans-
former, and was monitored using a Ohio Semitronic GW5-019DXC watt transducer.
The watt transducers had an accuracytdd.2% of the reading, ot- 0.04% of full scale

voltage, and did output O - 10 V linearly withing the opergtmange of O to 2,400 W.
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3.1.3.4. ThermocouplesStandard 30 gage ANSI type-T (copper-constantan) ther-
mocouples were used for both fluid and surface measuremehéy. were manufactured
using a THERMX Model 258B thermocouple welder with argontesghielding gas.

The fluid thermocouples were prepared, once welded, firstdpirth them in Dow
Corning 1-2577 Conformal Coating. They were then fed thioagshort length o% in.
O.D. coper tubing so the bead protruded just past the endy Wkee then held in place
and further sealed by RTV silicone to waterproof them. On@g&SLK compression
fittings were used to mount the tubing to the apparatus.

The inlet settling chamber contained four thermocouplesvspaced throughout,
and the outlet settling chamber contained two thermocsupidich were strategically
placed so that the fluid coming out of the test section wouldl iwer them soon after
exiting. Thermocouples were also placed, one each, in tethgeicopper tubing running
into the inlet settling chamber and out of the outlet sajtthamber.

The test section wall thermocouples, once welded, wereedifpp Dow Corning
[-2577 Conformal Coating to electrically insulate thenmfrthe test section once installed.
The installation of test section wall thermocouples is assed in Section 3.1.2.

Each thermocouple was wired to one of two National Instrus&B-68-LPR con-
necting blocks in Non-Reference Single Ended (NRSE) modehEonnecting block was
installed in a well insulated electrical box. All thermogdel measurements were refer-
enced to an ice bath, one for each box, to mitigate any err@tatemperature variations
at the terminal block. Preparation of the ice baths were aoatance with ASTM [1981].

3.1.3.5. Data acquisition systemTwo LabView programs were used in operation
of the loop. The first, which was used as the loop was comingetady-state, monitored
the bulk inlet and outlet temperatures, as well as the he@tages, wall temperatures,

and pressure drop in real-time. An example of the prograroistfpanel can be seen in
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Figure 13. Once the loop had come to steady-state, the s@cogrthm was used to record

the data. All data was recorded at 1000 Hz for 30 seconds.
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Figure 3.15: LabView front panel for liquid loop start-up.

3.1.4. Liquid Test Section Surface GeometriesThis section discusses the sur-
face geometries used for each of the four liquid test sestidhey were numbered WFC###,
where WFC stands for Water Fin Channel. Each section is itbestcin detail below:

3.1.4.1. Water fin channel 000.WFCO000 was a smooth, rectangular channel of

width 1.125 inch and height 0.3 inch, with no surface enharagés. It was to be used as a
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baseline for comparison with the enhanced geometries, thasvi® validate the test setup
by comparison with published results.

3.1.4.2. Water fin channel 010.WFC010 was a bumped test section. The bumps
spanned the most of the width of the test section, endingldrighes inside of each side
wall, as shown in Figure 3.16. The cross section of the bumpjding dimensions, is

presented as Figure 3.17.

e

Figure 3.16: WFCO010 test section half.

3.1.4.3. Water fin channel 012.WFC012 was identical to WFC010, except that
the bumps were shorter. Since the bump angle was the samiatthen the peaks and
valleys were also longer. The cross section of the WFC012psumcluding dimensions,

is presented as Figure 3.18.
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Figure 3.18: WFC012 bump geometry (dimensions are in inthes

3.1.4.4. Water fin channel 103.For WFC103, a new approach was studied. For
this test section, the bumps were meant to resemble rifiiviyicing a rotation in the bulk
flow. The bumps were similar to those in WFCO010, except that there turned 45 degrees
to the flow. The bumps on the top of the channel were rotatetesowere perpendicular
to those on the bottom, creating the desired rifling. Inst#dthving the bumps span the
entire width of the test section, a valley was left in the nhedslo that the overlapping
bumps would not cause a significant area restriction. Ories¢éesion half is presented as

Figure 3.19, and the half-bump geometry is shown, with dsiars, as Figure 3.20.
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Figure 3.19: WFC103 test section half.

3.2. AIR LOOP

The experimental apparatus consisted primarily of a clésegd though which air
was recirculated through the heated test sections as waftl aptional heat recovery ven-
tilation (HRV) unit for heat rejection. The loop, along wislupporting instruments, were
mounted to a 10 foot long pallet rack for convenience. Theaegtps was constructed and
first used by Rucker [2007], though some minor modificatioesaamade to accommodate
the current research. A photo of the entire apparatus iepted as Figure 3.21. Each
portion of the apparatus is described in more detail in tHeviang sections.

3.2.1. Flow Loop. The loop was constructed primarily of clamp-together sighi
diameter sheet metal ducting from K&B Duct. Exceptions wjest before and after the

pump, which was two-inch rubber hose, and between the métding chamber and the
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Figure 3.20: WFC103 half-bump geometry (dimensions araghes.)

orifice flow meter, which was six-inch diameter PVC pipe towgaghere were no leaks in
that section.

The subsections below describe each portion of the loopdrotder of air flow,
starting with the blower.

A schematic of the loop is presented as Figure 3.22.

3.2.1.1. Blower. A blower was placed in the upper corner of the loop to drive the
flow. It was an Ametek model 116637M, with a maximum voluneflow rate of 100
cfm. It could overcome up to a 6750 Pa static pressure lossbldwer was configured to
receive two inch rubber hose, so a reducer was placed justebtfe blower to transition
from the six inch loop ducting. Two inch rubber hose was thegduto secure the blower to

the loop. A 2-inch PVC gate valve was placed just after thevbldo regulate the air flow
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Figure 3.21: Photo of air loop test apparatus.

through the loop. An expander was placed after the thrgtifadve to transition from the
2-inch rubber hose back to the 6-inch ducting.

3.2.1.2. Heat recovery ventilator (HRV). The heat recovery ventilator was a Nu-
Air Ventilation Systems model NU120-2 with aluminum cordi€el[HRV warmed incoming
air some, but due to it’s inefficiency the incoming air was astwarm as the exhaust air,
thus mimicking closed-loop heat rejection.

3.2.1.3. Inlet settling chamber.The inlet settling chamber was an eight-inch wide
by 6 inch tall plexi-glass duct containing four screens asd@ion of honeycomb for flow

conditioning. The screens had a wire diameter of 0.011 in¢h &mesh count of 18x16
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Figure 3.22: Schematic of air loop test apparatus.

wires per inch and were made of aluminum. Rucker [2007] chioselesign. A schematic
is presented as Figure 3.23.

3.2.1.4. Test section.The test section was machined from aluminum to represent
a scaled-up, single channel in the representative heatiegein The scale factor was 10,
giving a channel height of 3.75 inches, width of 1 inch, amité of 36 inches. Each of
the four sides of the rectangular channel were fitted witheddre

A detailed description of test section construction, mstentation, assembly, and

installation can be found in Section 3.2.2.



53

Screen Honeycomb
Straightener

Flow

101.60

J——— |

[4.000]
-~ 203.20[8.000] — =

304.80 [12.000]
- 406.40 [16.000] -
» 508.00 [20.000] -

Figure 3.23: Schematic of inlet settling chamber, dimemsia mm [inches].

3.2.1.5. Ouitlet settling chamber. The outlet settling chamber was constructed
similarly to the inlet settling chamber, except it only inded two screens, also spaced four
inches apart, and no honeycomb. The outlet settling chamberl0 inches wide by 6
inches tall.

3.2.1.6. Orifice plate flow meter. After exiting the outlet setting chamber, the
flow passed through a 1.0917 inch diameter quadrant-edgextqriate flow meter, which
is described in more detail in Section 3.2.3.1.

The flow then returned to the blower, and the loop was complete

3.2.2. Test Section Design, Fabrication, and InstallationThe test sections con-
sisted of two major parts: The top and bottom pieces werergerand were re-used on

each test section assembly, while the sides featured thehilesng geometry and were
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changed. Because of the limitations of the travel of the CN€mme used to manufacture
each piece, it was not possible to make each side in one piéeesides, therefore, were
manufactured in two pieces, and the top and bottom were raatwéd from three pieces
each. In this way, the joints were staggered and the assemeldyitself together once
fasteners were installed.

The following subsections describe in more detail the goetibn, assembly, and
installation of the test sections.

3.2.2.1. Construction of sides.Each set of sides was first drawn in UGS NX in
3-D. The drawings were then used to CNC mill the destabijge@ometry into the sides, as
well as drill and, where applicable, tap all fastener hdlesrmocouple wells, and pressure
tap holes.

3.2.2.2. Thermocouple wellsThermocouple wells were machined along the cen-
ter of each side, as well as the top and bottom of each tesvsedthe exact linear place-
ment varied due to geometry considerations. The side onichvithe primary flow desta-
bilizers were machined contained approximately 30-40nloeouples over its length. The
geometry of the thermocouple wells were identical to thostihé experiments involving
water, as described in Section 3.1.2.1.

3.2.2.3. Pressure tap holesThree pressure tap holes were machined into the top
segments, such that when assembled they were located edateth center, and outlet of
the test section. The pressure tap holes were also idetdittadse used in the experiments
involving water, as described in Section 3.1.2.2.

3.2.2.4. Heaters.Each of the four sides of the test section had a heater iedtall
The heaters were etched-foil type with silicone rubber lgson. The heaters had a ca-
pacity of 2.1 W/irf and a maximum operating temperature of 2D0The heaters were
sandwiched between t\/\%) inch aluminum plates before being bolted to the sides of the
test section. The heaters and aluminum plates had slotsaes ¢ut in them to allow the

thermocouple wires and pressure taps to pass through.
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3.2.2.5. Flanges.The test section flanges were machined frbr'mch phenolic
plate. A rectangle was machined in the middle to receivedsiesection, and a bolt pattern
was drilled to match the inlet and outlet test sections, lsiryito the flanges for the water
test sections.

3.2.2.6. Assembly and installation.The test sections were assembled by bolting
the top and bottom sections to the side section to form amgatar channel. The fasteners
used were 8-32x1/2” socket head cap screws. Ceramic papeaslaed between the sides
and the top and bottom to prevent heat from conducting bettyesn as much as possible.
Thermally conductive paste was applied at the joint of eadé section and the joint of
each of the top and bottom sections to allow heat to traveemeadily across the joints,
simulating an unbroken section. The assembly and ingtaillarocess for each test section

proceeded as follows:

1. Assembled test sectiolhe sides were placed in the correct order on the bench.
Thermal paste was applied to the joints, and the piecesdtdatether and placed
the correct distance apart, as shown in Figure 3.24. Cernpaper was then cut and
placed on top of the sides in preparation for bolting on thedections. The top
sections were then bolted on one at a time, and thermal ppptie@ at all joints.
Figure 3.25 shows a top piece being installed onto the sidibs. test section was
then flipped over and placed on blocks to protect the top theouples and pressure
taps. Once the test section was flipped over, the bottomossctiould be installed.

It was slightly easier to line everything up properly if thenter bottom section was

installed before the two end sections, as shown in Figure. 3.2

2. Installed flanges and installed test section in lo@mce the test section was assem-
bled, the flanges were glued to each end using high temperRI¥ silicone. A
thin, even layer of silicone was spread on each flange, anth@non each mating

test section surface, and the flanges pressed into placete$heection was still
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",

Figure 3.24: Test section sides prepared for assembly.

Figure 3.25: Installing top section onto sides.

on blocks, which prevented the flanges from contacting timelbe The test section
was then carefully placed into the flow loop between the ialad outlet settling
chambers, and threaded rod used to clamp the settling clianaothe test section.

The blower was turned on to ventilate the test section as e Was allowed to
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Figure 3.26: Installing bottom section onto sides.

dry. While the RTV was drying, the rest of the bolts were ifisthon the flanges to

complete installation of test section into the flow loop.

. Installed heaters:Once the test section was installed in the flow loop, the hgate
were installed. Each heater was fastened using #6-32xb&Ke$ head cap screws
around the edges, as well as #6-32x3/8” socket head capsuarigiwwashers along
the center. Figure 3.27 shows the position of the faster@ere fastener was also
used to secure a ground wire from the test section to the pgstratus frame to
ensure that any shorts of the heater to the test section wenediately grounded

and would not present a risk to the operator.

. Hooked up thermocouple wires and pressure tapbe thermocouple wires were
then installed on the data acquisition card and their pmsstrecorded. The pressure

taps were also connected to the pressure gauge manifolgl udiber tubing.
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Figure 3.27: Fasteners used to mount heaters.

With the test section assembled and the heaters instaliete$t section was ready
to be insulated.

3.2.2.7. Insulation. The test section was insulated first with one inch thick naher
wool insulation and then wrapped in household R-13 insafagimilar to the tests involv-
ing water. The inlet and outlet settling chambers were thenlated with household R-13
insulation. Care was taken to ensure all surfaces were ed\ard well insulated, includ-
ing the bottom and the flanges. A picture of the fully insullatiest section is presented as
Figure 3.28.

3.2.3. Instrumentation. The instrumentation used in the experimental setup were
the flow meter, pressure gauge, test section heater cgnivatstransducers for heaters,
thermocouples for temperature measurement, and a datsiécgusystem. Each piece of
instrumentation is described in more detail in the follogvgubsections.

3.2.3.1. Flow meter. The flow meter was a 1.0917 inch diameter quadrant-edged

orifice plate flow meter, which accommodated flow measureifinent 1 to 29.5 cfm, with
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Figure 3.28: Fully insulated air test section.

a corresponding pressure drop of 0.0023 to 2 in. w.g. Thecerfflate was mounted in
the loop between two PVC holding blocks and two 150# ANSI féengEach interface
also included a Buna-N gasket. A schematic of the orifice rtingrset-up is included as
Figure 3.29. The pressure difference across the orifice ptas measured using a Dwyer
Micrometer manometer as described in the following section

3.2.3.2. Pressure gaugelhe pressure gauge used was a Dwyer Micrometer manome-
ter, which had a maximum pressure difference reading of @.gv, with an uncertainty of
+0.00025 in. w.g. A manifold was constructed which allowee gfauge to measure the
pressure drop across the orifice flow meter or to measure #ssyme drop across any two
test section pressure taps by adjusting the valves on thé&otthn A schematic of the
pressure measurement set-up is presented as Figure 3.30.

3.2.3.3. Test section heater controlThe test section heaters were controlled using

two Superior Electric 116C variable transformers to vagptbltage, and thus heater power.
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Figure 3.29: Schematic of orifice plate installation.
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Figure 3.30: Schematic of pressure measurement system.

3.2.3.4. Watt transducers. The watt transducers which were used to measure
heater wattage were model GW5 from Ohio Semitronics. Theyameaccuracy of0.2%
of the reading plust0.04% of full scale wattage. The output of each transducer @va
10 VdC, corresponding linearly with its range of 0-1200 W.

3.2.3.5. Thermocouples.Each settling chamber had eight thermocouples evenly
spaced in a plane perpendicular to fluid flow. The averageeogipht thermocouples gave

a good approximation of the bulk air temperature.
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The test section thermocouples were identical to those instg experiments in-
volving water, described in Section 3.1.3.4.

3.2.3.6. Data acquisition system.Similarly to the experiments involving water,
one program was written to monitor the experiment until dgestate was reached, and
another was used to collect the data. The data collectiogrgno was identical to the one
used in the experiments involving water.

3.2.3.7. Room air temperature and relative humidity measuement. The room
air temperature and relative humidity were measured usihg #en model 8708 digital
thermo-hygrometer.

3.2.3.8. Room barometric pressureThe room barometric pressure was measured
using an Omega model EWS-BP-A barometric pressure tratesmithich was calibrated
to output a voltage between 1-5 VdC, corresponding lineaiti its range of 20.8-32.0
inches of mercury.

3.2.4. Air Test Section Surface GeometriesThis section discusses the surface
geometries used in the three air test sections. Section BF@8s a bumped plain bumped
geometry, while SFC020 and SFC021 were LVG geometries witarihg dimensional
characteristics. Each test section is described in det#ild following subsections.

3.2.4.1. Scaled fin channel 010The surface enhancements on SFC010 were sim-
ilar to those on WFCO010, but scaled up %S/ Figure 3.31 shows the inlet portion of the
enhanced side of the channel. The outlet portion is sin@tad,continues the same bumps.
The opposite side of the channel is a reverse image of theTinsts, when one side has a
bump, the other has a valley, thus maintaining a constassesectional area. The bump
dimensions are shown as Figure 3.32.

3.2.4.2. Scaled fin channel 020The surface enhancements on SFC020 were pe-
riodic LVG patches. The inlet portion of the enhanced sidghigwn as Figure 3.33, and
the outlet portion is shown as Figure 3.34. All lvg's are G3Xhes tall, with a 45slope.

Again, the opposite side has valleys to match the LVG bumpbeenhanced side.
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Figure 3.31: Side of SFCO010 test section, showing bumps.

]
I

Figure 3.32: SFC010 bump geometry, with dimensions.

3.2.4.3. Scaled fin channel 021IThe enhancements on SFC021 were LVG patches
as well, but this time the LVG geometry was different. Thestrportion of the enhanced
side is shown as Figure 3.35, and the outlet portion is shaMAgure 3.36 All Ivg’s are
0.335inches tall, with a 45slope. To reduce machining time and material cost, and gince
was assumed that the difference would be negligible, thehareced surface from SFC020

was re-used for SFC021.
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Figure 3.34: SFC020 side geometry, for the outlet portiothefduct.
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4. EXPERIMENTAL PROCEDURE

This section describes the procedure for conducting theraxpnts once the test
sections are manufactured, assembled, installed, anidieduThe procedure for manufac-
ture, assembly, installation, and insulation of the testisaes was described in Section 3.
Again, the two sets of experiments were described sepgratith Section 4.1 describing

the experiments involving water, and Section 4.2 desagikine experiments involving air.

4.1. LIQUID LOOP EXPERIMENTS
The steps for operation of the liquid loop were as follows:

1. Prepared Loop:Before filling the loop, it was important to ensure that thaidr
valve at the bottom of the loop was closed and that the eadtblalve on the
settling chambers as well as the bleed valve in the uppelecavare open, so that
water could freely flow into the loop without compressing &nein the loop. Also,
the pressure equalization valve on the pressure manifaddowan so that the filling

of the loop did not over pressurize the sensitive pressarstiucer.

2. Filled Loop: Once the loop was prepared, it was filled with building suppéyer by
opening the needle valve. As the loop filled, water would begiflow out of the
bleed valves in sequence, from the closest to the furthest the filling point. As
the water began to flow out of each bleed valve, it was closddtamloop continued
filling, until water was flowing out of the top most bleed valviéd was not imme-
diately closed, as doing so would begin to pressurize thp.|dostead, the supply
water was turned off. The bleed valve was left open for the stp: bleeding of the

pressure transducer manifold.
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3. Bled the pressure transducer manifoldnce the loop was full of water, it was nec-
essary to bleed the pressure transducer manifold to rembe#.aEven a small
amount of air in the loop or the manifold could cause largeréisancies in pressure

readings.

The pressure transducer manifold was bled using an over-tiaa gallon bucket
filled with water, which was plumbed into the pressure traieed manifold. A valve
was opened which allowed water to flow via gravity from thekmidnto the loop
through the manifold. Thus, each part of the manifold wad bieopening valves in
turn so that the bubbles could escape either out the blegdssal the manifold, or
back into the loop. As water was released from the bucketthrgdoop the excess

water would spill out of the main bleed valve.

The reason for using the bucket instead of loop pressurddéeding was to reduce
the chance of over pressurizing the pressure transducee &@hair was bled from
the manifold, the transducer itself was bled by slowly loosg the bleed screws in
turn until they were both opened. Once all air was out of the from the manifold

to the transducer, the bleed screws were closed.

Once the manifold was bled, the valve to the bucket was clasddhe building water
needle valve turned on to allow a slow flow of water into thedlobhe loop was again
bled to remove any air that had entered during the manifaddihg process. The
loop water was also circulated by turning on the pump to enallibubbles had been
worked loose, and each bleed valve was again opened in tienstare all air was

allowed to escape.

4. Pressurized loopOnce the loop was satisfactorily bled, it was pressurizedDtpsi.
It was necessary to run the loop under pressure to preveitttam at the pump
inlet, as well as to prevent dissolved gases from being selkb&rom solution as the

water heated up.
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Once the loop was pressurized and bled, it was ready to ressBre measurements
were taken first, then temperature measurements were @kelescribed in the following
two subsections:

4.1.1. Pressure Drop MeasurementsAll pressure drop measurements were con-

ducted at room temperature, as follows:

1. Adjusted flow rate:The pump was turned on and the flow rate adjusted using the
flow rate needle valve until the desired flow rate was attairiethe flow rate was
particularly low, it was necessary to open the recircutagate valve to reduce power

requirements on the pump and to stabilize the flow rate.

2. Selected pressure tapd/alves on the pressure transducer manifold were used to

select the pressure taps across which to measure the grelsspr

3. Collected dataData was collected for thirty seconds at a rate of 1000 Hz tord&

in a file using LabView.

4. Repeat:The above procedure was repeated until all desired predsopedata at all

desired operating points had been collected.

4.1.2. Temperature MeasurementsOnce the pressure measurements were taken,

the temperature measurements were taken according tolkhsifag procedure:

1. Turned on data monitoring systefhe data monitoring system was turned on so that
the critical system variables could be monitored. The &laenitored by the data
monitoring system were mass flow rate, pressure drop, heatésges, and various

fluid and wall temperatures throughout the loop.

2. Adjusted flow rate:The pump was then turned on and the flow rate adjusted using

the flow rate needle valve until the desired flow rate was ragthi If the flow rate
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was particularly low, it was necessary to open the recittnggate valve to reduce

power requirements on the pump and to stabilize the flow rate.

3. Turned on test section heaterBhe test section heaters were then turned on and ad-
justed to the desired power. The auxiliary heater could laé¢sturned on at this point
to speed up loop heating. Once the loop neared steady statatiog temperature,

the auxiliary heater was turned off.

4. Monitored loop: The loop was monitored as it heated up, and water was bledoff a

necessary to avoid over pressurizing the loop.

5. Turned on cooling waterOnce the loop reached the desired operating temperature,
the cooling water was turned on and the flow rate adjusted totaia the loop tem-

perature. The loop was then allowed to find a steady state.

6. Collected dataOnce the loop reached a steady-state, the data was colfectbidty

seconds and saved in a file, ready for data reduction.

7. Repeat:Once the data has been taken, the flow rate, wattage, andgodier rate
were changed, and a new steady state was found, data takkethisuprocess was

repeated until data had been taken for all desired flow ciamdit

4.2. EXPERIMENTS INVOLVING AIR

The steps for operation of the air loop are as follows:

1. Set flow rate:The flow rate was set by turning on the bower and opening the gat

valve until the correct pressure difference across thecerffow meter was measured.

2. Set heater wattageThe heater wattages were then adjusted until they were at the

proper output level.
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3. Monitored loop:The loop was then monitored, and allowed to reach steady. stat

4. Collected data: Once the loop reached steady-state, the temperature atageat
data were collected for thirty seconds and saved to a file.v@heus pressure drop
data were then taken by manually adjusting the manometeifoichaalves to select
the desired points and manually reading and recording tmeomater. Each reading
was taken either two or four times. The room air temperataceralative humidity
were then measured and recorded. Finally, a voltage readasgtaken from the

barometer.
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5. DATA REDUCTION

All experimental data were either measured and recordecibg,for were recorded
using a custom LabView program. The program took samplesratieaof 1000 Hz, and
samples were recorded for at least 30 seconds once the mgm¢rmhad come to steady
state, giving a total of at least 30,000 samples. The data stered in columns in a text
file, and each column was averaged for use in the data redyatoxress. The purpose of

taking so many samples was to mitigate any effect of randaseno the data.

5.1. DIRECTLY MEASURED QUANTITIES

This section discusses those properties which were direxthsured by the instru-
mentation.

5.1.1. Temperature. Thermocouple data was recorded as a voltage created by the
difference in temperature at the two ends of each thermdeo&pr each block of thermo-
couples, an ice bath was used. The ice bath voltage was stgatifaom the thermocouple
voltage, giving a voltage difference representing theedéfhce between the thermocouple
temperature and that of the ice bath, designateiVasin microvolts. A polynomial given
by Nanmac Corp. [2006] was then used to convert the voltaifereince to temperature,

given as Equation 5.1.

T=
2.5928x 10 2AVr — 7.602961x 10 'AVZ +
4.637791x 10 11AVE — 2.165394x 10 1AV + (5.1)

6.048144x 107 20AV2 — 7.293422x 10~ 2°AVe

WhereT is the temperature in degrees Celsius.
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The bulk inlet and outlet temperature values were takenesvhrage of all ther-
mocouples in the respective settling chambers. The bullpéeature of the fluid in the
channel was taken as a linear variation due to the unifornogag heat flux. For property
determination, the temperature used was the average ofitheetitling chamber tempera-
tures.

5.1.2. Mass Flow Rate.Since mass flow rate was measured differently for each of
the flow loops, they will be discussed separately in the sutfwses following:

5.1.2.1. Liquid Loop. As mentioned previously, the mass flow rate in the liquid
loop was directly measured using a coriolis flow meter. Dyitime data acquisition, the
voltage reading was sampled as a column in the previouslyiomsd data file and aver-
aged. The mass flow meter did output a voltage which was Ingaoportional to the
observed mass flow rate. The conversion from voltage to massréite was given by
Equation 5.2

M= 0.06763/r — 0.1253 (5.2)

wheremwas the mass flow rate in kg/s avighy was the flow meter voltage reading.
5.1.2.2. AirLoop. The air loop mass flow rate was calculated using the volumetri

flow rate given by the orifice plate flow meter. The pressur@ diwoss the orifice plate was

converted to volumetric flow rate using an equation given biyeM[1996] and presented

here as Equation 5.3

: Cpd? Y.
V = Fer FuNyp——2 L /h (5.3)

v/1-(d/D)* VP11

whereFg L was an elevation correction factéty was a manometer correction factbiyp

was a units conversion fact@p was the discharge coefficient for the quadrant orifice plate,

d was the orifice bore diametdd, was the duct inside diametéf, was the gas expansion
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factor, ps1 was the density at the high pressure tap of the orifice plaighg was the
measured differential pressure across the orifice plate.

OnceV was known, them, the mass flow rate, was calculated by multiplyihgy
the air densitypys.

5.1.3. Differential Pressure. Differential pressure was also measured differently
for each of the flow loops. The next two subsections discudls k@p in turn.

5.1.3.1. Liquid Loop. The pressure transducer voltage readings, as recorded by

the procedure in Section 4.1.1, were converted to pressarBngs using Equation 5.4
AP=14xV (5.4)

where AP was the pressure drop reading, in inches of water\anglas the transducer
voltage.

In addition to those pressure taps in the test sectionssyresaps were also in-
stalled in the bulk inlet and outlet settling chambers. Bhaps gave better results for the
pressure drop across the enhanced surfaces, since thegotaftected by local unsteadi-
ness within the channel due to bumps. The settling champsntare, therefore, used in
the pressure drop calculations, and the entrance and esidovere subtracted out. The

entrance and exit losses were calculated using Equation 5.5
1 .2
AP{SZAPD_EEF)U (5.5)

whereAR;s is the pressure drop across the test section, inPNAR, is the pressure drop
across the settling chambers, also in R/ is a non-dimensional head loss coefficient,
andU is the mean fluid velocity, in m/s. The coefficient was caltadato be¢ = 1.5 by
adding the known coefficients for a sudden contraction, &, sudden expansion, 1.0.

The coefficient was verified using the plain channel testi@ectFigure 5.1 shows the



73

friction coefficient calculated using the measured pressiop internally across the test
section. Figure 5.2 shows the friction factor using the raesbulk pressure drop without
losses subtracted, and finally Figure 5.3 shows the fridtator using the bulk pressure

drop with losses subtracted.
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Figure 5.1: Friction factor as measured within channel.

The calculation of the friction factor is discussed in Seth.2.1. The error bars
indicate uncertainty due to the pressure transducer, skeclin Section 5.3.2.

5.1.3.2. Air Loop. The differential pressure between the various pressusatap
found by manually opening one valve each on the high and Idevafithe manifold to allow
air flow between the desired points and the Dywer manometdmenually observing and
recording the reading. Each reading was repeated eitheoitfour times, and an average
was taken.

5.1.4. Heater Power.Heater power was converted directly from the voltage read-

ing given by the watt transducers using Equation 5.6 foritingd loop, and Equation 5.7
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Figure 5.2: Friction factor as measured across settlinghbleas, no head losses removed.
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Figure 5.3: Friction factor as measured across settlinghbleas, head losses removed.

for the air loop wherd® was the power, in watts, and was the watt transducer voltage
reading.

P = 2400x V (5.6)

P = 1200x V (5.7)
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5.2. CALCULATED QUANTITIES

Most of the quantities calculated were compared to the Rdgndumber based
on hydraulic diameter, Rg, as expressed in Equation 5.8 wh&g was the hydraulic
diameter of the channely was the viscosity of the fluidy was the kinematic viscosity
of the fluid, andU was the mean fluid velocity. In the case of &irwas calculated by
dividing the volumetric flow ratéy, by the duct cross-sectional ar#dx H. In the case of
water,U was calculated by dividing the mass flow rate,by the densityp, and the duct

cross-sectional area.
o pU D o UDp

R
& . 5

(5.8)

h

Hydraulic diameter was calculated using Equation 5.9 whgrevas the cross-
sectional areap was the perimeterdd was the channel height, aMl was the channel

width.

Dh:ﬂ: 2HW

p H+W (5.9)

5.2.1. Frictional Losses.The primary indicator used to compare frictional losses
was the Fanning friction factorf. The formula used to calculate the Fanning Friction
Factor is given in Equation 5.10 whe® was the pressure drop between the two pressure

taps and. was the distance between the taps.

AP
f=— (5.10)
2(5-)pu?



76

5.2.2. Heat Transfer. The primary indicator used to compare heat transfer was the
length averaged Nusselt number based on hydraulic dianhg, defined as in Equa-
tion 5.11.

. 1 st
NUp, = [/ NU(X) dx (5.11)
0

In order to get the length averaged Nusselt number, a nual@rtegration was per-
formed using the local Nusselt numbers at each thermocdogd¢ion. The local Nusselt
numbers were each multiplied by the distance from half wahégrevious thermocouple
to half way to the next thermocouple, and the results sumnmetthe case of the first ther-
mocouple, the distance was from the inlet to the point hajf tsdhe second thermocouple,
and for the last thermocouple the distance was from the ailitway to the next-to-last
thermocouple and the exit. These products were then sunanddhe total divided by the
channel length to determine the length average Nusselt eumb

In order to calculate the local Nusselt number, it is neagssafirst calculate the
local convective heat transfer coefficieht, This was done via Equation 5.12 whélig
and T, were the outlet and inlet bulk fluid temperatures, respebtivi,, was the wall
temperature as measured by the thermocoupleTgnas the local bulk fluid temperature,
as calculated using an assumption of a linear change in 8mgérature across the channel,
W was the channel width, aridvas the channel length.

he ds NP MCATy, —Ty)

Ty AWI(Tw—Ty)  2WI(Ty—T) (5.12)

The local Nusselt number was then defined as Equation 5.182Wiveas the con-

vective heat transfer coefficient of water at the averagk temhperature.
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hDp,

In order to compare heat transfer to frictional losses, émgth averaged Colburn
j factor was calculated using Equation 5.14 where Pr is tl@dt number at the bulk

average fluid temperature in the channel.

(5.14)

5.2.3. Goodness FactorOnce the Colburn j factor and the Fanning friction factor
were calculated, the goodness factor was calculatgd fasThis factor gives a good indi-
cation of the trade-off between heat transfer and frictibmsses. A high goodness factor

indicates relatively good heat transfer for the frictiopahalty paid.

5.3. UNCERTAINTY ESTIMATION

5.3.1. Reynolds Number. The possible sources of uncertainty for the Reynolds
number are the measurement of fluid velocity, determinaifdrydraulic diameter, and the
determination of fluid density and viscosity. Of these, dairation of fluid velocity is
the most likely source of error. Some error may be introdunedot applying a viscosity
correction factor due to the wall temperature, but the dmaslved is expected to be very
small due to the relatively small temperature differendg/ben the bulk fluid and the wall.

The accuracy of the liquid loop mass flow rate meter was vegly at+ 0.0025% of
the reading, so there should have been very little error id flelocity determination there.
The accuracy of the orifice plate on the air loop, however,masis high, with an expected

accuracy of approximately2.5% as observed by Rucker [2007]. Since Reynolds number
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varies linearly with fluid velocity, it is expected that thecaracy of Reynolds number
would be on the same order.

5.3.2. Friction Factor. The primary source of error for the calculation of friction
factor was the measurement of the pressure drop across leachet. For the experiments
involving air, the pressure drop was measured using the Dwyerometer manometer
earlier mentioned, which had an accuracy43.00025 in. w.g. and the convenience of
not needing calibration. The manometer zero was checkedeéetch set of readings and
adjusted if necessary to ensure the greatest accuracy.

Due to the relatively high pressure of the liquid flow loop dhd small pressure
drop being measured, it was very difficult to get an accuedding for the lower flow rates.
The diaphragm-type pressure transducer was very sengitiogerpressure, and would
need recalibration or could even be ruined if the pressufereice across the diaphragm
became too high. Because of this, the transducer used hagea tange than what would
have been ideal for the lowest flow rates. THeat the lowest flow rates was on the order of
0.01 inches of water. The pressure transducer used had araegof 0.25% of full scale,
which was 14 inches of water, giving an overall accuracy-6f0035 inches of water. It
was attempted to use a diaphragm with a scale of 0 - 1.4 indhester, but efforts to
install and bleed the diaphragm without permanently dantagiwere not successful.

Another source of error in the pressure transducer was afpatbias in the cal-
ibration. It was necessary to calibrate the sensor dry witlead weight pressure tester,
then introduce water into the chambers once installed inabye. Even after very careful
bleeding of the loop, manifolds, and pressure transdueerze¢ro would shift to a reading
on the order of -0.03 inches of water, still within the toleza of the transducer. For each
run, the actual zero reading was recorded and added as aataeetw the reading taken.
Since the origin of this zero shift was unknown, it was inédds a possible bias error.
Figure 5.4 shows a plot of friction factor of the WFCO0O0O, tHaimp flat tube, with error

bars representing this potential bias error. Also on theesplot is the expected results
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from Moody [1944]. It is clear that the error is substantidioaver Reynolds numbers, but

diminishes at higher Reynolds numbers, and thus highespresirops.

Friction factor error for wfc000
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Figure 5.4: Friction factor error estimation.

5.3.3. Heat Transfer Results. The primary source of potential error in the heat
transfer results was the assumption of an adiabatic walhdbaty condition. Actual insu-
lating efficiencies, as expressed by Equation 5.15 weredst®6% and 99%. For each
run, the efficiency was calculated and used in the convekbgattransfer coefficient calcu-
lations. Itis, therefore, expected that the heat transfadings would generally be accurate

to +5%.

mC F(Tbo — Tbi)
€= P

(5.15)
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6. RESULTS AND DISCUSSION

6.1. LIQUID-LOOP TEST SECTIONS

6.1.1. Overall Results. The primary purpose of this study was to determine the
effectiveness of each of the selected geometries in progyatierall heat transfer from a
solid channel wall to the bulk fluid, while at the same time imizing overall pressure
drop. Figure 6.1 is a plot of the length averaged Nusselt rurbsed on hydraulic diam-
eter of each of the test sections. Also included is a corogldity Gnielinski [1976] and the
Dittus-Boelter equation [Winterton, 1998] for comparigorthe plain channel.

It would seem WFCO010, the plain bump geometry, had the hidresdt transfer in
general, with WFC103, the rifling geometry, being a very elescond. Next is WFC012,
which was similar to WFC010 besides having a shorter bumghtei

The overall heat transfer, however, is only one half of tletyse. Figure 6.2 shows
the length averaged Fanning friction factor for each of e sections. Here, WFCO010,
which had the highest heat transfer coefficient, also hadabyhe highest friction co-
efficient. However, WFC103, which had nearly the same heatster performance as
WFCO012 had the lowest friction penalty of all of the enhangedmetries. We can also
see that WFC012 had a substantially lower friction pendantWFCO010, though it was
slightly higher than WFC103.

The friction factor results were also compared to equiviadanmd grain roughness
heightsks, using the Colebrook equation, shown in Equation 6.1, aoalééed, along with

actual bump heights, in Table 6.1.

1 = —2.0loglo( (6.1)

ks/Dn 251
VAT

3.7 * Re/4f



81

Length averaged Nusselt number
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Figure 6.1: Length averaged Nusselt number.

The equivalent sand grain heights were then used to compteiighness Reynolds

number, Rg, as calculated in Equation 6.2 and tabulated in Table 6.2.

_ Rey/f/2
Re = T/ks (6.2)

Fully rough is defined as Re> 70. As Reynolds number decreases, only WFC010
remains fully rough, with the rest lying in the transitiolyatough regime. This would
account for the higher Nusselt numbers and friction coeffits of the WFC010 geometry,

particularly at lower Re.
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Length averaged friction factor
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Figure 6.2: Length averaged Fanning friction factor.

Figure 6.3 presents the calculated Colburn j-factpwhich was used to compare
the heat transfer and friction results directly. A goodnfassor, calculated ag/f was
calculated and the results are presented as Figure 6.4.tiNatevhile WFC010 had the
highest heat transfer coefficient, it also had the lowestlgess factor of all of the enhanced
geometries. Also, of all of the enhanced geometries, WFCI8ly had the highest good-
ness factor. Note that while the plain channel, WFCO000, digeem to be a good choice
based on goodness factor alone, the very low heat transgderded would require a very

large heat transfer surface if it were chosen. Conversetygh the WFC010 geometry
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Table 6.1: Equivalent pipe sand grain roughness heighischres.

Re WFC000 WFC010 WFC012 WFC103
615 0.0240 0.2132 0.0838  -0.0003
1549 0.0025 0.1479 0.0505 0.0409
2509 0.0008 0.1297 0.0549 0.0439
3505 0.0004 0.1178 0.0561 0.0462
6654 0.0001 0.1058 0.0491 0.0390
Actual bump heights:
0.000 0.168 0.120 0.075

Table 6.2: Roughness Reynolds numisgr,values.

Re WFC000 WFC010 WFC012 WFC103
615 4.3623 86.0478 19.7373 -0.0270
1549 0.7619 111.9536 27.2588 20.7085
2509 0.3484 150.3384 48.8584 36.5252
3505 0.2023 185.3158 69.6080 54.4314
6654 0.1026 304.2074 111.0/61 83.1062

had the lowest goodness factor, it may still be a desirabl®jif one desired to build a
heat exchanger of the smallest size possible, and if poweirements were of little conse-
guence. Also note that the plain channel’s perceived higligess factor falls off at lower
Reynold’s numbers. Since the purpose of surface enhandernseio destabilize the flow
and make transition happen at a lower Re, it is hypothestzatt lower, more laminar,
Reynolds numbers, the enhanced geometries would all hghehgoodness factors than
the plain channel.
6.1.2. Local Observations. The temperature data obtained was of a fine enough

resolution that some local observations were able to be nfaldés showing wall temper-
ature and local Nusselt number variations plotted againahicel position for the liquid

experiments are presented in the Appendix.
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Length averaged Colburn j factor
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Figure 6.3: Length averaged Colburn j factor.

The plain tube had a wall temperature distribution whictreased more rapidly
in the channel inlet, and became more linear as it approaitteechidpoint and remained
mostly linear to the outlet. As one might expect, the locasdalt number was also highest
toward the entrance, and decreased and finally leveled wftirth the outlet. The phe-
nomenon was more dramatic for the higher Reynolds numbesfltiws hypothesized that
increased turbulence in the entrance was a contributirtgrfaéd\n example plot of wall
temperature and Nusselt number variations are presentéda®s 6.5 and 6.6.

The bumped geometries, WFC010 and WFCO012, had temperastréowations

which were much closer to being linear across their lengtheyTdid, however, show a
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Goodness factors
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Figure 6.4: Goodness factor comparison.

wavy, almost periodic distribution. The distribution wasther studied to try to determine
the cause for the waviness. It was hypothesized that thenessiwas actually showing
variations in temperature at various locations on eactviddal bump, and that the varia-
tions were aliased such that a larger periodic distributvas observed. Figure 6.7 shows
the temperature distribution along with a linear regressitthe data and the channel wall
geometry. A vertical line is drawn at the center of each bumpvas observed that the
majority of the points lying above the linear regressionjast behind a bump centerline,
while the majority of those below the regression are justamtf of the bump centerline. It

was hypothesized, therefore, that the majority of the ogols done at the leading edge of
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wfc000 temperature distribution for Re = 6493
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Figure 6.5: Wall and bulk fluid variation for WFC0O0O0 at Re = 849

the bump. This result is intuitive if we consider that thedlbegins to develop a boundary
layer as when it hits the bump. Heat transfer is best when dbadary layer is smallest.
As the fluid flows over the bump toward the back, the boundaygrigrows and the fluid
nearest the wall is heated and is thus less effective atraptiie wall by the time it reaches
the bump trailing edge.

Test section WFC103, the rifling geometry, showed the mosiali temperature
distribution of all of the enhanced geometries. An exampédl @distribution is shown
in Figure 16, suggesting an even fluid heating throughoutehgth. Due to the highly
three-dimensional nature of the WFC103 geometry, it woeldlifficult to make any local

observations with a one-dimensional approach as was ddhésistudy.
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wfc000 Nusselt number distribution for Re = 6493
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Figure 6.6: Nusselt number variation for WFCO000 at Re = 6493.

wfc012 temperature distribution for Re = 18025
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Figure 6.7: Wall temperature variation for WFC012 at Re=280

6.2. AIR LOOP TEST SECTIONS

Figure 6.9 is a plot of the length averaged Nusselt numbexcban hydraulic di-

ameter of each of the test sections studied, including etiosns done by Rucker [2007]
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wfc103 temperature distribution for Re = 1191
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Figure 6.8: Wall temperature variation for WFC103 at Re=1119

for comparison, as denoted by ‘sjr’ replacing ‘sfc’ in thgdéad. The LVG geometries,
SFCO020 and SFC021, are similar, both being somewhat lovaertthe plain bumped ge-
ometries at higher Reynolds numbers, but doing better agld®eynolds numbers. The
Nusselt numbers for the higher Reynolds numbers are censisith those found in the
liquid tests for similar geometries.

Figure 6.10 shows the length averaged Fanning frictiorofdor each of the test
sections. SFC020 and SFC021 again have similar heat fratlosses, with considerably
lower friction factors than the plain bump test sectionsvjanasly studied. The SFC021
geometry was also similar in design to the SFC020, both lgdwit patches. The SFC021
geometry’s LVG’s were longer, and at a shallower angle afcktto the fluid flow.

Figure 6.11 presents the calculated Colburn j-factor, A goodness factor, cal-
culated asj/f was calculated and the results are presented as Figure BiE2SFC020
and SFC021 again gave similar results, each doing substgmtetter than the previous ge-

ometries. SFC020 did better at lower Reynolds numbersg@HC021 did better at higher
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Length averaged Nusselt number for SFCXXX geometries.
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Figure 6.9: Length averaged Nusselt number.

Reynolds numbers. This is intuitive due to the sharper aofystack of the SFC020 ge-
ometries, which would tend to cause transition earlier. [é/hie longer, shallower LVG’s
of the SFC021 geometries would cause less flow mixing, theyldvalso have less of an
effect on pressure drop.

Due to the large mass of aluminum in the walls of the SFCXXXmgewies and the
relatively low convective heat transfer of the air on thelgydhere was a significant amount
of conduction withing the walls. This conduction acted teesjl out the temperature profile

along the length, making any local effects impossible ttirsiish.
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Figure 6.10: Length averaged Fanning friction factor.
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Figure 6.11: Length averaged Colburn j factor.
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Figure 6.12: Goodness factor comparison.
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7. CONCLUSIONS AND RECOMMENDATIONS

It was concluded that, while the plain bump geometry in theebae bump (XFC010)
channels have relatively high heat transfer coefficiehtsfrictional losses were observed
to be too great to justify the higher heat transfer, exceghéencase of desiring to make
a heat exchanger as small as possible while neglecting p@geirements. Shortening
the bumps, as in the XFC012 geometries does decrease hesfetraomewhat, but the
decrease in frictional losses are of a greater magnitud@gga better goodness factor
overall.

Of all of the test sections studied, the XFC103 rifling geoynetas the most in-
triguing. It was observed to have heat transfer coefficibatter than the XFC012 geome-
tries, while having the lowest frictional losses of all oetenhanced geometries studied.
Employing the XFC103 geometries, therefore, would alloathlexchangers with sizes on
the order of those having the XFC012 geometry, but requisiggificantly less power to
drive the flow.

The LVG geometries, XFC020 and XFC021, were also promigjiviag relatively
high heat transfer for a more modest pressure drop than thpdxigeometries.

Further study into the rifling geometries would be recomneehddeas for future
research would be varying rifling bump angle of attack, hieigidth, and leading/trailing
edge angles, as well as intermittent rifling along the chiarfBiece the exact dimensions
chosen in this study were more or less educated guessegeittzgnly likely that better
geometries exist. Future research could also includeeduafithe local and three dimen-
sional phenomena at work in rifled channels. Visualizatiot aumerical methods could
be employed, as well as studies similar to this one, but viigirhocouples strategically
placed to capture local wall temperature variations.

As mentioned previously, studying the current geometridsveer Reynolds num-

ber with accurate pressure drop measurements would alsguadity to the data.
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APPENDIX

This appendix contains figures showing the wall temperatareations for each
of the various experiments discussed in the preceding destinAlso presented are the
Nusselt number variations. Each figure’s caption indictttesest section designation as

well as the Reynolds number at which the test was run.

wfc000 temperature distribution for Re = 1571
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Figure 1: Wall and bulk fluid variation for wfcO00 at Re = 1571.



wfc000 temperature distribution for Re = 3571
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Figure 2: Wall and bulk fluid variation for wfcO00 at Re = 3571.

wfc000 temperature distribution for Re = 5144
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Figure 3: Wall and bulk fluid variation for wfcO00 at Re = 5144.



wfc000 temperature distribution for Re = 6493
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Figure 4: Wall and bulk fluid variation for wfcO00 at Re = 6493.

wfc000 temperature distribution for Re = 10652
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Figure 5: Wall and bulk fluid variation for wfcO00 at Re = 10652



wfc010 temperature distribution for Re = 1065
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Figure 6: Wall and bulk fluid variation for wfc010 at Re = 1065.

wfc010 temperature distribution for Re = 3015
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Figure 7: Wall and bulk fluid variation for wfc010 at Re = 3015.



wfc010 temperature distribution for Re = 4915
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Figure 8: Wall and bulk fluid variation for wfc010 at Re = 4915.

wfc010 temperature distribution for Re = 6536
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Figure 9: Wall and bulk fluid variation for wfc010 at Re = 6536.



wfc010 temperature distribution for Re = 11132
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Figure 10: Wall and bulk fluid variation for wfc010 at Re = 1213

wfc012 temperature distribution for Re = 1153
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Figure 11: Wall and bulk fluid variation for wfc012 at Re = 1153



wfc012 temperature distribution for Re = 3601
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Figure 12: Wall and bulk fluid variation for wfc012 at Re = 3601

wfc012 temperature distribution for Re = 5892
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Figure 13: Wall and bulk fluid variation for wfc012 at Re = 5892



100

wfc012 temperature distribution for Re = 8717
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Figure 14: Wall and bulk fluid variation for wfc012 at Re = 8717

wfc012 temperature distribution for Re = 18025
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Figure 15: Wall and bulk fluid variation for wfc012 at Re = 1802
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wfc103 temperature distribution for Re = 1191
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Figure 16: Wall and bulk fluid variation for wfc103 at Re = 1191

wfc103 temperature distribution for Re = 3587
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Figure 17: Wall and bulk fluid variation for wfc103 at Re = 3587



wfc103 temperature distribution for Re = 5747
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Figure 18: Wall and bulk fluid variation for wfc103 at Re = 5747

wfc103 temperature distribution for Re = 7549
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Figure 19: Wall and bulk fluid variation for wfc103 at Re = 7549
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wfc103 temperature distribution for Re = 15372
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Figure 20: Wall and bulk fluid variation for wfc103 at Re = 1237

wfc000 Nusselt number distribution for Re = 1571
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Figure 21: Nusselt number variation for wfcO00 at Re = 1571.
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wfc000 Nusselt number distribution for Re = 3571
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Figure 22: Nusselt number variation for wfcO00 at Re = 3571.

wfc000 Nusselt number distribution for Re = 5144
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Figure 23: Nusselt number variation for wfcO00 at Re = 5144.



105

wfc000 Nusselt number distribution for Re = 6493
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Figure 24: Nusselt number variation for wfcO00 at Re = 6493.

wfc000 Nusselt number distribution for Re = 10652
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Figure 25: Nusselt number variation for wfcO00 at Re = 10652.



wfc010 Nusselt number distribution for Re = 1065
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Figure 26: Nusselt number variation for wfc010 at Re = 1065.

wfc010 Nusselt number distribution for Re = 3015
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Figure 27: Nusselt number variation for wfc010 at Re = 3015.
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wfc010 Nusselt number distribution for Re = 4915
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Figure 28: Nusselt number variation for wfc010 at Re = 4915.

wfc010 Nusselt number distribution for Re = 6536
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Figure 29: Nusselt number variation for wfc010 at Re = 6536.



wfc010 Nusselt number distribution for Re = 11132
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Figure 31: Nusselt number variation for wfc012 at Re = 1153.
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wfc012 Nusselt number distribution for Re = 3601
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Figure 32: Nusselt number variation for wfc012 at Re = 3601.

wfc012 Nusselt number distribution for Re = 5892
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Figure 33: Nusselt number variation for wfc012 at Re = 5892.
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wfc012 Nusselt number distribution for Re = 8717
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Figure 34: Nusselt number variation for wfc012 at Re = 8717.

wfc012 Nusselt number distribution for Re = 18025
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Figure 35: Nusselt number variation for wfc012 at Re = 18025.
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wfc103 Nusselt number distribution for Re = 1191
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Figure 36: Nusselt number variation for wfc103 at Re = 1191.

wfc103 Nusselt number distribution for Re = 3587
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Figure 37: Nusselt number variation for wfc103 at Re = 3587.
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wfc103 Nusselt number distribution for Re = 5747
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Figure 38: Nusselt number variation for wfc103 at Re = 5747.

wfc103 Nusselt number distribution for Re = 7549
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Figure 39: Nusselt number variation for wfc103 at Re = 7549.
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wfc103 Nusselt number distribution for Re = 15372
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Figure 40: Nusselt number variation for wfc103 at Re = 15372.
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