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SUMMARY

Magnetic confinement fusion has the potential tw/jute a nearly inexhaustible
source of energy. Current fusion energy researgjegts involve conceptual “Tokamak”
reactors, inside of which contaminants are “div#redong magnetic field lines onto
collection surfaces called divertor plates. Appnuately 15% of the reactor’s thermal
power is focused on the divertor plates, creatinged for an effective cooling
mechanism.

Current extrapolations suggest that divertor platdsneed to withstand heat
fluxes of more than 10 MW/m The cooling mechanism will need to use a coolant
compatible with the blanket system; currently haljiand use a minimal fraction of the
reactor’s available pumping power; ie: will neecetgerience minimal pressure drops.
A leading cooling concept is the Helium Cooled R&ite Divertor (HCFP).

This thesis experimentally examines four variatiohthe HCFP. The objectives are

to:

1. Experimentally determine the thermal performancthefHCFP with a hexagonal
pin-fin array in the gap between the impingingget the cooled surface over a
range of flow rates and incident heat fluxes;

2. Experimentally measure the pressure drop associatedhe hexagonal pin-fin
array over a range of flow conditions;

3. Determine and compare the thermal performance dpagssure drop associated
with the HCFP for two different slot widths, 0.5 nrand 2 mm over a range of

flow rates and incident heat fluxes;

XV



4. Compare the performance of the HCFP with a hexdgondin array with that of
the HCFP with a metal-foam insert and the orighi@FP;

5. Provide an experimental data set which can be tesedlidate numerical models
of the HCFP design and its variants.

6. Analytically determine the maximum heat flux whitle HCFP can be expected
to withstand at theoretical operating conditionghia original and pin-fin array

configurations

XVi



CHAPTER 1: INTRODUCTION

1.1: Motivation and objectives

1.1.1: Magnetic confinement fusion energy

Fusion has the potential to provide a nearly inestible source of energy [22].
Furthermore, fusion is inherently safe and envirentally benign. With a continuously
increasing global demand for energy, an increaawaeness of the environmental costs
of current power generation methods, and the paisyeexhausting fossil fuel resources
within the foreseeable future, a clean, nearly vaestible, and safe energy technology
such as fusion will be critical in meeting futureeegy demands.

Fusion is a potentially inexhaustible energy seurecause of the variety of basic
fuels available for nuclear fusion. Theernational Thermonuclear Experimental
Reactor (ITER) [11], currently under constructiondadarache, France, will be the
world’s first full-scale experimental fusion reactnd will use deuterium and tritium as
its fuel. Deuterium?H, a naturally occurring stable isotope of hydragertommonly
available in the form of heavy or deuterated wakdrich is 0.0153% of and readily
extractable from seawater [22]. Tritiufi, a short-lived radioactive isotope of
hydrogen, can be produced, or “bred” via neutrgstwe by lithium-7 {Li). The
deuterium-tritium reaction has been identifiedresmost promising of the hydrogen-

based fusion reaction [11].



Fusion energy therefore does not consume anyl fasts and emits negligible
amounts of greenhouse gases. The fusion procegsiently safe because any
amplification of the reaction will cause the plastoaxtinguish itself and, even if an
accident were to occur that would release fusi@h tiuthe environment, the amount of
fuel present inside the reactor is low enough suenthat the release to the environment
will be at levels much lower than those allowedchyrent regulations [11].

Fusion is the process of “fusing” two atomic nuéteform a single nucleus
heavier than either of the original nuclei, buhtey than the sum of the masses of both
nuclei. This difference in mass is converted tergg, as given by Einstein’s mass-
energy equivalence formuld:= Amc . In the fusion of deuterium and tritium to create
an isotope of heliunfHe and a neutron (n),

H+°H - "He+n (1.1)
the energy produced from the reactio®is 17.6 MeV. One gram JH combines with
0.67 g of’H to produce 1.6 x £&W-hr of thermal energy [22]. However, since the
nuclei of both deuterium and tritium are positiveharged, they naturally repel each
other, creating a repulsive electrostatic barhat thust be overcome for this reaction to
occur. H-H Fusion occurs naturally in the corehaf sun because incredibly high
temperatures and gravitational pressures theretigeratoms enough kinetic energy to
overcome this repulsive electrostatic force. Nbtyever, that the most common H-H
reaction at the core of the sun does not generaiblve the isotope®H andH.

Unfortunately, the gravitational pressures presethe core of the sun cannot be
achieved on Earth. Therefore, even higher tempesiare required for fusion to occur

on Earth. In théH -*H reaction, temperatures of 1.5 32 2C are required; an order of



magnitude greater than the temperatures requirettiédH-H reaction at the Sun’s core
[11]. At such high temperatures, electrons sepdram nuclei forming a
macroscopically neutral cloud of ions and unbouedteons, referred to as plasma. The
short-range attractive nuclear force dominatekimplasma cloud, making it possible for
the?H and®H nuclei to fuse.

In a commercial power plant, the fusion reactionsthoccur at a high enough
frequency to produce net power, which requiredi®sn power produced to exceed the
heating power used to maintain the plasma at theuclear temperatures. To increase
the rate of reactions, the plasma must be confme@dhigh density. The leading plasma
confinement technology at present is magnetic cenfient.

The “Tokamak” design shown in Figure 1.1, whiclthie most common advanced
magnetic confinement system, uses a toroidal magfeid to keep the plasma from
contacting the confinement chamber walls, sinceetliaged particles spiral about
magnetic field lines. This thesis considers a ifjgdweat removal design concept

proposed for a magnetic fusion energy (MFE) povantdbased on the Tokamak design.
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Figure 1.1: Schematic of tokamak fusion reactor

1.1.2: Proposed divertors

The alpha particles (helium nuclei) produced tB/th -*H fusion reaction will
contaminate and cool the plasma over time if théighas are not removed from the
plasma. Additionally, the fusion reaction andgteducts can damage the walls of the
reactor, creating debris consisting of particlexled from the reactor walls. These
debris particles can also contaminate and furtbel the plasma. Both types of
impurities can be removed from the confined plaaioag diverted electromagnetic field
lines and deposited on a collection surface, calieddivertor.

Plasma impurities are therefore focused direatlyh@ divertor target. Current
plasma physics extrapolations suggest that futivertdrs must be capable of handling at
least 10 MW/ of heat load [8]. These high incident heat flexdls correspond to

approximately 15% of the total fusion thermal poweing removed by the divertor



coolant [6]. Recycling and using this heat in plogver-conversion system, instead of
discarding it as waste heat, could significantlpiove the thermodynamic efficiency of
MFE power plants. A high-efficiency divertor desighould therefore use a coolant
which is compatible with the reactor chamber fivsdl blanket system and can
efficiently deliver heat to the power conversiosteyn.

Pressurized water would seem to be an obvious elodicoolant due to its high
thermal conductivity and availability. In an exijpeental reactor, such as ITER, where
thermal efficiency and tritium extraction are natamcern, water can, and will, be used
as the coolant. However, water has limitationa psactical coolant in future designs.

Pressurized water fission reactors have operatiegspres of ~14 MPa (~2000
psi) and maximum coolant temperatures of ~320 °€h &igh pressures and low (outlet)
temperatures are incompatible with most proposeé& kactor designs. Moreover, the
relatively low temperatures required for water tithie thermal conversion efficiency to
at most 36% [22]. Using water as a coolant alssep@ major safety hazard because
water reacts exothermically with certain tritiunebding materials, including those
containing lithium. In the case of a loss-of-calavent, this exothermic reaction would
result in the direct release of significant amowftenergy, and hydrolysis of tritium-
breeding materials contained in the reactor blankethe case of the hydrolysis of a
lithium-containing material, extremely corrosivihlum hydroxide (LIOH) can be
formed which has a melting point of 470 °C, welldvetypical operating temperatures
for a MFE reactor. For these reasons, water i€osidered to be a suitable coolant for a

commercial fusion power plant.



Helium (He), on the other hand, has the advanttgsst is the gas coolant for
which there exists the greatest engineering expegibase, and as a noble gas, itis
much less chemically reactive than water. Althotighthermal conductivity of He is
much less than that of water, He can be used aslart at very high temperatures and
can therefore be used in power conversion systathswuch higher thermodynamic
efficiencies than those suitable for water. A nemtif studies have found helium to be
the most suitable coolant for MFE divertors becatusean inert gas, compatible with
blanket materials, and able to achieve high pl#miencies [6]. However, since the
thermal conductivity of He is not as high as watlkerertor geometry designs using He as
a coolant must focus more on heat transfer enhagrtetiman those for water. Given its
desirability as a coolant for MFE power plantsuanber of He-based divertor cooling

schemes have been designed and tested, as sunmimarilae next section.

1.1.3: Helium-cooled flat plate divertor concept

The specific divertor design that was experiménttudied in this thesis is the
He-cooled flat plate divertor (HCFP) concept, whigds originally developed at the
Karlsruhe Research Center (FZK) in Germany andydesi to withstand heat fluxes up
to 10 MW/nf. The major advantage of the HCFP design is thett enodule can cover
an area of about 1000 énmore than two orders of magnitude greater tharatea
covered by modules of alternative divertor concepth as the T-tube and the He-cooled
multi-jet (HEMJ) finger designs, which cover aredsibout 13 crhand 2.5 crfy

respectively. The resultant reduction in the comipyeof the manifold system required to



supply coolant to cool a divertor with a typicatarof (10 rf) is a major engineering
advantage in a commercial fusion power plant.

The HCFP design uses two-dimensional (2D), orgldmelium jet impingement
to cool a tungsten (W) tile surface. Nine ideritl@cm long cooling units are arranged
side-by-side to create a single cooling module withensions of 50 crm 19.2 cmx 6

cm. An isometric view of the assembled sectioshiswn in figure 1.2.

Transition
Zone

Armor

Divertor unit
See fig. 1.3

Figure 1.2: Assembled HCFP design: isometric view2p]

The plasma-facing component (PFC) is a castellatelogrooved W plate. The
side plates which separate the cooling units aadé#ck plate are made with a tungsten
alloy, and are brazed together along with the daste W front plate. The inlet and
outlet manifolds are made of oxide dispersion-gitieened (ODS) steel [25]. The inlet
manifold is inserted into the W-alloy shell, an@yaéd with the front plate. The outlet
manifold is inserted next with a similar procedwempleting the basic geometry of the
divertor unit. Finally, transition zones (showrtla rear of figure 1.2) are joined to the

end of each unit.



The frontal cross-section of a single inlet/outleit is shown in figure 1.3. The
coolant, gaseous He, flows in through the inletifioéthat 10 MPa and 600-700 °C and
exits the manifold through a 0.5 mm wide slot ia thp of the manifold as a 2D jet
which impinges on and cools the plasma-facing liestieface [25]. The heated coolant
flows down the sides of the inlet manifold and itite outlet manifold where it is
removed from the divertor. Thermomechanical aresys the original FZK design of
the HCFP determined that this design had a “cotd”sm the side wall which created
significant thermal stresses [25]. In order ta@ase the temperature at and thereby
decrease the thermal stresses on the side wathra gap filled with stagnant He is used

to separate each outlet manifold from the W-alliolg svalls.

2 mm Stagnunt He
5 mm Insulating Region Armor

Front

|
L~ Plate

5 mm

2 mm

Inlet |
Munifold

i
i
|
|
i
I
i
i
I | | 60 mm
! !

1

i

Side
15 mm /PL‘LLL‘
i 1 PR
|
Out 4 mm -
i
Manifold .—
i
Rack
/ Plate

4 mm

I mm Stagnant He Insulating Region

Figure 1.3: Cross-section of HCFP unit [25]



Multiple iterations of thermal-fluid and thermo niramical analyses have
improved the cooling performance, decreased thepjgrpower, and reduced the
thermal stresses of the original HCFP design [23]e analyses predict heat transfer
coefficients b) as high as 39 kW/(frK) for the most recent HCFP design at a pumping
power of less than 10% of the thermal power. Expental data, collected by E. Gayton
at Georgia Tech on several variants of the HCFRyjdewere also used to validate
computational fluid dynamics (CFD) simulations [6].

Gayton’s dynamically similar experiments, which disé as the coolant, were
performed with a test module similar to that usethis thesis. The objectives of this
work were to validate the performance of the HC&Rl evaluate the performance of the
design variations described in the next paragraphs.

The performance of the original HCFP design waspamed with that for the
same design with a molybdenum (Mo) metal foam tesebetween the inlet manifold
and the heated surface. Numerical simulations.®h@rafat at UCLA indicated that
open-cell metallic foams could greatly enhance traatfer with a modest increase in
pressure drop, and such foams were then used adirenced ultra low-pressure drop
short flow-path (SOFIT) concept [21]. In SOFITetfoam is sandwiched between the
inlet manifold and the cooled surface, as showiigure 1.4. This creates thermal
contact between the foam and the cooled surfaeatlgrincreasing the cooled surface
area. The coolant, after impinging on the cooladese, flows through the porous foam,

and out the sides of the manifold just as in thgimal HCFP geometry.
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Figure 1.4: Slotted test section with Mo foam insel6]

Gayton’s experiments showed that inserting the &mf resulted in a significant
increase (as much as 50%hin Unfortunately they also showed a significantéase
(as much as 100%) in pressure drop [6].

An alternative concept for increasing thby increasing the cooled surface area
is to insert an array of pins (cylindrical fins)tween the inlet manifold and cooled
surface so that the impinging air is forced pgsiafin array as it spreads over the
cooled surface. The pin-fins approach has begomosex both for the flat-plate divertor
concept as well as in a finger-shaped helium-conledular divertor with pin array
concept (HEMP) which will be discussed in more diédder. Although manufacturing
such a design can be a challenge, the pin-fin afayld significantly the increase heat
transfer rates with a smaller increase in presstop compared with metal foams.

However, no experimental studies have been dowmalidate predictions of the
thermal performance of a pin-fin array. This teeswvisits the concept of using a pin-fin

array, and applies it to the flat-plate divertoogeetry. The associated increases in heat
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transfer are compared with those achieved with iniedan inserts and bare cooled
surfaces.

Gayton’s experiments used a 2 mm wide slot instédlde 0.5 mm slot specified
in the original HCFP design, and also evaluatecg#rérmance of an array of circular
jets,vs the slot concept. Here, in addition to compabage and pin fin-covered

geometries, the performance of the 2 mm slot wagpeoed to that of a 0.5 mm slot.

1.1.4: Objectives:

Divertors are at present designed to accommodstefluxes of at least 10
MW/m?, and it is likely that their design values wiltiease in the near future as more is
learned about off-normal events such as edge fmhinodes (ELMS) [19].

A major objective of divertor designs is to maximihe heat transfer rate so that the high
incident heat fluxes can be accommodated withimtbgimum temperatures dictated by
material properties (1300° C for load-bearing tuegslloys). The SOFIT design
identified possibilities for increasirng but at the expense of more pumping power. Pin-
fin arrays have been suggested as an alternativetallic foams that give a hidghwith
smaller increase in pressure drop. Experimentiaatzgon and optimization of this
concept is required, however. .

The objectives of this master’s thesis are theesfor

1. Experimentally determine the thermal performancthefHCFP with a hexagonal

pin-fin array in the gap between the impingingget the cooled surface over a

range of flow rates and incident heat fluxes;
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2. Experimentally measure the pressure drop assoamtbedhe hexagonal pin-fin
array over a range of flow conditions;

3. Determine and compare the thermal performance ebpagssure drop associated
with the HCFP for two different slot widths, 0.5 nand 2 mm over a range of
flow rates and incident heat fluxes;

4. Compare the performance of the HCFP with a hexdgondin array with that of
the HCFP with a metal-foam insert and the orighi@FP;

5. Provide an experimental data set which can be tesedlidate numerical models
of the HCFP design and its variants.

In all casesh is estimated from the temperature distributionasaeed over the cooled
surface, and the pressure drop is measured at$sst section.

The nomenclature used to describe the four diftee=t module configurations is

presented in table 1.1. In all cases, the thepmdbrmance of each configuration is
evaluated over a range of flow rates which spamtmredimensional thermal-hydraulic

parameters of interest for the prototypical opaegationditions.

Table 1.1: Summary of experimental test module corgurations

NAME DESCRIPTION
0.5 mm Bare 0.5 mm planar jet impinging on a bare

surface

0.5 mm Pins| 0.5 mm planar jet impinging on surface}

then flowing through a hexagonal pin arrgy
2 mm Bare 2 mm planar jet impinging on a bare

surface
2 mm Pins | 2 mm planar jet impinging on surface, then

flowing through a hexagonal pin array
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1.2: Literature review:

This section reviews some previous divertor cootingcepts which employ the
jet-impingement cooling techniques used by the HCIFRe discussion begins with
circular-channel divertors that use an impingingnalk jet similar to that examined here,
as well as the “T-tube” design studied by L. Cros#tGeorgia Tech. Next, divertor
designs that use an array of round jets, spedifittaé HEMP design, will be described,
and previous studies of the HCFP design and iiana by E. Gayton are also discussed.
The discussion of these divertor designs is folldbg a review of previous research on
the thermal-hydraulics of 2D jets impinging on & fblate and the thermal performance

of pin-fin arrays.

1.2.1: Circular channel slot-jet impingement dasig

Hermsmeyer and Kleefeldt [7] identified five baga&s-cooled divertor concepts,
which are the basis for nearly all the gas-coolegdrtbr designs proposed to date. The
HCFP design is based on two of these conceptSptreus medium concept” and the

“slot concept.”
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Figure 1.5: Cross-sectional view: Porous medium caept with cross-flow pattern

[7]

The porous medium concept combines impinging-jeting with a porous metal
foam. In the cross-sectional view of this desilgaven in figure 1.5, two staggered tubes,
both with slots, are surrounded by a porous holtgilmder or “wick” which promotes
heat transfer via conduction. The coolant flowthiough the smaller inlet tube (labeled
In) and is forced via the slot at the top intowiek. It then passes through the porous
wick surrounding the outside of the outer tube, exits through the bottom slot in the
outer tube into the sickle-shaped channel betweemner and outer tubes. A
longitudinal section of the porous medium concéyotvn in figure 1.6 illustrates the
tapered design of the inner and outer tubes frdet ia exit; this taper is necessary to
balance flow velocities in the tube. The crosgisacshown in figure 1.5 is taken

approximately in the center of this longitudinattsen.
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Figure 1.6: Longitudinal section of porous medium oncept [7]

The porous wick is of the same materiad.(W or Mo alloy) as the channel
structure and cools the PFC via conduction. Thé BFprotected by a 3 mm W armor
layer, andqg”, the heat flux from the plasma, is directed asshim figure 1.5. Kleefeldt
and Gordeev [12] performed a parametric study isfdesign to predict its cooling and
thermal-hydraulic performance, and used a finie¥&nt analysis to determine its
thermal-mechanical properties. They reportedtthiatdesign could tolerate a maximum
heat flux of 5.5-6 MW/mbased on the allowable temperature, thermal samss
deformation windows for either W or Mo alloys.

For this design and all the designs discussed fterethe operating temperature
cannot fall below 600-708C because Mo and W alloys undergo a ductile tdldrit
transition below these temperatures. The majorufa@turing issue for the porous media
concept involves obtaining a reliable and robustdolbetween the foam and the heated
structure, especially since these two materialsabgect to different thermal stresses.

Although a pin-fin array machined for example itie channel structure could be used
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in lieu of the porous material, such an array wdddlifficult to manufacture inside a
cylindrical cavity. Kleefeldt and Gordeev conclddeat the peak heat fluxes associated
with the porous wick would most likely be insufcit for a MFE power plant, and that
theh predicted for the porous foam by their numericalugations required experimental
validation.

To eliminate the bonding issues with the porousiommagda slot concept that was
much more easily manufactured was then devisedhwdliminates the porous medium.
Perhaps the best-studied example of this slot @ins¢he T-Tube divertor design that
was proposed for the ARIES compact stellarator BRLCS) study. The T-tube consists
of two concentric tubes separated by a 1.25 mmal)aghp with a flat W armor layer
attached to the upper surface of the outer tubaddbe plasma. Figure 1.7 shows a
cross-section of the T-tube design on the lefthwitmagnified view of the impinging jet

on the right.

heat load

I i o i i il

wall jet
fred

impingement
slot nozzle region

Figure 1.7: T-tube cross-section and impinging jejeometry [9]
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As in the HCFP, the primary cooling mechanism fbe tT-tube is 2D jet
impingement cooling. Unlike the porous medium desithe T-tube consists of two
concentric and constant-diametee.( untapered) tubes. The coolant, He, enters the T-
tube at 10 MPa and 600 °C through the central poet and is accelerated through a 0.5
mm slot in the inner tube (blue region) at a méss fate per unit length of 0.4 kg/(s-m)
as a planar jet, which then impinges upon the irsueface of the outer tubed,, the
pressure boundary) bonded to the W-armor layer fibads the actual plasma. The
coolant flows along the gap between the two tulmesexits the T-tube at ~9.9 MPa and
680 °C. The flow of coolant entering the inletu@l and outlet (light blue) in the ports at

the center of the T-tube can be seen in the lodigigl view shown in Figure 1.8.

85m
m
\ Armor Layer (W)

Cartridge (W-Alloy)

Cap (W-Alloy)

15 mm : p
- Tube (W-Alloy)

T-connector (W-Alloy)

Transition piece (Slices from W to Steel)

Figure 1.8: Assembly view of a single T-tube modul]

Recently, the T-tube concept has been experinigriadl numerically
investigated by L. Crosatti [3] of Georgia Tech,ondeterminedh using air as the
coolant under conditions matching the helium Regsaolumber for the nominal
operating conditions proposed for the T-tube. @itds experimental results confirmed

the exceptionally high heat transfer coefficiensdicted in the preliminary design
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simulations for the T-tube, and concluded that dleisign could indeed accommodate
incident heat flux values up to 10 MW7ii8]. Although the T-tube design was shown to
meet the design specifications, each module caveather small area of about 13%m
tens of thousands of T-tube modules would be reduiv cool the (100 fhareas typical

of most divertors.

1.2.2: Multiple jet impingement and pin-array desig

A number of divertor cooling designs have been psep that rely on an array of
impinging round jets instead of a single 2D plgear Perhaps the best-studied of these
concepts is the helium-cooled multi jet (HEMJ), e¥hivas originally proposed by
researchers at FZK and studied experimentally amdenically by J. B. Weathers and L.
Crosatti at Georgia Tech [3]. Researchers at H8K proposed a similar design where a
single round jet impinging on a bare surface (tigh-hefficiency thermal shield, or
HETS concept), but this concept has not been axeatally studied [2,15] As shown in
the diametric section of the HETS concept in figlt@ the coolant exits through a single
jet, impinges upon the inside of the cooled surfaceap which is attached to a non-load-
bearing tungsten armor that faces the plasma,fitves uniformly along the cooled

surface in all directions, exiting in the gap betwéehe “thimble” and its “cap.” .
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Figure 1.9: Diametric slice of the HETS concept [2]

The HEMP design is, to our knowledge, the onlywjmes divertor design that
has considered a pin-fin array. In the HEMP desagnarray of Mo-alloy (TZM) fingers,
or pin fins, of different sizes is brazed to thside of a W “cap.” The coolant flows
through the pin fins radially inwards as shownigufe 1.10 (right), exiting through a

single hole in the center of the thimble inside ¢hp.
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Figure 1.10: HEMP concept pin geometry aerial viewleft) and cross-sectional view
(right); dimensions in mm [15]
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The HEMP concept was designed to accommodate dlhealf at least 15
MW/m? with h's in excess of 60 kW/(frK) while using less than 10% of the total power
for pumping coolant [4]. Diegele and Kruessmangdalytically determined the
difference between outlet and inlet temperatufdy,(h, the pressure drop across the
HEMP; AP and the pumping power for the pin-fin design shamvfigure 1.10 over a
range of inlet pressures This pin-fin geometry wamluced by brazing TZM fingers to
W tile. Their simulations predicted that this fin-arrangement had a maximunof 60
kW/(m?-K) and required less than 5% of the total powgsump the coolant.

Diegele and Kruessmann numerically studied the ara@chl stresses in the
HEMP design, and concluded that mechanical streksest exceed allowable design
limits under any of the operational conditions s&dd They also suggested that the
arrangement and geometry of the pin-fin array coa@ldptimized using CFD codes, but
to date such an optimization has not been perform&dhave any of their thermal-
hydraulic or thermal-mechanical predictions begpeexnentally validated.
Nevertheless, these promising results for pin-frays inspired the configuration studied

in this thesis.

1.2.3:  Previous HCFP research

E. Gayton studied a number of variations of the RC€Bncept for her Master’s
thesis in Nuclear and Radiological Engineering ebi@ia Tech. Simulated HCFP
modules cooled using impinging rectangular jetsrftctal to the 2 mm jet in this study)

and a hexagonal array of impinging circular jetg(Fe 1.11) were studied. The effects
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of inserting a 2 mm thick section of 45 pores pehi(ppi), 65 ppi or 100 ppi open-cell

Mo foam in the gap between the jet exit(s) andctied surface were also studied.

O o

1
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Figure 1.11: Top view of aluminum insert for the h&agonal array of impinging
circular jets [6]

The thermal-hydraulic performances of these confijons were evaluated based
on theirh and pressure drop; the best configuration wasiderex to be one that
maximizedh while minimizing the increase in pressure dropasithe test section.
Figures 1.12 and 1.13 summarize Gayton’s resutthiaverage heat transfer
coefficient, hayg andAP'; the pressure drop across the test section restabenominal
inlet pressure of 414 kPa, as a function of thdazdanass flow raten. In the figures,
“Slot-100,” “Slot-65,” and “Slot-45” denote a 2Dtjfowing through 100, 65, and 45 ppi
foam, respectively; “Holes-65" describes an arrbgoand jets flowing through 65 ppi
foam, “Slot” denotes a 2D impinging jet with no foaand “Holes” describes an array of

round impinging jets with no foam. Overall, theagrof round jets gives a highlesq
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than a single 2D jet for otherwise similar opergtoonditions, and increasing the number
of pores per inch in the metallic foam tends talteis a higheth,,g The array of round
jets and the addition of metallic foam both resdtwever, in a higher pressure drop.
Comparing the pressure drops for the “Holes-65&aaish that for the “Holes” case at a
mass flow rate of about 25 g/s, the addition of@hgpi foam more than doublA®" and
gives at best a modest increaséd. Gayton therefore concluded that the increase in
havg Was in most cases not worth the associated ineiaggessure drop. Given the
increase in pressure drop associated with the afraycular jets ¥s.that for a single 2D

jet), only impinging planar jets were studied iegk experiments.
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Figure 1.12: Heat transfer coefficient vs. mass flo rate [6]
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Figure 1.13: Normalized pressure drop vs. mass flovate [6]

1.2.4: Jet impingement cooling

In the divertor designs examined in this thesis,ghmary cooling mechanism is
confined turbulent planar jet impingement of caolimpinging on a heated surface.
Turbulent jets are preferred over laminar jets heedurbulence increases Nu thereby
increasindh. This section reviews the thermal-hydraulic elegeristics of both round
and 2D jets impinging and stagnating on a flategpld®ost of the research on these flows
has focused on applications involving the coolihghecroelectronic components. The
thermal management requirements of microelectragiiean their exponentially
increasing component density and hence ever-inagaswer requirements are a major
area of research in heat transfer. Most of tleedture in this area focuses on the heat
transfer characteristics of unconfined impinging j&éowever Lin and Chou [14]
performed a series of experiments with confinedam(Re = 190-1537) planar

impinging jets.
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i. Planar jet impingememns round jet impingement

According to Lin and Chou [14], impinging roundgdave the drawback that
their cooling effects are restricted to a relagv&inall impingement zone on the heated
surface. This can be remedied by using an arrayultiple jets, but this can lead to flow
blockage between neighboring jets and a complickd@ddistribution downstream of
the impingement zone. On the other hand, a 2i3geing from a slot can create a much
larger impingement zone than a round jet, althahgtzone is still restricted along the
dimension normal to the slot, and has a much moifern flow downstream of the

impingement zone, simplifying exhausting the hatlaat.

ii. Nozzle to Plate Spacing

Most of the studies in this area have charactetizedocalh at the stagnation
point in the center of the impingement zone asatfan of the jet Reynolds number (Re)
(Zhou & Lee: Re= 2715- 25005), and the ratio betwtbe nozzle width, B and the
nozzle-to-plate spacing, Z. Lin and Chou used tvgidth of B = 5 mm with Z/B values
ranging from 1-8. Zhou and Lee used a slot widtB 611.08 mm and tested Z/B values
ranging from 1-30. Figure 1.14 (modified from R@0]) gives a definition sketch of
the flow geometryX is the lateral distance along the impingementplan this thesis,

Z/B =1 and Z/B = 4 in the test sections studied.
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Figure 1.14: Geometry of an impinging planar jet [®] (modified)

The heat transfer coefficient at the stagnatiomtpbi depends on the Stagnation

Nusselt numbeNus:

h, == (1.2)

Nus increases primarily with increases in arrivalgenterline velocityVmaxand
turbulence intensityTu on the jet centerline [23,12] where

!

\
Tu=— 1.3
7 (1.3)

Herey' is the root mean square of velocity fluctuaticarsjV is the mean
velocity. As the cool jet leaves the nozzle exibagins to entrain the surrounding hot
quiescent fluid due to friction. At low Z this efft is minimal,Tuis low, andhs is
dominated by jet centerline velocity. As Z incressthe potential core width decreases,
and will eventually end at a locatioR, &on the z-axis. In the potential core (Z fZhe

jet centerline velocity is equal to the nozzle eélp[14]. Beyond the potential core (Z >
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Zs), the centerline velocity decreases, and wouldafturbulent 2D jet in the self-similar
region, decay as2°[26]:

ZO.5
max K,OB

K =0.016 (1.4)

The jet centerline velocity would then have theagest effect oNus at Z< Z.
The turbulence intensity will also, in general,regse with Re and hence jet centerline
velocity, but as Zhou and Lee discovered, as Zemses and the potential core decreases,
Tu still increases gradually, and dominates the cotmwe heat transfer beyond the
potential core (Z Z.)[29] where jet centerline velocity is decreasir®@nceNus
increases with botfu and jet centerline velocity is governed by two conflicting
factors. Zhou and Lee empirically determined tHe¥ang relationship betweeNus;and

Tu:

Nu /Re"? = 0014TuRe"*+ 0517 (1.5)

The results of Zhou and Lee [29] for Nas a function of Z/B at Re = 3100,

12500, and 18720 are shown in figure 1.17. Attteehigher Re values, Nis

maximum around Z/B = 6; the jet at the lowest Rey mat have been fully turbulent.
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Figure 1.15: Nu vs. Z/B [299]

Downstream of the stagnation point, the impingitgchanges its direction by
90°, and flows along the impinged surface (the x-axls)calh changes with Z/B, but is
also a function of X/B. Figure 1.16 shows lobals a function of X/B for Z/B = [2:8] as
determined by Gardon and Akfirat [5]. This graplows that the local HTC is maximum
at the stagnation point (X/B = 0) and rapidly deses until aboutX / B|= 7, where a
secondary peak occurs for Z#83. Gardon and Akfirat attributed these secongaaks
in the near-field of the flow to the laminar toltutent boundary-layer transition on the

plate surface.
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Figure 1.16: Lateral variation of local heat transkr coefficients between a plate and
an impinging two-dimensional air jet [5]

As shown in figure 1.17, Zhou and Lee [29] obsersigdilar “secondary peak”
behavior, for the local Nusselt number as a fumctibX/B. Zhou and Lee reported this
peak at X/B= 2.3, whereas Gardon and Akfirat recorded it aroxiiB = 7. Zhou and
Lee used a sharp edged nozzle with B = 11.08 mnihendross section shown in figure
1.14, while Gardon and Akfirat’s results are forazzle with B = 3.175 mm and the
cross section shown in figure 1.18. Finally, Gardod Akfirat’s results are reported for
Re = 11,000, whereas Zhou and Lee’s results amrtegpfor 12,500. The secondary
peaks observed by Zhou and Lee decreased withaesiogeZ/B, as was the case for the

results reported by Gardon and Akfirat.
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Figure 1.17: Lateral variation of local Nu at a given nozzle-to-plate spacing [29]

DETAIL OF SLOT-NOZZLE

Figure 1.18: Cross section of nozzle used by Gardamd Akfirat [5]

Gardon and Akfirat also reported that the maxinfuaccurred at the stagnation
point for Re up to 50,000 and that lobahen rapidly decreases, reaching a roughly
constant value around X/Z = 1. The heat transfeffiment will therefore be the greatest
at the center of the jet; i.e., at the stagnatmintpand will drop off quickly as it spreads
out along the surface. Obviouslyalso increases with Re. They also mentionedahat
larger nozzlei(e., larger B) produced progressively highersNsimilar to previous

results for round or axisymmetric jets [5].
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1.2.5: Pin-fin arrays

Pin-fin arrays for cooling have also been studegdhe most part for thermal
management of microelectronic components. Sesgéudies have focused on how
varying the geometry and configuration of the pivs faffect their thermal performance.
Pin density, shape, configuration (staggeweadinline), hydraulic diameter, cross-
sectional area, length, tip condition, and numbeows all have effects on the
performance of a pin fin array.

Yang, et al. studied the performance of pin fingifg cylindrical, square, and
elliptic cross sections, in order to determinéndre is an optimal fin shape. Each of
these cross sections was studied at differentdirsities and in staggered and inline
configurations. Two performance parameters foheanfiguration were the pressure
drop caused by the configuration dandbtained with the configuration.

Figure 1.19 (a, b) summarizes the results of th@egerformance parameters.
Figure 1.19(a) shows the performance of all geassein an inline configuration, and
figure 1.19(b) shows the performance of all georegtin a staggered configuration. N is
the number of fins in a 45 mm x 45 mm square aremning pin density increases with

increasing N. Also, all fin geometries have a 2 hydraulic diameter.
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Figure 1.19: Heat transfer coefficient and pressurerop vs. velocity for plate fin and
: (a) pin fin with an inline arrangement and (b) pin fin with a staggered

arrangement [27]
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These results show that circular pin fins genetadlye the highest, followed by
square and elliptic pin fins respectively. Alsalter pin densities increakeand if
graphs (a) and (b) are compared very closely,apjgrent that the staggered
arrangement tends to create a high#tran the inline arrangement. Unfortunately,
although a staggered arrangement and higher psitgenean a highdr, they also
contribute to a higher pressure drop. Of the tlyemmametries studied, square pins create
the highest pressure drop, followed by circulaltpfeed by elliptic.

The results of Yang, et al. suggest a differendéim patterns among the pin
geometries. This difference is attributed parniatl the Coanda effect. The Coanda
effect is the tendency of fluids to follow a curvaarface. “For air-flow across the two
adjacent tubes, the gap flow may direct to rightéirwhich is known as a deflection
flow. The existence of deflection flow may chartige general vortex structure behind
tubes, causing a better mixing and heat transidoimeance.”[27]

The deflection of flow due to the Coanda effectatefs on the pin spacing. More
curved geometries will see higher heat transfeiop@ance with higher density. This
explains why a rise in fin density creates the @g®aise im for circular pins, a
moderate rise ih for the elliptic pins, and an almost negligibleerinh for the square
pins.

Another important parameter of pin fin performamcthe cross-sectional area of
the fin. Cross sectional area not only affectscibreduction between base and pin, it also
has an effect on the surface area of the arrayit@ath change the hydraulic diameter,

which will affect flow patterns.

32



A very useful performance parameter for the pinhat sink concept is the
thermal resistance, (R), between the base andthimg fluid. Peles and Kosar were
able to describe R as a function of circular penaieter under a given pressure drop.
They discovered that R decreases rapidly for irstngadiameter D, at small D.
However, the D:R curve gradually reaches a minimamal, after this point, increasing D
will result in higher R. This is a result of tworapeting factors that affect R as D is
varied. On one handi,drops as D increases for a given Re. Howeverllsnia's result
in lower Re for a given mass flow rate. Therefdoe a fixed pressure drop, flow rates
are reduced which reducks This means that R is determined mostly by flegistance
at small (~50 micrometers) D, and by reductioh at large D.

Peles and Kosar also showed that the thermal aesistdepends on the geometric
configuration, Re, and Pr, not the heat flux. Efi@re, R obtained under a certain heat
flux can be used without any modification to fitne tsurface temperature for a different
heat flux, assuming the geometry, Re, and Pr arehanged.

Incropera and DeWitt also discuss the performam@endins in a variety of
configurations. They discuss tip conditions, eeaf pin shape, and fin length as
parameters which effect pin performance. Detailiedussion of these parameters is
more in depth than is needed for the purpose sfgliper. Therefore, the specific
formulas and correlations used from the Incropedh@eWitt text will be discussed

when evaluating the performance of the pins gegmetr
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CHAPTER 2: EXPERIMENTAL APPARATUS AND PROCEDURES

This chapter describes the experimental test secised to simulate the helium-
cooled flat plate (HCFP) divertor. It then detdifle experimental flow loop and the

procedures used to conduct the experiments.

2.1: Experimental test section

The experimental test section consists of an alumirfAl) inner cartridge, a
brass outer shell, and a copper (Cu) heater blddke test section is inserted in an air
flow loop, and connected to various instrumentsaltow measurement of the overall
pressure drop and local heat transfer coefficienthe cooled surface. The test section
was designed and fabricated to closely simulateatitieal HCFP design within practical
limitations. The various parts of the test sectioifi be detailed in the following

sections.

2.1.1: Aluminum inner cartridge

The aluminum inner cartridge of the test sectidrgwa in figure 2.1, simulates
the inlet and outlet manifolds of the HCFP divemaodule.Although the HCFP design
specifies ODS steel for these manifolds, Al wasluastead because of its low cost, ease
of machining, and availability. The outer dimemsioof the cartridge are 40.9 mm

(height)x 19 mm (lengthk 88.2 mm (width) A base flange (outer dimensions 6.48 mm

(h) x 37.0 mm (I)x 104 mm (w)) was added to the bottom of the cag&ido that the
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cartridge can be bolted to the outer shell, ineangashe overall height of the inner
cartridge to 47.4 mm. The air inlet and outlettpan the opposite ends of the cartridge
both have nominal diameters of 12.7 mm (0.5 inhvaitUNF thread profile of 20. The
ports are connected to brass 9.53 mm (0.375 in)nl& and outlet tubes that pass

through the brass outer shell and connect to ttexiex flow loop.

172-20 UNF THRU

—1 18,50 p—

47.40
80

16.90

! =—37.00 —=

Figure 2.1: Inlet-side view (left) and outlet-sideview (right) of inner cartridge;
dimensions in mm

Figure 2.2 shows the interior of the inner carteidd he inlet and outlet manifolds
(top and bottom, respectively) are two rectangalamnels with dimensions of 76.2 mm
() x 19 mm (w)x 15 mm (h) separated by an interior rib. As shanvthe left sketch,
the inner cartridge was machined as a single m&cept for one of the side walls. The
remaining side wall was modeled by a cover plagtefaed to the rest of the cartridge
with three machine screws through the middle hip;gketch on the right depicts the fully

assembled inner cartridge.
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Figure 2.2: Views of the interior of the inner cartidge without the cover plate (left)
and the exterior of the slotted inner cartridge afer assembly (right)

Two different versions of the inner cartridge, avigh a 2 mm wide slot, and one
with a 0.5 mm wide slot, were tested, as showngaré 2.3. In both cases, the slots
extended over the entire length of the interiorthad inlet manifold, or 76.2 mm. In
addition to the difference in materials, the inmartridge differs from the proposed
HCFP design in its length. Although each of theencooling channels in the HCFP
design has a length of 100 cm, the two-dimensidlioal in the central portion of the
channel should be accurately simulated by a muohteshchannel. To minimize costs
and space requirements, the test section therefpreduces only a central portion of a
single HCFP channel with a length of 7.62 cm. Tieisgth should be sufficient to

provide 2D flow over the central portion of thetslo
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Figure 2.3: Photograph of inner cartridges with 2 nm (left) and 0.5 mm (right) wide
slots; inlet port is visible for both cartridges

2.1.2: Brass outer shell

The outer shell of the test section, shown in ®#g@r4 is machined from C3600
free-machining brass. The thermal conductivity i talloy, 115 W/(m-K)(at 20°C,
www.MatWeb.com), is similar to that of the W allayprototypical conditions which has
a thermal conductivity of 95-107 W/(m-K) at temperas of 500-1306C. This brass
alloy was used instead of the W alloy because sf and its ease of machinability. The
geometry of the outer shell closely duplicates\Whdat plate (which is also the pressure
boundary) and the attached W alloy armor within m@ag limitations, except for the
reduction in the length of the channel. The outerethsions of the shell are 104 mmx])
37.0 mm (w)x 47.4 mm (h), and the thickness of the shell wea8 mm on the top and 2
mm on the sides. A 1 mm raised edge along theiextdes at the top of the shell helps
to center the Cu heater block, which contacts #terr of and heats the top of the brass
shell. When the test section is assembled, thgdlam the lower periphery of the outer

shell is bolted to the base flange of the Al innartridge with eight 6-32 UNC screws
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(four on each side); five of the through-holestfaese screws are visible on the sketch on

the left in figure 2.4

3100
000 —=

:A'J: 7.00

47.40
a1.40 1640
—1
6400
- |}—s00 1
—29.00
37.00
SECTION A-A

Figure 2.4: Schematic (left) and cross-sectionaleiv (right) of outer shell

Two versions of this outer shell were fabricatexhie with a bare inner surface at
the top (with 5 mm of brass between the surfaceravbi®e jet impinges and the surface
contacting the Cu heater block); and an otherwdeatical shell whose inner surface is
covered by a hexagonal array of 808 circular brages 1 mm in diameter, 2 mm in
height with a pitch of 1.2 mm. As shown in fig@t®, the array of pin fins populate the
entire inner surface of the shell except for a 2 miahe “strip” in the center of the shell
that allows the jet to impinge on the inner surfadde array of pin-fins was formed in
the brass by burning away the surrounding matdnalelectro-discharge machining

(EDM).
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Figure 2.5: Interior view of brass shell showing m-fin array

As shown in figures 2.6 and 2.7, both outer shelésinstrumented with five E-
type thermocouples (TCs) (OMEGA EMQSS-020G-6) toasuee the temperature
distribution over the cooled surface. The centethef 0.81 mm (0.032 in) diameter TC
beads are all embedded in the brass shell 1 mnwhitle cooled surface of the brass
shell. Following the coordinate system definedfigure 2.6 where the origin of the
coordinate system is defined to be at the centéheklot, the TCs are placed along the
slot to measure the temperature profile algragd to verify that temperature distribution
is independent of-position, as would be expected for 2D flow. Tablg gives thex, y)
locations of TCs #1-5; in all cases, théocation of these TCs is -0.5 mm in a right-

handed Cartesian coordinates system.

Table 2.1: Cooled surface thermocouple positions direference numbers [6]

Thermocouple| x y
Reference# | [mm] | [mm]
1 -45 | -10
2 0 0
3 -8.5 10
4 8.5 -5
5 4.5 5
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Figure 2.6: TC positions with respect to slot [6]

Figure 2.7: Sketch of brass outer shell showing stace TC locations; inlet view (left)
and outlet view (right) [28]

When assembling the test section, great care vkas t minimize bending of
the TC wires and leads to prevent internal damalgehacould lead to faulty readings.
Each TC was carefully inserted the full distande its respective borehole, and double-
checked to make sure it maintained its positiotheaborehole while the test section was

being insulated.
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Figure 2.8 shows the four test configurations €ddin this thesis:
1. 2 mm wide jet impinging on a bare surface
2. 2 mm wide jet passing through a hexagonal pin4fiaya
3. 0.5 mm wide jet impinging on a bare surface
4. 0.5 mm wide jet passing through a hexagonal pirafray.

In this figure, the Al inner cartridge is showngreen, and the brass outer shell
(detailed subsequently) is shown in red. In aflesathe gap between the inner cartridge
and the flat inner surface of the outer shell mr (this gap is completely spanned by the

2 mm tall pin fins in configurations 2 and 4).

Out Out Qut
2 mm jet on 2 mm jet 0.5 mm jet on 0.5 mm jet
bare surface with pin-fins bare surface with pin-fins

Figure 2.8: Cross-sectional views of test module figurations

During the experiments, the coolant, air at roomperature (~22°C), enters the
inlet manifold, accelerates through the slot anginmges as a planar jet on the inner
surface of the heated brass outer shell. The negudtagnation flow efficiently cools the
bare surface. For the pin-fin configurations, thenm gap in the pins directly over the

slot allows the jet to impinge on the surface befoeing forced through the array of pin
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fins. The coolant then flows around the outsid¢hefinner cartridge in the gap between
the cartridge and the shell, enters the exit m&hitrough seven 4.9 mm diameter holes
on each of the two sides of the test section (&dL, right, figure 2.3 both ), and finally

exits the test section via the exit port.

2.1.3:  Copper heater block
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Figure 2.9: Copper heater block dimensions

The C14500 Cu-alloy heater block, or concentragibown in figure 2.9, is heated
by three “FAST-HEAT CH47474” 120 V, 750 W cartridge heaters. Thiscklo

produces a uniform and concentrated axial heat dluthe top of the brass outer shell,
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simulating the heat flux incident on the divert¢atp surface.The block is 102 mm (4
in) wide at the top where the cartridge heatersreserted, and tapers down to a width of
22 mm (0.865 in) at the neck where it contactdolpeof the brass outer cartridge.

Since much of the test section and set-up areainalthe setup used by Gayton,
the following description from her thesis [B] still valid: “The cartridge heaters are
connected in parallel. The input voltage is adjdstey a variable autotransformer
(General Electric Volt-Pac). The input power andreat are measured by a digital
multimeter (Hewlett Packard 34401 A) and an AC ateméShurile Model 8508),
respectively. Each cartridge heater has a maximamput of 750 W, yielding a
maximum possible heat flux of 1.35 M\&/m

Six E-type TCs (OMEGA® EMQSS-020G-6) are embeaddte “neck” of the
concentrator... located on two x-z planes correspogpdo 1/3 and 2/3 of the copper
block length (y) and extend to the midpoint ofdbpper neck width (x). The (z) positions
correspond to 3.0, 7.0 and 12.0 mm above the costatace with the brass outer shell
[Figure 2.10]. Additionally, two 1.59 mm diameteMBGA Type-E thermocouples are
embedded in the top of the copper heater blockdeph of 0.62 mm (corresponding to
the centerline of the heater cartridges) and arealed halfway between the middle
heater and the side heaters. This provides a momifathe peak temperature of the
copper heater block, which is limited to 500°C {hafl the melting temperature for this
copper alloy).” Table 2 gives they( 2) locations of TCs #6-10 in the copper heater

block, and the TC locations are shown in figured2.1
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Table 2.2: TC positions and reference numbers fahe CU heater block

Thermocouple| vy z

Reference# | [mm] | [mm]
6 25.4 3
7 254 7
8 254 12
9 50.8 3
10 50.8 7
11 50.8 | 12

76.2

0.8

1‘1'1 8
I 10 7
131: *9 L] ].I" X

Figure 2.10: Side view of copper heater block withheck TC positions

LI ] 4|

2.1.4: Assembled HCFP test section

As previously mentioned, the Al inner cartridgeinserted into the brass outer
shell. The two are separated by a rubber O-ring, fastened to each other with eight
bolts. Once this portion of the test section iseasbled, the thickness of the combined
inner and outer flanges is checked in eight sepdoaations to ensure that the eight bolts
have been uniformly tightened, and that the gapdet the inner cartridge and the outer

shell is consistent over the test section. Their@ut and output ports are then, after
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being wrapped at the threads with PTFE threadtapal and fitted with rubber O-rings,
threaded into the Al cartridge just until the Ogsnare compressed against the brass outer
shell. A 0.13 mm thick graphite sheet is placetiveen the concentrator heater and the
brass shell to ensure good thermal contact. Tdteséetion is clamped to the heater with
two flat plates located above the heater blocklaldw the test section, and secured with
four long 0.25 in UNC threaded rodsxploded and assembled views of the test section

are shown in figure 2.11

Copper
heater block

Graphite / 0’}

shim
Brass

outer shell

&

}
Gasket

Aluminum
cartridge

W

Figure 2.11: Assembled (right) and exploded (leftyiews of HCFP test section [28]

The test section depicted in figure 2.11 is coreekdd the air flow loop via the
inlet and outlet ports, and the entire loop is pues-tested to check for leaks. The test
section and heater block are then instrumented Witk #1-5 and #6-11, respectively and
insulated with 5 cm thick panels of mineral wooligthform a cube around the test

section. All the empty space between the insulatianels and the test section is then
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filled with loose mineral wool, and the cube is ppad with wire to secure the insulation

during experiments, as shown in figure 2.12.

Figure 2.12: Photograph of insulated HCFP divertortest section [6]

2.2: Experimental flow loop

The test section is attached to an air flow loopir flows from the building
compressed-air line at gauge pressures of 116kB24through a Brooks R12M-25-4
rotameter (calibrated to measure air flows fromO0OSECFM) that measures the volume
flow rate at the test section inlet. The pressurehe test section inlet is measured by an
analog pressure gauge (Marsh 100 psi) with a rasolof 6.8 kPa (1 psig) located at the
exit of the rotameterThe mass flow rate through the test section is ttedculated from
these measurements of the volume flow rate andaitheensity, which is determined
from the inlet temperature (measured as describeskesjuently) and pressure.

A 1.7 m (5.5 ft) section of 12.7 mm (0.5 in) ID mrced Tygon tubing

(Kuriyama K3150 200psi/1.4MPa) connects the rotamahd inlet pressure gauge to a
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25.4 mm (1 in) NPT brass cross, which is conned¢tedhe brass inlet tube on the
opposite side via a 12.7 mm (0.5 in) ID Swageldinty. The inlet temperatur®, is
measured by a Type-E thermocouple (OMEGA® EMQSSat8bwhich is inserted into
the flow through another port on the brass crdss;final port on the cross is connected
to the inlet side of a 689.5 kPa (100 psi) difféi@npressure transducer (OMEGA®
PX180-060DV), which monitors the pressure drop s€the entire test section.

Similarly, a 25.4 mm (1 in) NPT brass cross is @mted to the brass outlet tube
via a 12.7 mm (0.5 in) ID Swagelok fitting. Thisoss houses a Type-E thermocouple
(OMEGA® EMQSS-125G-6) that measures the outlet tmampire Toy, @ 0.675 in
butterfly valve (Milwaukee Valve Co. BB2) control the mass flow raté, and a small
stainless steel cross. This cross is connectedrmtb the outlet side of the differential
pressure transducer and a pressure gauge (OMEG®A®4i; resolution of 0.5 psi) that
measures the outlet presség. The remaining port on the stainless cross igged.

The butterfly valve at the outlet controls the mélssv rate through the test
section, allowing the system pressure to be elevatéhe test section to prevent choking
of the flow within the test sectiorfinally, the ambient pressureg. that of the
surroundings, is measured by an absolute pressamsducer (OMEGA PX302-015AV).
Figures 2.13 and 2.14 show a schematic of the flmep and a photograph of the
instrumented test section, respectively. Therumsénts are connected to an Agilent
34970 60-channel data acquisition unit (three 28nolel A/D cards #34901A) connected
to a PC with a RS-232 serial cable. The Agilentdehink Data Logger 3 software on

the PC is used to control and monitor the instrumiam.
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Figure 2.13: Diagram of air flow loop [6]

Figure 2.14: Photograph of insulated and instrumeregd test section [6]
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2.3: Experimental parameters and procedures

2.3.1: Experimental operating conditions

The experimental operating conditioresg( pressures, volumetric flow rates) are
characterized by the Reynolds number Re basedehyitiraulic diameter of the slot in
the inlet manifoldDy, = 2w = 4 mm (where w is the slot width, the averageed of the

coolant exiting the sloty = m/(pA (whereA is the slot area), and the coolant viscosity

at the test section inlet, :
Re=Tth 2.1)

For the samen and p,,, Re for bothW = 0.5 mm and 2 mm are identical, since koth

andA are proportional to w.

Experiments were conducted at nominal Re valueb.210", 3.0x10%, and 4.5
x10". The Reynolds number based on the 0.5 mm slatateg for the baseline HCFP
divertor design is 3.810" [25]. Experiments were performed at experimental heaeflu

q.. ranging from 0.22 MW/mto 0.72 MW/M. Here, . is defined to be the target

total power input to the cartridge heaters divitigcthe area of the concentrator “neck”
of 1.67x10° m?. The power input was selected such that the paakérature in the Cu
block never exceeded 500 °C, or half the meltinigtpaf the C14500 copper alloyable
2.3 details the nominal operating conditions of ARIES HCFP divertor and the GT

baseline test module (slot) in an air flow loop.eTHifference between the Prandtl
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numbers Pr of air (0.73) and helium (0.66) showddeha minor effect on the measured

Nusselt number, and thus the convectiysince for turbulent flowsNu O P°*[5].

Table 2.3: Comparison of thermal-hydraulic parametes for HCFP and GT
experimental study using air [6]

Coolant Tin Psys Orom m Re Pr
[°C] [MPa] IMw/m? | [o/s-m] | [x 107] []
He
(ARIES) 600 10 10.0 702 33 0.66
Air (GT) 22%3% 0.116-0.524| 0.22-0.72| 61-52F  12-48 0.1
2.3.2:  Experimental procedure

Each experiment is performed as follows:

1.

The test section is assembled with the approprite width and shell
configuration and connected to the heat concemteatd flow loop as previously

described.

. All TCs are inserted, secured, and double-checkedntsure full and accurate

insertion.

Insulation is added around the test section, watte ¢aken to not disturb the TC.
The insulation is secured with wire.

The Agilent data acquisition unit, voltage multi4tee and power supply are
switched on. The Bench Link Data Logger 3 softwarepened from the PC, the
correct acquisition configuration is confirmed, ateta scanning is initiated. The
Data Logger software records all TC readings, inmltage, test sectionP, and

ambient pressure. Scans are acquired every 30 s.
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5. The power supply is adjusted to the desired valpdubning the dial on the
variable autotransformer while monitoring the vgi#aand current: the power

Q =1V, wherel andV are the current and voltage. As mentioned preloihe

Data Logger measureg, while | is measured by a analog ammeter (15 A full
scale) connected to the variable autotransformer.

6. Once the test section temperatures are near thectexpsteady-state values, the
air supply is turned on. The mass flow rate is sidjd to the desired value using
the butterfly valve at the test section outlet dhd pressure regulator, which
controls the pressure of the air supplied to thetesy. The “uncorrected”
volumetric flow rate, SCFM, is read from the rotdemgwith a resolution of 0.25
SCFM). The test section inlet pressure is also recordedebgling the pressure
gauge at the rotameter exit. These two flow pararaedre monitored manually
throughout the experiment to ensure that they neroanstant over the course of
the experiment. The volumetric flow rate is coteelcfor pressure and multiplied

by density to obtain the mass flow rate:

[k | ft3 147 k m? 1min
’T(_g) = . _Ioair,rot (_gg) 3 ( ) (22)
S min P m> ) 353ft” )\ 60sec

7. The data are continuously recorded in the Data epgyery 30 s until the TC

readings for the brass outer shell have reachedsteady-state values, which are
defined to be values that vary by no more than dvér 30 min. Once steady
state has been reached, 60 scans spanning aft@@inoin are taken of TC #1-5;

these 60 temperature profiles are then used foratalysis.
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Experiments were performed spanning a range ofriegg,, to determine how

the h depends on the operating conditions and to ewaltla robustness of the
design.As summarized in table 2.4, data were obtainedtlier three Re values

mentioned earlier of 0%, 3.0x10%, and 4.5x10%, at g, = 0.22, 0.49 and 0.62

MW/m?, respectively; the range af ,at a given Re was limited by the requirements
for achieving steady-state conditions. Data wése abtained for Re = 4&0" at
q...= 0.65 MW/nf, and, for the two configurations with pin finsy fee = 3.610" at
Onom = 0.62 MW/nf. The repeatability of each experimental conditivas verified

by two independent realizations.
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Table 2.4: Summary of test conditions

Geometry Re Ohom # of Runs
2 mm, Bare 1.2x10 0.22 MW/nf 2
2 mm, Bare 3.0x10 0.49 MW/nf 2
2 mm, Bare 4.5x10 0.60MW/nf 2
2 mm, Bare 4.5x10 0.72MW/nf 2
0.5 mm, Bare 1.2x10 0.22 MW/nf 2
0.5 mm, Bare 3.0x10 0.49 MW/nf 2
0.5 mm, Bare 4.5x10 0.60MW/nf 2
0.5 mm, Bare 4.5x10 0.72MW/nf 2
2 mm, Brass Pins 1.2x10 0.22 MW/nf 2
2 mm, Brass Pins 3.0x10 0.49 MW/nf 2
2 mm, Brass Pins 3.0x10 0.60MW/nf 2
2 mm, Brass Pins 4.5x40 0.60MW/nf 2
2 mm, Brass Pins 4.5x40 0.72MW/nf 2
0.5 mm, Brass Pins 1.2X410 0.22 MW/nf 2
0.5 mm, Brass Pins 3.0x10 0.49 MW/nf 2
0.5 mm, Brass Pins 3.0x10 0.60MW/nf 2
0.5 mm, Brass Pins 4.5x10 0.60MW/nf 2
0.5 mm, Brass Pins 4.5x10 0.72MW/nf 2

"
nom

In these studiesq’ . is the target heat flux. The actual experimehest flux,

Oucwar» 1S found by dividing the known power inpif & | ) by the top surface area of the

brass outer shell (1.589 x i@ ;

" Vx|

Qactual = (23)
Y A
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Since the inlet pressure varies between experimérgspressure dropsP were
rescaled to a common system pres$yye which was defined as the average of the inlet

and outlet pressures for each experimegince the pressure drop is proportional to the
dynamic pressumV? /2, which itself is proportional t@/p, for a given mass flow

ratem:

AP O 1/p O 1P (2.4)

sys
All measured pressure drops were rescaled to a consystem pressurg, . = 414 kPa
(60 psia), giving a rescaled pressure dkéYx

AP'= AP (F;yS/ Pom) (2.5)

These rescaled pressure drops were then compaeadydover all the test conditions

and configurations studied here.

2.3.3: Experimental test conditions

Nominal experimental test conditions are presentedables 2.5-2.8, and are
identified using 4-digit identifiers. The idengfis for each experiment are given as
follows:

» The first digit specifies the slot geometry: “Xexifies the 2 mm slot, while “2”
specifies the 0.5 mm slot.

» The second digit specifies the surface geometry: specifies the bare surface,
while “2” specifies the surface with the pin-firay

» The third digit specifies one of the three nomifaynolds numbers: Re =

1.2x10* (1), 3.0x<10% (2), or 4.5x10" (3).
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The fourth digit specifies one of four differentmimal heat flux values:q;,, =

0.22 MW/nf (1), 0.49 MW/n4 (2), 0.6 MW/nf (3), or 0.72 MW/rf (4).
The letter, A or B, following the dash identifidsettwo different experiments for

this particular set of experimental parameters.
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Table 2.5: 0.5 mm slot; bare test cases

m Re i P
=0-# 1 qgis) [ [M3V/m 2 | kPa]
2111-A | 9.0 12,600 |  0.22 334
2122-A | 217 | 30500 | 049 199
2133A | 325 | 45500 |  0.60 356
2134A | 325 | 45500 | 072 360
2111-B | 9.0 12,600 | 022 417
21228 | 213 | 29900 | 049 192
2133B | 322 | 45000 | 0.0 367
2134B | 325 | 45500 | 072 367

Table 2.6: 0.5 mm slot; pins test cases

m Re i P
=X0-# 1 qgis) [ [M3V/m 2 | kPa]
2211-A | 88 12,400 | 022 334
2020-A | 219 | 30700 | 049 223
2023A | 219 | 30700 | 0.0 222
2033A | 333 | 46700 | 060 369
2034A | 333 | 46700 | 072 369
22118 | 88 12,400 | 022 333
20208 | 21.9 | 30700 | 049 219
2023B | 219 | 30700 |  0.60 219
2033B | 333 | 46,700 | 060 369
22348 | 333 | 46700 | 072 369
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Table 2.7: 2 mm slot; bare test cases

m Re s P,
=P (g 0| g |
1111-A 9.0 12,600 0.22 415
1122-A 21.7 30,500 0.49 210
1133-A 31.4 44,000 0.60 359
1134-A 32.2 45,100 0.72 376
1111-B 8.8 12,400 0.22 333
1122-B 21.7 30,500 0.49 207
1133-B 32.5 45,500 0.60 363
1134-B 32.5 45,500 0.72 363

Table 2.8: 2 mm slot; pins test cases

m Re i P
=X0-# 1 qgis) [ [M3V/m 2 | kPa]
1211-A 9.0 12,600 0.22 416
1222-A 25.7 36,000 0.49 331
1223-A 25.7 36,000 0.60 330
1233-A 325 45,500 0.60 371
1234-A 32.5 45,500 0.72 371
1211-B 9.0 12,600 0.22 416
1222-B 25.7 36,000 0.49 331
1223-B 20.6 28,900 0.60 257
1233-B 34.7 48,600 0.60 363
1234-B 34.7 48,600 0.72 362
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CHAPTER 3: EXPERIMENTAL RESULTS

This chapter presents and discusses the expeeghrentilts for the 18 different
test cases examined in this investigation. Sewemralparisons of test configurations and
test section geometry performance are made. HEiesperformance of the 0.5 mm slot is
compared to that of the 2 mm slot while keepingsindace geometry constant. Second,
the performance of the pin-covered surface is coetpaith that of the bare surface for a
given slot width. The performance of each geomistiyased primarily on two criteria:

1) the “effective’h, h,, , associated with that geometry; and 2) the nozedlpressure

drop across the test sectiak?'. These performance characteristics are also caupa
for varying flowrates and input powers. The objexbf these comparisons is to
determine the optimum combination of slot width andface geometry, and to verify
that this is the best option over the range of fedes and input powers studied here. For

the pin-covered surface configuratidm, is the heat transfer coefficient at which the

bare surface configuration would have the sameecbslirface temperature at the same

incident heat flux. For the bare surfatg,=h. For all geometries, a locé), is

calculated for each surface thermocouple locatson a

— qgctual
h = 3.1
eff local T T ( )

s,local “ lin
Ts.ocal IS the local surface temperature found by extrapaahe thermocouple

temperature readin@ic to the surface:
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T =T -9 (3.2)

s,local —
kbrass

andkprassis the thermal conductivity of the brass shell @ The distance from the
thermocouple bead to the surfakcis 1 mm. The effective heat transfer coefficitemt

the surface,, is the average of the five local heat transfeffaments.

3.1: The effect of slot width

Two slot widths, namely 0.5 mm and 2 mm, were @atald experimentally to
determine the effect of slot width on performarara], based on this evaluation, to
determine which slot width gave superior perforneanEor a given pressure and flow
rate, the Re based on hydraulic diameter and agefagcity is independent of the slot
width, and so the effects of slot width were eviddaat a given Re. This section
compares the performance of the two slot widths@h the bare and pin-covered
geometries. Table 3.1 tabulates the effect oebffit slot width for a rectangular jet
impinging on a bare surface, and table 3.2 compheresffect of different slot width for a

rectangular jet impinging on a pin-covered surface.
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Table 3.1: Comparison of slot geometries; performate on a bare surface

m Re (o AP’ Ny T [°C]
[g/s] | [[1 |[Mw/m? | [kPa] | [wimK] | "
1111-A| 8.99 | 12590 0.224 1.4 1547 63.3
1111-B| 8.84 | 12390 0.230 2.1 1523 63.0
2111-A| 9.03 | 12652 0.230 3.6 1415 59.8
2111-B| 8.99 | 12590 0.225 4.3 1661 64.1
1122-A| 21.74| 30493| 0.485 | 39.7| 2593 55.9
1122-B| 21.74| 30493] 0.490 | 375 2623 55.1
2122-A| 21.74] 30493| 0.485 | 55.1| 2635 53.9
2122-B| 21.25]/ 29820| 0.486 | 53.4| 2441 54.8
1133-A| 31.44| 44067| 0.634 | 84.5| 3299 48.2
1133-B| 32.49] 45530| 0.625 | 88.9] 3361 46.8
2133-A| 32.49] 45530 0.615 | 157.2 3635 43.8
2133-B| 32.17| 45092 0.627 | 165.d 3585 47.4
1134-A] 32.17| 45092 0.742 | 96.9] 3416 52.1
1134-B| 32.49| 45530| 0.741 | 88.2| 3407 51.9
2134-A| 32.49| 45530| 0.671 | 162.4 3313 50.1
2134-B| 32.49] 45530] 0.669 | 166.d 3307 52.7

In the case of the bare surface impingement, tfiereince inh,, is negligible

between the 2 mm and 0.5 mm slot widths, but tiseagdarge difference in pressure
drop. The pressure drop at a slot width of 0.5 cambe as much as double that for a

slot width of 2 mm.
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Table 3.2: Comparison of slot geometries; performate on a pin-covered surface

m Re (o AP’ Ny T [°C]
[g/s] | [[1 |[Mw/m? | [kPa] | [wimK] | "
1211-A| 8.99 | 12590 0.226 2.3 3811 62.3
1211-B| 8.99 | 12590 0.229 3.0 3672 60.4
2211-A| 8.84 | 12390 0.225 7.8 3187 63.2
2211-B| 8.84 | 12390 0.226 6.9 3133 63.9
1222-A| 25.73| 36063| 0.499 | 60.6] 7601 51.8
1222-B| 25.73| 36063| 0.480 | 60.6] 7373 48.3
2222-A| 21.89] 30708| 0.480 | 71.4| 5918 54.4
2222-B| 21.89| 30708| 0.484 | 69.3] 5424 54.2
1223-A| 25.73/ 36063| 0.645 | 59.5| 7764 60.5
1223-B| 20.58| 28860 0.647 | 40.6| 6854 70.1
2223-A| 21.89] 30708| 0.644 | 72.0/ 6050 65.4
2223-B| 21.89] 30708| 0.643 | 68.1] 5999 65.7
1233-A| 32.49| 45537 0.625 | 149.1 8734 50.4
1233-B| 34.67| 48594| 0.615 | 145.3 8718 46.4
2233-A| 33.34| 46723] 0621 | 1629 7724 48.0
2233-B| 33.34| 46723| 0.627 | 162.6 7766 48.9
1234-A| 32.49| 45537 0.758 | 149.1 8886 56.7
1234-B| 34.67| 48594| 0.748 | 145.1 8808 52.3
2234-A| 33.34| 46723 0.747 | 162.7 7837 53.7
2234-B| 33.34| 46723| 0.742 | 162.1 8033 53.2

For the pin-covered surface, the discrepancy battiee pressure drops for the
0.5 mm and 2 mm slots are smaller, but the pressogfor the 0.5 mm slot is still
consistently higher than that for the 2 mm slohisTresult suggests that a significant part
of the pressure drop is due to the presence gdititee Unlike in the case of the bare
surface hett is consistently slightly higher for the jet issgiftom the 2 mm slot for the
pin-covered surface. This may be due in part éocttnfiguration of the pin bank. As
mentioned earlier, the pin bank contains a 2 mmewitannel down its center, which

allows the air to impinge on the surface beforgvita through the pin bank. The width
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of this channel matches that of the 2 mm wide $lot,allows some spreading of the jet

issuing from the 0.5 mm slot, which may reducedbeling performance of this case.

3.2: Pins vs. bare surface

The most important modification studied here esalddition of the pin-covered
surface. When comparing the performance of thepirered surface with a bare

surface, the pin-covered surface should give adrigly and therefore better cooling,

but at the cost of higher pressure drop. The ¢lbgof this section is to compare the

pin-covered surface with the bare and determinéréuke-off betweerh,, andAP'.

Tables 3.3 and 3.4 compare results for the bargosmndovered surfaces for slot widths

of 2 mm and 0.5 mm, respectively.
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Table 3.3: Bare surface vs. pins; 2 mm slot width

m Re qgauaj AP’ heff T . [°C]
[o/s] | [ |[Mmw/m?| [kPa] jwim?k]| ™
Bare Surface
1111-A| 8.99 | 12590, 0.224 1.4 1547 63.8
1111-B| 8.84 | 12390 0.230 2.1 1523 63.0
1122-A|21.74| 30493| 0.485| 39.7 2593 55.9
1122-B| 21.74| 30493| 0.490| 37.5 2623 55.1
1133-A| 31.44| 44067| 0.634| 84.5 3299 48.2
1133-B| 32.49| 45530| 0.625| 88.9] 3361 46.8
1134-A|32.17| 45092| 0.742| 96.9 3414 52.1
1134-B| 32.49| 45530| 0.741| 88.2] 3407 51.9
Pin-Covered Surface

1211-A| 8.99 | 12590, 0.226 2.3 3811 62,3
1211-B| 8.99 | 12590 0.229 3.0 3672 60.4
1222-A| 25.73| 36063| 0.499| 60.6| 7602 51.8
1222-B| 25.73| 36063| 0.480| 60.6| 7373 48.3
1233-A| 32.49| 45537| 0.625| 149.1 8734 50.4
1233-B| 34.67| 48594| 0.615| 145.3 871§ 46.4
1234-A| 33.34| 46723| 0.747| 162.7 8886 53.7
1234-B| 33.34| 46723| 0.742| 162.1 8808 53.2

From Table 3.2.1, it is clear that for the 2 mnt s¥alth, the pin covered surface

increases the pressure drop by 40% to 70%. Howthemcrease i, from the bare

surface to the pins is as high as 180%, and orageeabout 150%, suggesting a

significantly better heat transfer performancehia pin covered surface.
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Table 3.4: Bare surface vs. pins; 0.5 mm slot width

m Re q;’ctual AP' heff T [oC]
[o/s] [1  [Mwm?| [kPa] |[[w/m%k]|
2111-A | 9.03 | 12,652 0.23C 3.6 1415 598
2111-B | 899 | 12,590 0.225 4.3 1661 641
2211-A | 8.84 | 12,390 0.225 7.8 3187  63p2
2211-B | 8.84 | 12,390 0.22€ 6.9 3138 6309
2122-A | 21.74| 30493 0.483  55.1 2634 539
2122-B | 21.25| 29820 0.486 534 2441 548
2222-A | 21.89| 30708 0.480 71.4 5018 544
2222-B | 21.89| 30704 0.484 693 5911  54[2
2133-A | 32.49| 45530 0.618 157.2 3634  43/8
2133-B | 32.17| 45,092 0.627 1650 3585 47|4
2233-A | 33.34| 46723 0621 1629 7724  48|0
2233-B | 33.34| 46723 0627 162 7766  48|9
2134-A | 32.49| 45530 0671 1626 3313 501
2134-B | 32.49| 45530 0.669 166/0 3307 527
2234-A | 33.34| 46723 0.7471 162 7837  53|7
2234-B | 33.34| 46723 0.742 1621 8033  53[2

For a slot width of 0.5 mm, however, the bare aindcpvered surfaces have
similar pressure drops, especially at the higlew flates. This, combined with the
results of section 3.1, suggests that the pressopeassociated with the flow through a
0.5 mm wide slot is significantly greater than gressure drop associated with the flow
through the pin array, especially at higher flotesa Nevertheless, the pin-covered
surfaces given,, values that are more than 100% greater than thétdocorresponding
bare surface case.

In all the tables in sections 3.1 and 3.2, thequmessdrop results at the lowest flow
rate do not follow the same trends as the datagaehflow rates. This is most likely due
to the uncertainty in th&P' measurements, which is as high as 200%ARr< 2 psi, as

detailed in appendix section A.3.
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3.3: Graphical representation of flow rate, hemts$fer coefficient, and pressure drop

relationships

A graphical representation of the data in tablés334 is provided in Figures 3.1
and 3.2. As shown in Figure 3.1, the two highastg ofAP’ with Re are associated
with the 0.5 mm slot, while the pins geometry ciimties slightly less to pressure drop.
In fact, there is almost no difference betweentwesurface geometries for the 0.5 mm
slot. The smallest pressure drop is associatedth@t2 mm slot and bare surface
geometry. However, as shown in Figure 3.2, the barface geometry consistently

results in a loweh,, . The pins geometry approximately doubkgs in all cases. These

results match those of tables 3.1-3.4.
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Figure 3.1: Experimental summary: pressure drop vsmass flow rate
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The dashed vertical line in each of the graphsassgnts the Reynolds number at which

the HCFP is expected to operate.
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Figure 3.2: Experimental summary: heat transfer cofficient vs. Re

Another important result seen in Figures 3.1 a2ds3that botAP’" and h,,

increase with increasing flow. The effective heahsfer coefficient consistently rises by
about 60% with each 100% increase in Re. Althdbhghrelationship between Re and
AP’ is not linear or consistent for all cas&B, rises much more quickly with Rein all

cases tharn,, does, suggesting that there will be an increasamebff betweerh,, and

AP" with increasing Re.

3.4: Calculated vs. experimental performance offini array

66



3.4.1: Calculation of effective heat transfer cmifht

An array of fins will increase the surface areal ahould therefore increasg, .

The effective heat transfer coefficient for the-povered surfacé can be predicted

eff ,calc
using basic heat transfer considerations, as dsecusriefly here. This section compares

h with the experimentally measured effective heatgfer coefficient for the pin-

eff ,calc

covered surfacé,,, .

In the simplest modeh would simply be the heat transfer coefficienttfoe

eff ,calc
bare cooled surfack,,.under otherwise identical experimental conditioos@cted for

the effect of the pins. Although the pins will irase the cooled surface area, not all of
this additional surface area will be at the sanréasa temperature as the bare surface
due to conduction in the pins. This increase mfese area will therefore be corrected by

a pin-fin efficiencyr, . The expected heat transfer coefficient for timegovered

surface is therefore:
heff,calcp\)are = (Aprime + N,7f Af )hbare (33)

Where: A, = 1.589x10 nv’ is the area of the original bare cooled surfaes

7.854x10" m? is the area of a single pin tip, ... = 9.544x1d m? is the area of the

prime
bare surface which remains after the addition efgims. Mathematically,

Avime = Prare TN X A, 4B
Finally, A = 6.28x10 m? is the surface area of the pin wall which is folnyd
multiplying the perimeter of a pifRer = 3.142x10 m, by the length of the pilh, = 2

mm.
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The fin efficiency,7, measures the thermal performance of a singleyin b

comparing the maximum heat transfer rate for cotmweogmnax Which would occur i#¢

were at a surface temperaturg,, . subject toh to the calculated heat transfer

ins bare !

rate,q, which accounts for conduction resistance in time pi

- Q; _ Q;
qmax h;)are Af (Ts pins_ Tlr)

Ny (3.5)

Here, T,

s, pins

-T,, is the temperature difference between the sudadanlet coolant

temperatures for the pin-covered surface; notetthattemperature difference is obtained

experimentally under otherwise identical conditiasshose used to measutg, .~ T,

From the correlations given in Incropera and De\\i®, g, , the pin-fin heat transfer

rate, can be approximated as:

g; = M tanh (mL) (3.6)
where
e [Rael(PeD) 3.7)
kA
and

M = (Ts pins Tin) AY; hbare( Pe') kA (38)

Here,k is the thermal conductivity of brass at the meedwurface temperature agg

is defined assuming an adiabatic tip conditiorguFe 3.3 plotsh andh, asa

eff ,calc

function of Re.

68



14000

® Pins ideal effective E A
12000 : r
A Pins Calculated effective i A
10000 -
O Bare Experimental !
o A oo
N 8000 - '
E i ’
= °
= 6000 - A (O
e 4 :
4000 - |
: | B
2000 - &
6 'Re=3.3x10
0 T T T E T T
0 10000 20000 30000 40000 50000 60000
Re

Figure 3.3: Calculated and experimental heat trangr coefficient vs. Re

The value forh should be lower thah,, because it does not account for

eff ,calc
other heat transfer mechanisms. The assumptian afliabatic fin tip assumes that there
is no convection past the fin tips, but there &ely to be imperfections in the contact
between the pins and the surface of the aluminw@ripnwhich would allow some

convection and increasg . This is not accounted for in the calculationhgf ., and

calc?

will increaseh,, . There is also some heat lost to the surroundiivgs the results show

that h is consistently around 30% higher thiap . This unexpected difference may

eff ,calc
be partially explained by instrumental uncertaisiti@s detailed in appendix A, the

uncertainty inh,, depends on the uncertainties in tifg,,, measurement and the TC

readings, and ranges from 4.4% for the high floghipower case to 6.9% for the low

flow, low power case.
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The primary reason for this difference is that¢h&ulation ofh accounts

eff ,calc
for the change in surface area and the fin effyebut it does not account for the
change in flow characteristics around the pinstiliow, only the “effective” heat
transfer coefficient for the pins has been disadiss€alculation of the effective heat
transfer coefficient assumes that the actual maaster coefficient for the pins is the
same as that for the bare surface. This assumiptimtduces error because heat transfer
coefficient depends on Nu, which is a function ef Rrhe local Re will be much

different when flowing around the pins than it istbe flat surface. Since itis
impossible to experimentally determine the localaR®und the pins, it is also impossible
to experimentally determine the actual heat trangefficient associated with the pins.
However, using the experimentally determined ei¥echeat transfer coefficient, the
actual heat transfer coefficient can be approxichatng an iterative process. Equation

3.3 is used in the form:

heff Abare = (Aprime + N”f Af )hactual (39)

Wherehgt is the experimentally determined heat transfeffmdent for the pin-covered

surface. The fin efficiency is found using equasi®.5-3.8 and replaciniy,,,. with
Pactuar acwal IS @ssumed to bl . for the first iteration. Once the fin efficiency

found, it is inserted into equation 3.9, and a nee forh,cwais found. This new value
for hacar IS Used to find a new value for fin efficiencydahe process is repeated until
the value folh,ca cOnverges. This process also gives a more aecastimation of the
fin efficiency. Figure 3.4 compares the actualthemsfer coefficient with the pins

geometry against the heat transfer coefficienhefliare geometry.
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Figure 3.4: Actual heat transfer coenicient for pn-covered surface and

experimentally determined heat transfer coefficienfor bare surface vs. mass flow
rate

Since the actual heat transfer coefficient is stestly lower thanh,,,., using

h,.e in the calculation ofh ... results in the overestimation &f; .. seen in figure

bare

3.3. The value of the fin efficiency was foundle greater than 90 % and found to

decrease with increasing mass flow rate. Thigioglahip is shown in Figure 3.5:
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Figure 3.5: Fin efficiency vs. mass flow rate

3.4.2: Assumption of a uniform heat transfer caedfit

The experimental heat transfer coefficients usetthéncalculations oh and

eff ,calc
haciual @re the average of five local heat transfer cokeifits. In the calculations, the heat
transfer coefficient is assumed to be uniform aber surface. The surface temperature
This

TspinsWas assumed to be constant over the cooled susfaee calculatingh

eff ,calc *
section discusses the accuracy of these assummimthgresents some representative
temperature profiles.

The experimentally determined local heat transtaffacient fluctuates only with
the local surface temperature since for each logathe inlet temperature and heat flux
are the same. The local heat transfer coefficientversely proportional to the local
surface temperature, and is directly related toaitmuracy of the TC measurements. As
discussed in the experimental setup section, the ar€ placed symmetrically along the

slot in thex-direction to measure the temperature profile abbagd along thg-direction
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to verify that temperature distribution in the 28 js independent of-position. If the
assumption of uniform heat transfer coefficientarect, all five TC readings should
give the same temperature. The manufacturer'®dtetstrumental uncertaintyg is

+1.5 °C, and the uncertainty due to statisticaktiiation, U is about +1% for the
temperature profiles shown. The total experimentatertainty U, ., = U:+U2 is

consistently about 1.3% of the measured temperatufer the bare surface profiles
shown, this means that profiles that vary by u@.6%, or about 6 °C, are considered
uniform within experimental uncertainty. For thaqovered surface profiles shown,
temperature profiles with a range of 3 °C are abersid uniform within experimental

uncertainty.

Figures 3.6 and 3.7 show temperature profiles atbag-direction obtained from
the five TCs at high flow rates (corresponding twoaninal Re of 45,000) for the bare
surface and pin-covered surface, respectivelya gitven heat flux, a comparison of the
data shown in figures 3.6 and 3.7 shows that thiatan in surface temperature for the
bare surface is significantly greater than thater pin-covered surface. The
temperature measurements for cases 1233 and 2288 fpin-covered surface, for
example, vary by less than 3 °C and can therefereobsidered uniform. The
temperature measurements for the correspondingsb&ii@ce however, most notably
cases 2134 and 2133, vary by as much as 20 "CseTdwta suggest that the assumption
of uniform heat transfer coefficient is valid fdret pin-covered surface but may lead to

some error for the bare surface.
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Figure 3.7: Representative pin-covered surface geatry temperature profiles for
different heat fluxes at Re = 45,000
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In all cases, the temperature profile is symmethiout they-axis, despite the
differentx-positions of the TCs, suggesting that the surfaogerature and heat transfer
coefficient are uniform along The difference between the bare surface and¢@wered
surface temperature profiles also suggests thaiitheovered surface creates more
uniform cooling.

The surface temperatulig ins is taken to be the average of the five surface
thermocouple measurements for that particular c&se the pin-covered surface, this
does not lead to significant error, since the tenajoee profiles are within experimental
uncertainty.

For the bare surface, since the temperaturessignyficantly in thex-direction,

the calculations underestimaltg, in the center whene = 0, and overestimatie,, near the

edges ak = + 8.5 mm Figure 3.5 shows this error graphyicldl cases 2134-A and
2134-B, which were the bare surface cases witlnitfpleest fluctuation in surface
temperature. The average heat transfer coeffigsguibtted in figure 3.5 as a uniform
heat transfer coefficient. For these cases, 88graption overestimates the heat transfer
coefficient at the stagnation point by about fiexqent. The heat transfer coefficient at

the edge of the surface is underestimated by dh@upercent.
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Figure 3.8: Characteristic fluctuation of local hea transfer coefficient on the bare
surface showing error caused by uniform heat trangr coefficient assumption

3.5: Expected maximum heat flux

The most important objective of this study is te tise experimental results to
predict the expected maximum allowable heat flgfx, that the HCFP design can

withstand at various operating conditions. Fos#hpredictions, the plasma-facing side
of the tungsten-alloy front plate is assumed terafe at surface temperatufes 1300
°C (1573 K), and the coolant, gaseous He, is asstonieave an inlet temperaturg =

600 °C (873 K). Since the Nusselt number Nu aedchifdraulic diameter Pare identical

regardless of coolanth, ., using air as the coolamf _is used to determine an

e

expectedh, ., using He as the coolaht®

( h:(i:rtual Dh ij
He _ (Nu)kHe - kair ) — (kHe jhair

actual — actual
D, D, k

(3.10)
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The convective thermal resistanét,,,, depends on the effective heat transfer

e —_

coefficient for He,h*. For the bare cooled surfadg , = h/f, and the result of

equation 3.10 can be used directly to fiyd,,,. For the pin covered surfacky; is

related toh!®

actual

by the difference in areas and the fin efficiency:
h;fe Abare = (Aprime + N,7f Af )haiet:ual (311)
The importance of considering the change in fircefhcy can be seen in Figure 3.9.
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Figure 3.9: Fin efficiency vs. Re, He and air

Figure 3.9 shows that the fin efficiency drops frouer 90% with air as the coolant to
only about 50% in the range of the expected Regudim as the coolant. In both cases,
the fin efficiency decreases with increasing flater Both of these results are explained
by the fact that fin efficiency decreases with @asing heat transfer coefficient. Since

increasing flow rate increases heat transfer agefit, and He has a higher heat transfer
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coefficient than are because of its higher themoalductivity, both changes result in a
lower fin efficiency.
The total thermal resistand®y: is the sum of the convective thermal resistance,

R..,,,and the conductive thermal resistarReond

tconv

RfOt = RLCOFIV + R = 1 + LFP

cond — e (312)
T A K Ao

whereLgp = 2 mm is the thickness of the tungsten-alloy fy@gate. Since the particular
type of tungsten alloy has not been specifiedHa design, the thermal conductivity of

the front platek, = 101 W/(m-K) was taken to be that of pure tungste1573 K. Also,

k. =323 W/(m-K) is the thermal conductivity of He&t3 K. As discussed previously,

n
max

the maximum heat fluxy’  is determined from the surface and coolant tempezat

mentioned above arf@q:

q" —_ Ts_Tin
" Ra Arc

(3.13)

Figure 3.10 tabulates the predictefl, for the HCFP design at the specified operating

conditions based on the experimental results dwerdange of operating conditions for all
the geometries tested. These results show thiaeirange of the expected Re all four
configurations can accommodate heat fluxes froV¥®&m? for the bare cooled surface
to 18 MW/nf for the pin-covered surface. For the highest ftaves, the pin-covered

surface can accommodate heat fluxes exceeding 19mMAW
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Figure 3.10: Maximum allowable heat flux

Figure 3.10 also shows that an increase in Re stamly results in an increase in

Omax fOr any configuration. This relationship shoukldxpected since the heat transfer

coefficient increases with increasing flow, agfl, increases with heat transfer

n

coefficient. Since Re only varies with mass flaterin these experiments,

n
max

increases with mass flow rate as well. These tesulggest thafj” . values exceeding

19 MW/n¥ could be achieved for the 2 mm slot using a pinetimered surface geometry
at Re exceeding 47,000. Limitations in the air@dypystem precluded experimental

validation of this case, however.

79



CHAPTER 4: CONCLUSIONS AND RECOMENDATIONS

4.1: Summary

In this study, the thermal performance of fouriatons of a prototypical flat
plate divertor:
1. 2 mm planar jet impinging on a bare surface

2. 2 mm planar jet impinging on surface, then flowthgpugh a hexagonal pin array

w

0.5 mm planar jet impinging on a bare surface

B

0.5 mm planar jet impinging on surface, then flogvihrough a hexagonal pin
array

were experimentally examined and compared withthkemal performance of the
“baseline” case (#1) of a planar jet issuing fro@ mm wide slot impinging on a bare
surface. Conclusions and recommendations are besba on these experimental

results.

4.2: Conclusions

The results for the 2 mm jet were compared witlséhr the 0.5 mm jet. This
narrower jet was studied because for a given Relgnmlimber, this jet would have

higher velocity which should give highéy, at the stagnation point. The 0.5 mm jet
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consistently resulted in a lowéy, and a significantly higher pressure drop than2the

mm jet, however.
Comparing the results for the same jet impingin@drareys. pin fin-covered,

surface shows that adding a hexagonal array ofcgb&drical pin-fins raised,, by as

much as 180% and by at least 90% in all experimenhite increase in pressure drop
associated with the pin-fin array was 40%-80% IfierH = 2 mm jet with a

corresponding increase , of nearly 150%. For thel = 0.5 mm jet, the pin fins

increased the pressure drop by about 60% at Re9@5and had almost no effect on the

pressure drop at Re = 12,000, with an increaséatital00% inh,,, .

These results suggest that case #2, whefre 2 mm jet impinges on the surface,
then flows through an array of pin-fins, has thetlieermal performance of these four

configurations because it has the greatest incriealsg with a modest increase in

pressure drop. Case #3, where a 0.5 mm jet impiogea bare surface, has the worst

thermal performance, with,, values comparable to the baseline case and signifi

increases in pressure drop for Re = 45,000. Estsnaf the maximum heat that can be
accommodated by these variations of the flat pigbe-divertor suggest that increases in

the coolant mass flow rate will also increasg for all four configurations, albeit at the

“cost” of higher pressure drop.

4.3: Future work, recommendations

Future research of the HCFP concept should focdsumgoals:
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Testing the HCFP geometry at higher heat fluxaaaoe closely match the
expected operating conditions: This study has tedted the HCFP design at
heat fluxes up to 0.72 MW/nvs.the expected heat load of at least 10
MW/m?. Obtaining experimental results at higher hieatefs will increase
confidence in the applicability of these resultshte higher incident heat
fluxes typical of plasma-facing components.

Testing the HCFP geometry using helium as the cwol&he effective heat
transfer coefficient for He in this study was estted based on the
experimentally determined heat transfer coefficientir. Directly
experimenting with helium will provide a more acat& measurement.

Using the experimental data from this study todetie Computational Fluid
Dynamics (CFD) models of this flow: In previousidies of other gas-cooled
divertor designs, the experimental data have beewpared against and used
to validate numerical simulations of these desitpas were performed with
the FLUENT® CFD software package.

Using these validated CFD models to optimize thdthvof the slot and the
geometry of the pin-fin array: Once validated setn@umerical models can
then be used to efficiently and economically deteenoptimal geometries for
the pin-fin array (by varying the pitch and sizetloé pin fins, for example)
and optimal values for slot width that maximize therease in heat transfer
coefficient while minimizing the associated pregsdrop. Such an optimized

geometry could then be tested experimentally.
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APPENDIX A: ERROR ANALYSIS

This appendix quantifies the uncertainties assediatith the experimental
measurements and results. The total uncertaistyceéted with any measurement is the
root-mean-square of the uncertainty due to stasistiuctuations, |4 and the uncertainty
due to instrumentation,dJ The uncertainty due to statistical fluctuatiovess determined
by using a sample of 60 measurements, assumingiss@a distribution with a 95%
confidence interval, and using formula A.1. Thetplier “z” was determined from a
table in Vardeman and Jobe, and z =1.9 for all $wded 95% confidence intervals. The
uncertainty due to instrumentation was determimendhfgiven manufacturer
specifications. An error propagation formula (AiSused to determine the uncertainty

of derived quantities.

UA = ZUSample (Al)
1 —\2
Usample: EZ(Xi_X) (AZ)
- X\ ax ) X\
U, (i,j..k)=,U?| — | +U?| = +...+U2(—j A.3

UTotal = \IUi+UZB (A4)

A.1 Uncertainty in Thermocouple Measurements
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The manufacturer’s stated instrumental uncertamtilfe Omega
thermocouples is 1.5 °C. This i UU, is found using a representative set of
60 data points at nominal flow and power, whicthes data collected for 30
minutes at steady state operation. As previousigudsed, a 95% Gaussian
confidence interval where z =1.9 is used to deteentls. The total uncertainty
for each thermocouple in each of the three powsesé shown in Tables A.1,

A.2, and A.3.

Table A.1: Thermocouple uncertainty for low power @se

mean T Ua Us Utota |

[Cl Teampe [C] [Cl [C]

T1 195.5 1.089 2.068 1.50 2.55
T2 196.0 1.092 2.075 1.50 2.56
T3 186.4 1.037 1.971 1.50 2.48
T4 184.3 0.981 1.864 1.50 2.39
T5 193.5 1.013 1.924 1.50 2.44
T6 211.1 1.070 2.032 1.50 2.53
T7 214.3 1.060 2.014 1.50 2.51
T8 217.2 1.044 1.983 1.50 2.49
T9 211.0 1.048 1.991 1.50 2.49
T10 213.6 1.061 2.017 1.50 2.51
T11 216.7 1.082 2.056 1.50 2.55
Tin 23.4 0.432 0.820 1.50 1.71
Tout 64.1 0.409 0.778 1.50 1.69
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Table A.2: Thermocouple uncertainty for medium powe case

mean T Ua Ug Usotal

[Cl | % | [Cl | [C] [l

T1 223.8 0.972 1.847 1.50 2.38

T2 227.2 1.068 2.029 1.50 2.52

T3 208.0 1.064 2.021 1.50 2.52

T4 210.7 1.046 1.988 1.50 2.49

T5 221.0 1.092 2.074 1.50 2.56

T6 261.8 0.764 1.451 1.50 2.09

T7 267.6 0.746 1.417 1.50 2.06

T8 273.7 0.719 1.367 1.50 2.03

T9 262.4 0.792 1.505 1.50 2.12

T10 267.3 0.777 1.476 1.50 2.10
T11 273.7 0.776 1.474 1.50 2.10
Tin 22.1 0.653 1.241 1.50 1.95
Tout 53.9 1.030 1.956 1.50 2.47

Table A.3: Thermocouple uncertainty for high powercase

mean T Ua Us Utotal

['C] T sampie ['C] ['C] [Cl]

T1 246.2 1.482 2.816 1.50 3.19
T2 248.6 1.481 2.815 1.50 3.19
T3 229.5 1.361 2.586 1.50 2.99
T4 225.7 1.559 2.963 1.50 3.32
T5 241.7 1.628 3.093 1.50 3.44
T6 297.5 1.894 3.599 1.50 3.90
T7 306.3 1.975 3.753 1.50 4.04
T8 315.0 2.007 3.813 1.50 4.10
T9 298.5 1.920 3.648 1.50 3.94
T10 305.3 1.986 3.774 1.50 4.06
T11 314.9 2.017 3.831 1.50 411
Tin 21.9 0.393 0.748 1.50 1.68
Tout 52.7 0.753 1.431 1.50 2.07
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A.2: Uncertainty in mass flow rate

The mass flow rate is measured from an analogrRetexr. Therefore, statistical
fluctuations cannot be detected. The flow ratgbgined in SCFM and converted to
grams per second using equation A.5 which accdontshanges in temperature and

pressure:

3

101353 P m

i( SCFM)] 101353Pa) ) 1947 —/SEC (k—%jmooegz 'nE—gj (A.5)
P (Pa) ft*/ min m kg s

Since p,,, depends on both the temperature and pressure otémeter, the

mass flow rate (MFR) uncertainty depends on thameter reading of SCFM,,J and

Pgauge The resolution uncertainty of the rotameter &5 of the smallest graduation, or
0.5 SCFM. Statistical and gauge uncertainties ladready been determined for thg T
reading, and are listed in the tables in sectidh Anlet pressure orgRgeiS subject to

both gauge and resolution uncertainty, but statiktincertainty is not considered since
an analog meter is used. The pressure gauge amtgiis listed as + 3% of full scale,
which is £ 3psi. The pressure gauge resolutiorertamty is £ 0.5 the smallest
graduation, or 1psi. The uncertainties in SCFNM, arsd “C correspond to varying
uncertainties in g/s, depending on the flow caBeerefore, uncertainty analysis has been

done on three representative flow cases, and thdtseare tabulated in table A.4.
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Table A.4: Mass flow rate uncertainty

Nominal RE SCFM Tin Pguage Presolution Uwrr % Uwirr (+/-)

12,000 0.64 0.05 0.21 0.07 0.68 g/s 7.50%
30,000 0.64 0.14 0.69 0.23 0.98 g/s 4.50%
45,000 0.64 0.19 0.68 0.22 0.98 g/s 3.00%

A.3: Uncertainty in pressure drop

An Omega PX26-100DV series pressure transduceusas to digitally record
the pressure drop across the test section. Thefa@arer’s stated accuracy is 1% of
full scale, which is 1 psi. This isgJ As in the temperature measurements, the statiisti
uncertainty, U is found using a representative sample of 60 plaitats collected at
steady state operation, and representing 30 mimditgsta. Once again, a two-sided 95%
Gaussian confidence interval with z =1.9 is used, tabulated for three separate flow

cases. The results are shown in table A.5:

Table A.5: Pressure drop uncertainty

Nominal Mean P

RE (psi)  Ysampie Ua Us Uotal %U(+/-)

12,000 0.50 0.046  0.09 1.00  1.00 202.2%
30,000 12.87 0.342  0.65 1.00 119 9.3%
45,000 26.33 1.484 282 1.00 299 11.4%

A.4: Uncertainty in power measurement

The recorded power measurements are simply a profltize digitally recorded
voltage measurements and the analog current readingrefore, the total uncertainty in

the power measurement is a function of the instntadlend statistical uncertainty of the
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voltage measurement, and the resolution uncertainttye ammeter. The manufacturer’s
stated tolerance of the Agilent data acquisitioit which reads voltage is 0.01%. Using
a two-sided 95% Gaussian confidence interval witluéta points where z =1.9,
statistical voltage uncertainty is found. The fegon of the ammeter is 0.5 of the
smallest graduation, or 0.5 Amp. These unceitsnh voltage and current correspond
to different uncertainties in power, depending loam power setting. Calculated

uncertainties for the three basic power casesharersin table A.6.

Table A.6: Heat flux uncertainty

Uy Uc
Power Cast (Watts) (Watts) Ui (Watts) % U (+/-)
Low 9.93 26.03 27.86 7.4%
Medium 9.43 37.81 38.97 4.9%
High 18.13 45.58 49.05 4.4%

A.5: Uncertainty in heat transfer coefficient

The uncertainty in the heat transfer coefficierd {groduct of the heat flux, the
inlet temperature, ;T and the average surface temperatuge,The heat flux is calculated
by dividing the power in by the cooled surface aesal there is no appreciable
uncertainty in the cooled surface area. Theretbeeuncertainty in heat flux is
proportional to the uncertainty in the power. Timeertainties in i and T are tabulated
in section A.1, and correspond to different undetias inhe+ depending on the power
and flow case. A form of equation A.3 is useddals the effects of the temperature and

heat flux uncertainties. The exact equation usestjuation A.6:

88



1
UHTC:\/Ué,m'f(U-E"'U-IZ—n)(_ri—T)‘l (A6)

In this equation, Jis the average of TC’s 1-5, anddik the root-mean-square of the
uncertainties of those same five TC's.

For the low flow, low power case, this resultedJigrc = +102.4 W/niK or
16.9%. For the medium flow, medium power cases thsulted in WYrc= £125.4

W/m?K or #5%. For the high flow, high power case, tiésulted in Wrc= + 145.3

W/m?K or +4.4%.
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APPENDIX B: EXPERIMENTAL SUMMARY TABLES

Table B.1: 1111

Runl1l | Run?2
Units Description
m 8.99 8.84 [g/s] Measured Mass Flow Rate
Re 12,590| 12,390 [-] Jet Reynolds Number
Qin 373.6| 383.8 [W] Nominal Power Input
Qout 359.4| 360.2 [W] Power Out = cy(Tout— Tin)
% Losses 4% 6% [-] Heat Loss
Dactual 0.224| 0230 [MW/m? Incident Heat Flux
Prot 62 50 [psig] Rotameter Pressure
Pout 60 48 [psig] Outlet Pressure
AP 0.16 0.29 [psi] Measured Pressure Drop
Tin 23.79 22.7 [°C] Inlet Temperature
T out 63.28| 62.97 [°C] Outlet Temperature
T, 178.86| 183.23 [°C] Embedded TC Ref. 1 in brass
T, 178.79| 183.11 [°C] Embedded TC Ref. 2 in brass
Ts 173.87| 179.90 [°C] Embedded TC Ref. 3 in brass
T, 173.39| 180.87 [°C] Embedded TC Ref. 4 in brass
Ts 177.85| 183.16 [°C] Embedded TC Ref. 5 in brass
Te 193.72| 204.98 [°C] TC Ref. 6 in copper "neck"
T 196.66| 208.31 [°C] TC Ref. 7 in copper "neck”
Tg 199.06| 211.02 [°C] TC Ref. 8 in copper "neck"
To 193.04| 204.68 [°C] TC Ref. 9 in copper "neck”
T1o 195.23| 206.50 [°C] TC Ref. 10 in copper "neck"
Tu 198.17| 209.56 [°C] TC Ref. 11 in copper "neck”
T peak 1 218.45| 230.66 [°C] Peak Copper Temperature TC
T peak 2 218.53| 230.81 [°C] Peak Copper Temperature TC
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Table B.2: 2111

Run 1 Run 2
Units Description

m 8.99 9.025 [g/s] Measured Mass Flow Rate
Re 12,590 12,652 [-] Jet Reynolds Number

Qin 384.5 375.5 [W] Nominal Power Input

Qout 370.4 344.2 [W] Power Out = cy(Tout— Tin)

% Losses 4% 8% [-] Heat Loss

Uactual 0.230|  0.225| [MW/m? Incident Heat Flux

Prot 62 51 [psig] Rotameter Pressure

Pout 60 48 [psig] Outlet Pressure

AP 0.497 0.497 [psi] Measured Pressure Drop

Tin 23.44 22.19 [°C] Inlet Temperature

Tout 64.14 59.83 [°C] Outlet Temperature

T, 195.52| 171.34 [°C] Embedded TC Ref. 1 in brass
T, 195.98| 173.32 [°C] Embedded TC Ref. 2 in brass
LE 186.44| 163.74 [°C] Embedded TC Ref. 3 in brass
T, 184.28| 164.97 [°C] Embedded TC Ref. 4 in brass
Ts 193.47| 170.3836 [°C] Embedded TC Ref. 5 in brass
Te 211.13| 187.96 [°C] TC Ref. 6 in copper "neck"

T 214.31] 190.90 [°C] TC Ref. 7 in copper "neck”

Ts 217.18| 193.69 [°C] TC Ref. 8 in copper "neck"

To 210.98| 187.76 [°C] TC Ref. 9 in copper "neck"
T1o 213.58| 189.99 [°C] TC Ref. 10 in copper "neck"
Ti 216.73| 192.91 [°C] TC Ref. 11 in copper "neck”

T peak 1 237.78| 213.32 [°C] Peak Copper Temperature TC
T peak 2 237.96| 213.41 [°C] Peak Copper Temperature TC
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Table B.3: 1122

Runl1 | Run?2
Units Description
m 21.74| 2174 [g/s] Measured Mass Flow Rate
Re 30,493| 30,493 [-] Jet Reynolds Number
Qin 810.0| 817.5 [W] Nominal Power Input
Qout 723.8| 728.4 [W] Power Out =M cy(Tout — Tin)
% Losses 11% 11% [-] Heat Loss
Dactual 0.485|  0.490| [MW/m? Incident Heat Flux
Prot 33 33 [psig] Rotameter Pressure
Pout 22 22 [psig] Outlet Pressure
AP 8.43 8.02 [psi] Measured Pressure Drop
Tin 23.02| 21.97 [°C] Inlet Temperature
T out 55.92| 55.07 [°C] Outlet Temperature
T, 227.37| 223.23 [°C] Embedded TC Ref. 1 in brass
T, 226.55| 221.86 [°C] Embedded TC Ref. 2 in brass
T3 215.73| 216.47 [°C] Embedded TC Ref. 3 in brass
T, 215.87| 218.32 [°C] Embedded TC Ref. 4 in brass
Ts 224.72| 222.81 [°C] Embedded TC Ref. 5 in brass
Te 260.95| 267.31 [°C] TC Ref. 6 in copper "neck”
T 266.79| 273.65 [°C] TC Ref. 7 in copper "neck"
Tg 272.27| 279.42 [°C] TC Ref. 8 in copper "neck”
To 260.17| 266.81 [°C] TC Ref. 9 in copper "neck”
T1o 265.31| 270.81 [°C] TC Ref. 10 in copper "neck"
Ty 271.75| 277.31 [°C] TC Ref. 11 in copper "neck"
T peak 1 314.05| 319.95 [°C] Peak Copper Temperature TC
T peak 2 314.24| 320.26 [°C] Peak Copper Temperature TC
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Table B.4: 2122

Runl1 | Run?2
Units Description
m 21.74|  21.25 [g/s] Measured Mass Flow Rate
Re 30,493| 29820 [-] Jet Reynolds Number
Qin 809.8| 810.9 [W] Nominal Power Input
Qout 699.6| 700.4 [W] Power Out =M cy(Tout — Tin)
% Losses 14% 14% [-] Heat Loss
Dactual 0.485|  0.486| [MW/m? Incident Heat Flux
Prot 33 32 [psig] Rotameter Pressure
Pout 16 15 [psig] Outlet Pressure
AP 12.9| 12.87 [psi] Measured Pressure Drop
Tin 22.08| 22.20 [°C] Inlet Temperature
T out 53.87| 54.77 [°C] Outlet Temperature
T, 223.79| 239.23 [°C] Embedded TC Ref. 1 in brass
T, 227.24| 241.95 [°C] Embedded TC Ref. 2 in brass
T3 208.01| 224.00 [°C] Embedded TC Ref. 3 in brass
T, 210.70| 226.68 [°C] Embedded TC Ref. 4 in brass
Ts 221.01| 236.90 [°C] Embedded TC Ref. 5 in brass
Te 261.78| 285.62 [°C] TC Ref. 6 in copper "neck”
T 267.58| 291.79 [°C] TC Ref. 7 in copper "neck"
Tg 273.74| 297.94 [°C] TC Ref. 8 in copper "neck”
Tg 262.36| 285.84 [°C] TC Ref. 9 in copper "neck"
T1o 267.34| 290.91 [°C] TC Ref. 10 in copper "neck"
T 273.72| 297.57 [°C] TC Ref. 11 in copper "neck"
T peak 1 315.45| 339.86 [°C] Peak Copper Temperature TC
T peak 2 315.75| 340.43 [°C] Peak Copper Temperature TC
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Table B.5: 1133

Run 1 Run 2
Units Description
m 31.44 32.49 [g/s] Measured Mass Flow Rate
Re 44,067 45,530 [-] Jet Reynolds Number
Qin 1058.1| 1044.3 [W] Nominal Power Input
Qout 910.4 891.6 [W] Power Out =M cy(Tout — Tin)
% Losses 14% 15% [-] Heat Loss
Dactual 0.634| 0625 [MW/m? Incident Heat Flux
Prot 56.1 58 [psig] Rotameter Pressure
Pout 40 40 [psig] Outlet Pressure
AP 12.10 12.67 [psi] Measured Pressure Drop
Tin 19.60 19.73 [°C] Inlet Temperature
T out 48.21 46.85 [°C] Outlet Temperature
T, 229.47| 223.40 [°C] Embedded TC Ref. 1 in brass
T, 230.76| 224.45 [°C] Embedded TC Ref. 2 in brass
T3 217.42| 211.36 [°C] Embedded TC Ref. 3 in brass
T, 217.75] 211.65 [°C] Embedded TC Ref. 4 in brass
Ts 229.48| 223.30 [°C] Embedded TC Ref. 5 in brass
Te 279.52| 272.60 [°C] TC Ref. 6 in copper "neck”
T, 269.73| 263.44 [°C] TC Ref. 7 in copper "neck"
Tg 294.90| 287.76 [°C] TC Ref. 8 in copper "neck”
To 278.49| 271.63 [°C] TC Ref. 9 in copper "neck"
T1o 284.83| 277.87 [°C] TC Ref. 10 in copper "neck"
T 293.12|  286.12 [°C] TC Ref. 11 in copper "neck"
T peak 1 348.20| 340.40 [°C] Peak Copper Temperature TC
T peak 2 348.66| 340.84 [°C] Peak Copper Temperature TC
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Table B.6: 1134

Run 1 Run 2
Units Description
m 32.17 32.49 [g/s] Measured Mass Flow Rate
Re 45,092| 45,530 [-] Jet Reynolds Number
Qin 1240.0, 1238.1 [W] Nominal Power Input
Qout 1053.6| 1057.8 [W] Power Out =M cy(Tout — Tin)
% Losses 15% 15% [-] Heat Loss
Ucrua 0.742\  0.741] [MW/m? Incident Heat Flux
Prot 58 58 [psig] Rotameter Pressure
Pout 41 40 [psig] Outlet Pressure
AP 12.33 12.58 [psi] Measured Pressure Drop
Tin 19.78 19.76 [°C] Inlet Temperature
T out 52.14 51.93 [°C] Outlet Temperature
T, 257.63| 258.15 [°C] Embedded TC Ref. 1 in brass
T, 258.93| 259.12 [°C] Embedded TC Ref. 2 in brass
T3 243.67| 243.68 [°C] Embedded TC Ref. 3 in brass
T, 244.12| 257.88 [°C] Embedded TC Ref. 4 in brass
Ts 257.53| 244.28 [°C] Embedded TC Ref. 5 in brass
Te 315.93| 316.82 [°C] TC Ref. 6 in copper "neck”
T 306.20| 307.66 [°C] TC Ref. 7 in copper "neck"
Tg 333.64| 334.60 [°C] TC Ref. 8 in copper "neck”
To 314.85| 315.82 [°C] TC Ref. 9 in copper "neck”
T1o 322.18| 323.18 [°C] TC Ref. 10 in copper "neck"
T 331.79| 332.89 [°C] TC Ref. 11 in copper "neck"
T peak 1 395.30| 396.71 [°C] Peak Copper Temperature TC
T peak 2 395.84| 397.13 [°C] Peak Copper Temperature TC
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Table B.7: 2133

Run 1 Run 2
Units Description
m 32.49 32.17 [g/s] Measured Mass Flow Rate
Re 45,530 45,092 [-] Jet Reynolds Number
Qin 1027.8| 1046.8 [W] Nominal Power Input
Qout 813.9 852.7 [W] Power Out =M cy(Tout — Tin)
% Losses 21% 19% [-] Heat Loss
Dactual 0.615|  0.627| [MW/mM? Incident Heat Flux
Prot 58 58 [psig] Rotameter Pressure
Pout 22 27 [psig] Outlet Pressure
AP 25.58 26.20 [psi] Measured Pressure Drop
Tin 19.00 21.25 [°C] Inlet Temperature
T out 43.75 47.45 [°C] Outlet Temperature
T, 207.17| 215.56 [°C] Embedded TC Ref. 1 in brass
T, 209.09] 217.81 [°C] Embedded TC Ref. 2 in brass
T3 193.48| 201.36 [°C] Embedded TC Ref. 3 in brass
T, 190.23| 197.80 [°C] Embedded TC Ref. 4 in brass
Ts 203.63| 211.65 [°C] Embedded TC Ref. 5 in brass
Te 249.40| 259.55 [°C] TC Ref. 6 in copper "neck”
T 256.71| 267.10 [°C] TC Ref. 7 in copper "neck"
Tg 264.02| 274.75 [°C] TC Ref. 8 in copper "neck”
To 249.79| 260.23 [°C] TC Ref. 9 in copper "neck"
T1o 255.35| 266.06 [°C] TC Ref. 10 in copper "neck"
T 263.24| 27437 [°C] TC Ref. 11 in copper "neck"
T peak 1 315.06| 327.93 [°C] Peak Copper Temperature TC
T peak 2 315.37| 328.28 [°C] Peak Copper Temperature TC
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Table B.8: 2134

Run 1 Run 2
Units Description
m 32.49 32.49 [g/s] Measured Mass Flow Rate
Re 45,530 45,530 [-] Jet Reynolds Number
Qin 1121.2| 1116.9 [W] Nominal Power Input
Qout 1009| 1014.7 [W] Power Out =M cy(Tout — Tin)
% Losses 10% 9% [-] Heat Loss
Qe 0671 0.669| [MW/m? Incident Heat Flux
Prot 58 58 [psig] Rotameter Pressure
Pout 22 22 [psig] Outlet Pressure
AP 26.28 26.33 [psi] Measured Pressure Drop
Tin 19.39 21.88 [°C] Inlet Temperature
T out 50.10 52.75 [°C] Outlet Temperature
T, 244.13| 246.24 [°C] Embedded TC Ref. 1 in brass
T, 246.54| 248.60 [°C] Embedded TC Ref. 2 in brass
T3 227.41| 229.47 [°C] Embedded TC Ref. 3 in brass
T, 223.77| 225.71 [°C] Embedded TC Ref. 4 in brass
Ts 239.80| 241.66 [°C] Embedded TC Ref. 5 in brass
Te 295.77| 297.50 [°C] TC Ref. 6 in copper "neck”
T 304.53| 306.25 [°C] TC Ref. 7 in copper "neck"
Tg 313.39] 315.04 [°C] TC Ref. 8 in copper "neck”
Tg 296.61| 298.47 [°C] TC Ref. 9 in copper "neck"
T1o 303.45| 305.34 [°C] TC Ref. 10 in copper "neck"
T 313.02| 314.94 [°C] TC Ref. 11 in copper "neck"
T peak 1 374.97| 376.59 [°C] Peak Copper Temperature TC
T peak 2 375.43| 377.05 [°C] Peak Copper Temperature TC
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Table B.9: 2211

Runl1 | Run?2
Units Description
m 8.84 8.84 [g/s] Measured Mass Flow Rate
Re 12,390| 12,390 [-] Jet Reynolds Number
Qin 377.6| 376.8 [W] Nominal Power Input
Qout 353.4| 344.8 [W] Power Out =M cy(Tout — Tin)
% Losses 6% 8% [-] Heat Loss
Dactual 0.226| 0226 [MW/m? Incident Heat Flux
Prot 50 50 [psig] Rotameter Pressure
Pout 47 47 [psig] Outlet Pressure
AP 1.38 1.35 [psi] Measured Pressure Drop
Tin 22.43| 22.49 [°C] Inlet Temperature
T out 61.90| 61.00 [°C] Outlet Temperature
T, 90.19| 91.13 [°C] Embedded TC Ref. 1 in brass
T, 96.22| 97.40 [°C] Embedded TC Ref. 2 in brass
T3 89.34| 91.00 [°C] Embedded TC Ref. 3 in brass
T, 90.47| 89.59 [°C] Embedded TC Ref. 4 in brass
Ts 89.87| 91.00 [°C] Embedded TC Ref. 5 in brass
Te 113.85| 116.80 [°C] TC Ref. 6 in copper "neck”
T 116.59| 119.28 [°C] TC Ref. 7 in copper "neck"
Tg 119.73] 122.29 [°C] TC Ref. 8 in copper "neck”
To 113.99| 116.46 [°C] TC Ref. 9 in copper "neck"
T1o 116.39| 119.05 [°C] TC Ref. 10 in copper "neck"
T 119.49| 122.11 [°C] TC Ref. 11 in copper "neck"
T peak 1 139.79| 142.39 [°C] Peak Copper Temperature TC
T peak 2 139.90| 142.48 [°C] Peak Copper Temperature TC
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Table B.10: 1211

Runl1 | Run?2
Units Description
m 8.99 8.99 [g/s] Measured Mass Flow Rate
Re 12,590| 12,590 [-] Jet Reynolds Number
Qin 377.9] 383.1 [W] Nominal Power Input
Qout 355.6| 375.3 [W] Power Out =M cy(Tout — Tin)
% Losses 6% 2% [-] Heat Loss
Dactual 0.226| 0229 [MW/m? Incident Heat Flux
Prot 62 62 [psig] Rotameter Pressure
Pout 60 60 [psig] Outlet Pressure
AP 0.267| 0.344 [psi] Measured Pressure Drop
Tin 23.23| 19.19 [°C] Inlet Temperature
T out 62.30| 60.42 [°C] Outlet Temperature
T, 87.41| 86.59 [°C] Embedded TC Ref. 1 in brass
T, 87.80| 87.18 [°C] Embedded TC Ref. 2 in brass
T3 87.01| 86.18 [°C] Embedded TC Ref. 3 in brass
T, 86.20| 85.37 [°C] Embedded TC Ref. 4 in brass
Ts 86.61 85.8 [°C] Embedded TC Ref. 5 in brass
Te 105.83| 105.26 [°C] TC Ref. 6 in copper "neck”
T, 108.58| 108.12 [°C] TC Ref. 7 in copper "neck"
Tg 111.23| 110.85 [°C] TC Ref. 8 in copper "neck”
To 105.28| 104.75 [°C] TC Ref. 9 in copper "neck"
T1o 107.65| 107.20 [°C] TC Ref. 10 in copper "neck"
Ty 110.75| 110.37 [°C] TC Ref. 11 in copper "neck"
T peak 1 131.10| 131.34 [°C] Peak Copper Temperature TC
T peak 2 131.19| 131.43 [°C] Peak Copper Temperature TC
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Table B.11: 2222

Run 1 Run 2
Units Description

m 21.89| 21.89 [g/s] Measured Mass Flow Rate
Re 30,708 30,708 [-] Jet Reynolds Number

Qin 809.0| 811.6 [W] Nominal Power Input

Qout 704.8| 672.8 [W] Power Out =M cy(Tout — Tin)

% Losses 13% 17% [-] Heat Loss

Uacal 0.484| 0486 [MW/m? Incident Heat Flux

Prot 36 36 [psig] Rotameter Pressure

Pout 14 14 [psig] Outlet Pressure

AP 18.41| 17.74 [psi] Measured Pressure Drop

Tin 21.83| 21.89 [°C] Inlet Temperature

T out 53.61| 52.23 [°C] Outlet Temperature

T, 102.59| 104.28 [°C] Embedded TC Ref. 1 in brass
T, 112.34| 114.46 [°C] Embedded TC Ref. 2 in brass
T3 101.15| 104.84 [°C] Embedded TC Ref. 3 in brass
T, 101.52| 100.01 [°C] Embedded TC Ref. 4 in brass
Ts 101.41| 103.27 [°C] Embedded TC Ref. 5 in brass
Ts 151.51| 157.81 [°C] TC Ref. 6 in copper "neck”

T 156.94| 162.66 [°C] TC Ref. 7 in copper "neck"

Tg 163.40| 168.95 [°C] TC Ref. 8 in copper "neck”

To 151.80| 157.27 [°C] TC Ref. 9 in copper "neck"
T1o 156.95| 162.79 [°C] TC Ref. 10 in copper "neck"
T 163.36| 169.09 [°C] TC Ref. 11 in copper "neck”

T peak 1 204.72| 210.67 [°C] Peak Copper Temperature TC
T peak 2 204.97| 210.86 [°C] Peak Copper Temperature TC
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Table B.12: 2223

Run 1 Run 2
Units Description
m 21.89 21.89 [o/s] Measured Mass Flow Rate
Re 30,708| 30,708 [-] Jet Reynolds Number
Qin 1084.5| 1084.6 [W] Nominal Power Input
Qout 982.6 917.3 [W] Power Out =M cy(Tout — Tin)
% Losses 9% 15% [-] Heat Loss
Dactual 0.649| 0.649| [MW/m? Incident Heat Flux
Prot 36 36 [psig] Rotameter Pressure
Pout 14 14 [psig] Outlet Pressure
AP 18.20 17.76 [psi] Measured Pressure Drop
Tin 21.95 22.12 [°C] Inlet Temperature
Tout 66.26 63.49 [°C] Outlet Temperature
T, 130.01| 130.37 [°C] Embedded TC Ref. 1 in brass
T, 142.30] 143.64 [°C] Embedded TC Ref. 2 in brass
T3 128.01| 130.66 [°C] Embedded TC Ref. 3 in brass
T, 128.48| 125.40 [°C] Embedded TC Ref. 4 in brass
Ts 128.15| 129.18 [°C] Embedded TC Ref. 5 in brass
Ts 194.03] 199.35 [°C] TC Ref. 6 in copper "neck"
T, 201.24| 205.89 [°C] TC Ref. 7 in copper "neck"
Tg 209.82| 214.28 [°C] TC Ref. 8 in copper "neck"
Tg 194.62| 198.97 [°C] TC Ref. 9 in copper "neck"
T1o 201.45| 206.26 [°C] TC Ref. 10 in copper "neck"
T 209.93| 214.48 [°C] TC Ref. 11 in copper "neck"
Tpeak 1 264.78| 269.19 [°C] Peak Copper Temperature TC
Tpeak 2 265.17| 269.48 [°C] Peak Copper Temperature TC
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Table B.13: 1222

Runl1 | Run?2
Units Description
m 25.73| 25,73 [g/s] Measured Mass Flow Rate
Re 36,036/ 36,063 [-] Jet Reynolds Number
Qin 832.8| 801.5 [W] Nominal Power Input
Qout 763.0| 756.9 [W] Power Out =M cy(Tout — Tin)
% Losses 8% 6% [-] Heat Loss
Dactual 0.499| 0480 [MW/m? Incident Heat Flux
Prot 52 52 [psig] Rotameter Pressure
Pout 39 39 [psig] Outlet Pressure
AP 9.062| 0.344 [psi] Measured Pressure Drop
Tin 22.50( 19.26 [°C] Inlet Temperature
T out 51.77| 48.30 [°C] Outlet Temperature
T, 95.47| 91.51 [°C] Embedded TC Ref. 1 in brass
T, 96.53| 92.54 [°C] Embedded TC Ref. 2 in brass
T3 94.50( 90.57 [°C] Embedded TC Ref. 3 in brass
T, 93.33| 89.51 [°C] Embedded TC Ref. 4 in brass
Ts 94.62| 90.76 [°C] Embedded TC Ref. 5 in brass
Te 135.89| 131.07 [°C] TC Ref. 6 in copper "neck”
T, 141.44| 136.51 [°C] TC Ref. 7 in copper "neck"
Tg 147.09| 142.11 [°C] TC Ref. 8 in copper "neck”
To 134.75| 129.98 [°C] TC Ref. 9 in copper "neck"
T1o 139.93| 135.04 [°C] TC Ref. 10 in copper "neck"
T 146.48| 141.50 [°C] TC Ref. 11 in copper "neck"
T peak 1 189.52| 183.75 [°C] Peak Copper Temperature TC
T peak 2 189.75| 183.92 [°C] Peak Copper Temperature TC
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Table B.14: 1223

Run 1 Run 2
Units Description
m 25.73 20.58 [g/s] Measured Mass Flow Rate
Re 36,063| 28,860 [-] Jet Reynolds Number
Qin 1077.7| 1081.3 [W] Nominal Power Input
Qout 989.6 987.3 [W] Power Out =M cy(Tout — Tin)
% Losses 8% 9% [-] Heat Loss
Dactual 0.645|  0.647| [MW/mM? Incident Heat Flux
Prot 52 40 [psig] Rotameter Pressure
Pout 39 30 [psig] Outlet Pressure
AP 8.91 7.30 [psi] Measured Pressure Drop
Tin 22.52 22.74 [°C] Inlet Temperature
T out 60.49 70.09 [°C] Outlet Temperature
Ty 115.16| 127.24 [°C] Embedded TC Ref. 1 in brass
T, 116.14| 128.19 [°C] Embedded TC Ref. 2 in brass
T3 113.83| 125.72 [°C] Embedded TC Ref. 3 in brass
T, 112.40| 124.52 [°C] Embedded TC Ref. 4 in brass
Ts 113.96/ 126.09 [°C] Embedded TC Ref. 5 in brass
Te 166.58| 177.99 [°C] TC Ref. 6 in copper "neck”
T, 173.55| 185.07 [°C] TC Ref. 7 in copper "neck"
Tg 180.71| 192.30 [°C] TC Ref. 8 in copper "neck”
To 165.13| 176.69 [°C] TC Ref. 9 in copper "neck"
T1o 171.73] 183.28 [°C] TC Ref. 10 in copper "neck"
T 179.94| 19153 [°C] TC Ref. 11 in copper "neck"
T peak 1 234.48| 246.36 [°C] Peak Copper Temperature TC
T peak 2 234.80| 246.67 [°C] Peak Copper Temperature TC
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Table B.15: 1233

Run 1 Run 2
Units Description
m 32.49 34.67 [g/s] Measured Mass Flow Rate
Re 45,537 48,594 [-] Jet Reynolds Number
Qin 1043.7| 1027.6 [W] Nominal Power Input
Qout 916.1 852.1 [W] Power Out =M cy(Tout — Tin)
% Losses 12% 17% [-] Heat Loss
Dactual 0.625| 0,615 [MW/m? Incident Heat Flux
Prot 52 58 [psig] Rotameter Pressure
Pout 31 30 [psig] Outlet Pressure
AP 22.74 22.58 [psi] Measured Pressure Drop
Tin 22.58 22.15 [°C] Inlet Temperature
T out 50.41 46.41 [°C] Outlet Temperature
T, 102.61| 102.30 [°C] Embedded TC Ref. 1 in brass
T, 104.24| 105.15 [°C] Embedded TC Ref. 2 in brass
T3 101.62 96.92 [°C] Embedded TC Ref. 3 in brass
T, 100.38 98.24 [°C] Embedded TC Ref. 4 in brass
Ts 101.90| 101.00 [°C] Embedded TC Ref. 5 in brass
Te 153.16| 163.94 [°C] TC Ref. 6 in copper "neck”
T, 160.00f 171.02 [°C] TC Ref. 7 in copper "neck"
Tg 167.10 179.54 [°C] TC Ref. 8 in copper "neck”
To 151.79| 164.49 [°C] TC Ref. 9 in copper "neck"
T1o 158.28| 171.01 [°C] TC Ref. 10 in copper "neck"
T 166.38| 179.77 [°C] TC Ref. 11 in copper "neck"
T peak 1 219.99| 23241 [°C] Peak Copper Temperature TC
T peak 2 220.26| 232.54 [°C] Peak Copper Temperature TC
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Table B.16: 1234

Run 1 Run 2
Units Description
m 32.49 34.67 [g/s] Measured Mass Flow Rate
Re 45,537 48,594 [-] Jet Reynolds Number
Qin 1265.3| 1248.6 [W] Nominal Power Input
Qout 1119.4| 1050.9 [W] Power Out =M cy(Tout — Tin)
% Losses 12% 16% [-] Heat Loss
Dactual 0.758|  0.748| [MW/m? Incident Heat Flux
Prot 52 58 [psig] Rotameter Pressure
Pout 31 30 [psig] Outlet Pressure
AP 22.74 22.56 [psi] Measured Pressure Drop
Tin 22.66 22.41 [°C] Inlet Temperature
T out 56.67 52.33 [°C] Outlet Temperature
T, 118.14| 119.21 [°C] Embedded TC Ref. 1 in brass
T, 120.09| 122.43 [°C] Embedded TC Ref. 2 in brass
T3 116.86| 112.20 [°C] Embedded TC Ref. 3 in brass
T, 115.38| 113.80 [°C] Embedded TC Ref. 4 in brass
Ts 117.19| 117.12 [°C] Embedded TC Ref. 5 in brass
Te 178.83] 193.36 [°C] TC Ref. 6 in copper "neck”
T 187.00| 201.90 [°C] TC Ref. 7 in copper "neck"
Tg 195.47| 212.17 [°C] TC Ref. 8 in copper "neck”
Tg 177.24| 194.52 [°C] TC Ref. 9 in copper "neck"
T1o 185.02| 202.40 [°C] TC Ref. 10 in copper "neck"
T 194.70|  212.96 [°C] TC Ref. 11 in copper "neck"
T peak 1 258.88| 276.20 [°C] Peak Copper Temperature TC
T peak 2 259.26| 276.48 [°C] Peak Copper Temperature TC
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Table B.17: 2233

Run 1 Run 2
Units Description
m 33.34 33.34 [g/s] Measured Mass Flow Rate
Re 46,723| 46,723 [-] Jet Reynolds Number
Qin 1037.5| 1047.9 [W] Nominal Power Input
Qout 857.9 882.3 [W] Power Out =M cy(Tout — Tin)
% Losses 17% 16% [-] Heat Loss
Dactual 0.621)  0.627| [MW/mM? Incident Heat Flux
Prot 59 59 [psig] Rotameter Pressure
Pout 28 28 [psig] Outlet Pressure
AP 25.55 25.51 [psi] Measured Pressure Drop
Tin 22.6 22.73 [°C] Inlet Temperature
T out 48.0 48.86 [°C] Outlet Temperature
T, 111.57| 111.94 [°C] Embedded TC Ref. 1 in brass
T, 111.84| 112.16 [°C] Embedded TC Ref. 2 in brass
T3 110.54| 111.49 [°C] Embedded TC Ref. 3 in brass
T, 111.02| 112.35 [°C] Embedded TC Ref. 4 in brass
Ts 111.93| 111.75 [°C] Embedded TC Ref. 5 in brass
Te 171.90| 172.83 [°C] TC Ref. 6 in copper "neck”
T, 179.32| 180.32 [°C] TC Ref. 7 in copper "neck"
Tg 188.11| 189.23 [°C] TC Ref. 8 in copper "neck”
To 172.08| 172.78 [°C] TC Ref. 9 in copper "neck"
T1o 178.75| 179.49 [°C] TC Ref. 10 in copper "neck"
T 187.82| 188.73 [°C] TC Ref. 11 in copper "neck"
T peak 1 241.21| 243.45 [°C] Peak Copper Temperature TC
T peak 2 241.40| 243.68 [°C] Peak Copper Temperature TC
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Table B.18: 2234

Run 1 Run 2
Units Description

m 33.34 33.34 [g/s] Measured Mass Flow Rate
Re 46,723| 46,723 [-] Jet Reynolds Number
Qin 1247.3| 1239.2 [W] Nominal Power Input

Qout 1043.5| 1031.8 [W] Power Out =M cy(Tout — Tin)

% Losses 16% 17% [-] Heat Loss

Dactual 0.747\ " 0.742| [MW/m? Incident Heat Flux
Prot 59 59 [psig] Rotameter Pressure
Pout 28 28 [psig] Outlet Pressure
AP 25.53 25.45 [psi] Measured Pressure Drop
Tin 22.77 22.66 [°C] Inlet Temperature

T out 53.67 53.21 [°C] Outlet Temperature
T, 128.60| 125.21 [°C] Embedded TC Ref. 1 in brass
T, 128.53| 125.07 [°C] Embedded TC Ref. 2 in brass
T3 127.28| 124.49 [°C] Embedded TC Ref. 3 in brass
T, 127.27| 124.24 [°C] Embedded TC Ref. 4 in brass
Ts 128.36| 125.00 [°C] Embedded TC Ref. 5 in brass
Te 199.91| 194.31 [°C] TC Ref. 6 in copper "neck”
T 208.71| 202.89 [°C] TC Ref. 7 in copper "neck"
Tg 219.13] 213.05 [°C] TC Ref. 8 in copper "neck”
To 200.52| 194.45 [°C] TC Ref. 9 in copper "neck"
T1o 208.53| 202.20 [°C] TC Ref. 10 in copper "neck"
T 219.27| 21272 [°C] TC Ref. 11 in copper "neck"

T peak 1 282.65| 275.30 [°C] Peak Copper Temperature TC

T peak 2 282.94| 275.60 [°C] Peak Copper Temperature TC
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APPENDIX C: TEMPERATURE PROFILES
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Figure C.2: Temperature profile; pins, 12,000 Re
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Figure C.4: Temperature profile; pins, 30,000 Re
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Bare Surface, 45,000 Re
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