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Supercritical carbon dioxide (sCO2) power cycles have gained attention due to the relatively high
efficiency and potential for simple controls. Because the temperature drop across the turbine is fairly
low in sCO; cycles, heat recuperation is key to high cycle efficiency. In this paper, an integrated
header microchannel (IHM) recuperator design is proposed for the sCO, power cycle. The recuper-
ator consists of multiple short unit cells connected together by a series of flow headers to inlet and
exit plena. Within each unit cell, sCO» flows through a microscale pin-fin array on the hot and
cold sides. The thermal-fluidic performance of a representative three-layered unit cell stack is exper-
imentally characterized. Three-dimensional computational fluid dynamics and structural analysis
simulations are performed to develop the unit cell design. Experimental results indicate that effec-
tiveness in the range of 84-95% can be achieved for a unit cell length of 18 cm and a heat capacity
rate ratio ranging from 0.35 to 1. The experimentally determined overall heat transfer coefficient and
pressure drop are compared against correlations in literature. The Prasher et al. [J. Heat Transfer,
vol. 129, no. 2, pp. 141-153, 2007] correlation predicts the experimental pressure drop to within
9%. No heat transfer correlation was found to predict the experimental data well, with the Rasouli
et al. [Int. ]. Heat Mass Transfer, vol. 118, pp. 416—428, 2018] correlation showing the lowest mean
average error of 29%. A heat exchanger model is developed based on the Prasher et al. and Rasouli
et al. correlations. The model is integrated within a single recuperator sCO; cycle model to assess
the impact of the IHM recuperator on the cycle efficiency.

KEY WORDS: microchannel recuperator, printed circuit heat exchangers, supercritical
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NOMENCLATURE
A surface area for heat Resmin  Reynolds number
exchange () based oD smin,
Amin minimum flow area within = pUmaxD Amin/1t
the pin fin array () Rep,  Reynolds number
C heat capacity ratd{/ K) based oD,
C, heat capacity rate ratio Sp diagonal pitch (m)
(= Cmin/Crmax) SL longitudinal pitch (m)
D circular pin-fin diameter (m) St transverse pitch (m)
Dy, channel hydraulic diameter (m) T temperature®C)
hydraulic diameter based tq diffusion time (s)
on pin-fin size (m) tres resident time (s)
Damin  hydraulic diameter calculated based ¢4 wall thickness (m)
on Amin and Ppin (M) Uy, mean velocity through
f Darcy friction factor, channel (m/s)
= AP/[(1/2)pU2 1 Nrow U overall heat transfer
h enthalpy (J/kg) coefficient (W/m?.K)
H height (m) Urnax maximum velocity across
htc heat transfer coefficient (W) pin fin array (m/s)
k thermal conductivity (W/m-K) Vv volume (n¥)
L length (m) w width (m)
MAE mean absolute error,
N Greek Symbols
= (/N) zlj(M)CXp ~ bpreal /Pexp) « heat or species
x100% diffusivity (m?/s)
™m mass flow rateKg/ s) Br, longitudinal pitch
Nyow number of pin-fin rows in ratio,= S /Dy,
flow direction Br transverse pitch
Nauac ~number of stacks of unit cells ratio,= St/ Dy,
NTU number of transfer units € effectiveness
Nuamin average Nusselt number calculated & unspecified term
based oD smin, = htecD amin/k o viscosity (Pa.s)
Nup,  average Nusselt number calculated p density (kg/nd)
based oD, | cycle efficiency
P pressure (Pa) or (bar)
Prin wetted perimeter associated Subscripts
with Apmin (M) c pertains to cold side
AP pressure drop (Pa) or (bar) exp experimental value
Pr Prandtl number h pertains to hot side
q heat transfer rate (W) i at the inlet
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NOMENCLATURE (continued)

IHM integrated header microchannel 0 at the outlet

Im log mean pin pertains to a pin

loss loss pred predicted value

max  maximum recup recuperator

min  minimum unitcell pertains to unit cell
mod  modified wall calculated at the walll

1. INTRODUCTION

The supercritical carbon dioxide (sGfBrayton cycle has garnered a great deal of attention in
recent years due to high ideal cycle efficiency (in exces®8f)mat moderate fluid temperatures
ranging from 550 to 800°C. Advantages include compactnéssloomachinery, simpler con-
trols, and high efficiency at moderate temperatures. Sengm@arch groups are investigating use
of this power cycle with varied sources such as fossil, solaclear, geothermal, and moderate-
to high-quality waste heat streams (Brun et al., 2017; Aral.e2015; Irwin and Moullec, 2017;
Turchi et al., 2013).

Because the temperature drop across the turbine is faillydsCQ, cycles, high-effecti-
veness heat recuperation is key to high cycle efficiency.peidiment to obtaining high ef-
fectiveness is that the approach temperatures of the fiigdrsts are low and hence these recu-
perators tend to be large. To increase the cycle efficieraziants of a single recuperator cycle
such as the recompression cycle have been proposed. In ytiels,dhe high-temperature re-
cuperator would need to be fabricated using expensive scigeralloys when the turbine inlet
temperature is 800°C or higher. Hence, it is important taicedhe size of the recuperator from
a cost perspective. The motivation behind this work is tcetlgv a high-effectiveness, compact
recuperator using microchannel technology.

Microchannels are used for enhancing heat and/or maspuérns diffusion-limited condi-
tions (Narayanan et al., 2013; Kockmann, 2008). For lanfioars, the time for heat diffusion
scales as the square of the channel hydraulic diamgtex, D2 /«, wherex is the thermal
diffusivity. Heat transfer can occur from the fluid to the isaif the channel as long as the resi-
dence time of the fluid within the channgbs « L/u,,, is on the order of the diffusion time;.
Therefore, the required channel lengkth can be as small a5 (Dium)/oc, thereby enabling
compact devices. Over the past three decades, a signifiodgtd] literature has emerged on
fundamental thermal-fluidic aspects of microchannelsrdtibannels have been used in several
applications such as heat sink thermal management (Tuekeand Pease, 1981; Narayanan
et al., 2013), compact heat and mass exchangers (Brandaler2@217; Kockmann, 2008), and
chemical reactors (Karagiannidis and Mantzaras, 2010kdwnoh et al., 2004).

In the context of recuperators for nuclear reactors and,s@fer cycles, compact heat
exchangers have been designed by companies like Heatriothas (Le Pierres et al., 2011;
Li et al., 2006, 2008; Mylavarapu et al., 2012; Kim and No, 20Carlson et al., 2014; Chen
et al., 2016). These “printed circuit heat exchangers” (E€Hare fabricated by photochemical
machining (etching) and diffusion bonding plates, or shiofanetal. The channels are etched
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into the plates and are about 1 mm in width and 0.5 mm in depdlaemtypically either straight,
zig-zag, or curved in design. The plates could be as larg&@sih long by 60 cm in width,
depending on the rating of the PCHE and the manufacturinigglimns. The diffusion bonded
stack forms a heat exchanger core onto which large headewgedded. The surface-to-volume
ratios of these PCHES are large, in the range of 650 making them an attractive option for
sCG recuperators.

Over the past few years several groups have characterizgdekehange performance of
PCHE-type recuperators for sg@ower cycle experimentally and computationally. Nikitin
et al. (2006) experimentally characterized the thermordwiit performance of a Heatric zig-
zag PCHE developed for sGQ@efrigerators and heat pumps. The pressures ranged from 65 t
105 bar and 22 to 32 bar, and temperatures ranged from 2800fC32nd 90-108°C on the
cold and hot sides, respectively. For a hot side Reynoldseunin the range of 2750-6000, the
overall heat transfer coefficient was found to be in the raf@90-625 W/m-K. Effectiveness
as high as 99% was observed.

Tsuzuki et al. (2007) proposed a discontinuous S-shapeahditampared its performance
to the traditional zig-zag channel PCHE using computatitinia dynamics (CFD) simulations.
They found that under identical heat transfer performathegpressure drop of the new S-shaped
channel design was only 1/5 that of the zig-zag channel. tllew-up study, Ngo et al. (2007)
experimentally compared the performance of a zig-zag PQitEaa S-shaped fin PCHE. The
configuration tested had 8 hot-side channel plates and 4sidédchannel plates; two hot-side
plates were stacked together and surrounded by the colkekplaihe results showed that while
the pressure drop of the zig-zag channels were larger tia8-8haped channel by 4-5 times in
the range of flow tested, the Nusselt number was 24-34% lagyerll. Overall heat transfer
coefficients in the range of 250-700 WK were obtained for the S-shaped fin PCHE over a
Reynolds number range of 3000 to 20,000.

Fourspring et al. (2014) experimentally characterized maeel designs for the sCQOecu-
perator developed by Brayton Energy. The first design ctatsisf folded wavy fins on both the
hot and cold sides brazed to form flow passages. A surface@redume ratio of 4000—-5000
m?/m® was achieved using this method. The second design used wsk m the hot and cold
flow paths and resulted in a heat transfer area to volume o&tf®00—8000 r/m3. Average
effectiveness of 0.80 was obtained in the experimental ureagents on the wavy fin design
and the measured pressure drop was less than one-half oésigngressure drop at 200 kW.
However, the wire mesh recuperator resulted in a very larggespre drop.

Meshram et al. (2016) compared the performance of straigthtzég-zag channel PCHE
using CFD simulations in turbulent flow conditions. Theysiated a single hot and cold layer of
the PCHE and varied the channel hydraulic diameter and flom&ds number. They developed
correlations for Nusselt number and friction factor frora #imulations and used these in a one-
dimensional heat exchanger model for the PCHE. They fouatthe zig-zag channel PCHE
was significantly smaller than the straight-channel PCHtiiiln the downside of a significantly
higher pressure drop. They suggested that a cycle analgsiklwe needed to be performed to
determine the impact of using a compact PCHE.

2. MOTIVATION AND OBJECTIVES

Studies in literature on PCHE recuperators demonstratdhisatype of heat exchanger is suit-
able for sCQ cycles. However, there is room for improvement of size byhgao smaller chan-
nel dimensions in the 100—300 micrometer range since, asstied above, the channel length
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scales directly with the square of the channel hydrauliméi@r. Since pressure drop would be
large for these small channel dimensions, it is imperatia¢ 4 different type of flow distribution
header architecture be used with the shorter and smalleredéa channels.

In this paper, a different microscale architecture for t6®©srecuperator is presented us-
ing the principles of scaling afforded in microscale desicehis approach involves short heat
exchange channels or “unit cells” where heat exchange scthe unit cells are connected to-
gether using headers integrated with the unit cells. Thaagpof the recuperator is obtained
through “numbering up” of the unit cells. A key advantageuwtdtsan architecture lies in reduced
size for the same heat exchange rate or pressure drop wheraoedio the PCHE designs. Ad-
ditionally, a pin fin architecture as opposed to straightigrzag design is used in the unit cells.
The overall design of an integrated header microchanndlifltecuperator is first discussed. De-
sign of a small-scale three-pair unit cell stack recuperiatthen discussed. Thermo-hydraulic
experiments on the unit cell are then described. The exjatamh results are used to validate
correlations of pressure drop and heat transfer coefficiggd in a heat exchanger model to pre-
dict the IHM recuperator performance. Lastly, the IHM reetgior model is incorporated into
a single recuperator cycle model to determine the effedi@fiiM recuperator performance on
the cycle efficiency.

3. IHM RECUPERATOR DESIGN

A solid model of the IHM recuperator model is shown in Fig.)1énd a cut-away view along
the plane indicated in Fig. 1(a) is shown in Fig. 1(b). Exaaniplet and outlet temperatures
corresponding to a single recuperator s@gcle are shown in Fig. 1(b). The red and blue arrows
indicate flow paths of the hot and cold fluids, respectivel{hinw the IHM recuperator.

The building blocks of the IHM consist of pairs of hot and calitroscale fluidic passages
through pin arrays. A pin-fin architecture [Fig. 1(f)] is dsr the microscale regions since it
lends to higher heat transfer rate and better flow distidioutompared with parallel microchan-
nel arrays (Tuckerman, 1984; Peles et al., 2005). A pair bahd cold pin arrays forms a “unit
cell.” these pairs are arranged vertically to form a “unit seack” (UCS) as shown in Fig. 1(e).

Circular headers bring hot and cold fluid in and out of the galts in the stack as shown
in Fig. 1(d). These headers are connected to secondary D3 ph the top and bottom of the
UCS in Fig. 1(d). The UCS plena feed into the IHM headers asvshno Fig. 1(b). The UCS
stacks integrated with UCS plena can be treated as a modutdhat can be replicated laterally
to increase the capacity rating of the IHM, as shown in Figs) 4nd 1(b). The rating can also
be increased by increasing the number of unit cells stackgaally within each UCS.

In order to permit exchange of heat in the UCS and IHM plenaahd cold fluid plena are
located adjacent to each other. The hot fluid inlet plenunoésited adjacent to the cold fluid
outlet plenum while the hot fluid exit plenum is located adjacto the cold fluid inlet plenum.
Additionally, the plena with the lower temperatures (colddlinlet and outlet plena) are located
at the periphery of the IHM recuperator to reduce heat losisd@mbient.

4. UNIT CELL STACK (UCS) EXPERIMENTS

To validate the performance of the IHM recuperator desdrétgove, detailed design of a unit
cell was undertaken. A UCS consisting of three layers camaegy circular headers was then
fabricated and experimentally characterized. A microtation approach consisting of chemical
etching and diffusion bonding was used to fabricate the U®. material used was stainless
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FIG. 1: IHM recuperator concept. (a) Solid body model of the IHM mgexator with four flanged fluidic
inlets and exits. (b) Sectional view of plane shown in (apgihg the cold and hot fluidic paths within the
IHM recuperator. The fluids cascade through two levels ofiplenamely the outer IHM plenum and the
inner UCS plenum before entering the microchannel UCS. l{gfifvolume within the IHM recuperator
shown in (a). The IHM shown in this figure has nine unit celtktarranged in a 3 x 3 pattern. (d) Detail of
the secondary UCS plenum and a UCS within the IHM recupera@har unit cell stack shown here consists
of five pairs of unit cells. (e) Detail of the fluid volume withthe unit cell stack showing hot and cold
arrays of microscale pin arrays connected by circular hsatbethe secondary plena. (f) Detailed solid
model of the microscale pin array and header.

steel 316. Since the differential pressure between the mebtcald layers is about 100 bar, a
mechanical design of the layers was needed. The designgsraees iterative between fluid flow
and structural analysis.

4.1 Design and Fabrication of Unit Cell

The pin array on the layers was patterned using chemicaingtcBue to the limitations of
chemical etching, for a given pin height, the closest edgedge distance of the pins from one
another is equal to twice the depth of the cut. Pin height wiasen based on a balance between
low pressure drop (with higher aspect ratio pins) and theatkgion of pin-fin efficiency with
fin height. To fabricate the pin array, half of the pin depthswe#éched onto two opposing shim
faces to acquire the desired height. The low aspect ratibeofiesign, caused by the limitation
of the chemical etching method, precluded existence oéxaiedding in the pin array (Rasouli
et al., 2018). Such vortex shedding, observed in the wakieeopins of higher aspect and pitch
ratios by Rasouli et al. (2018), can lead to increased haasfier coefficient. Other fabrication
designs, such as wire electric discharge machining, caulgskbd in the future to generate higher
aspect ratio designs.
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The pitch between the pins was decided through the struemadysis (see Naderi, 2017, for
details). A staggered pin arrangement was chosen due wpigsisr heat transfer characteristics
compared to an in-line pattern. The spacing of the staggemdrn was chosen to be an equi-
lateral arrangement, which would make the stress distobunore uniform. The chemically
etched plates were first characterized and then diffusioniéd. The design dimensions of the
pin were chosen to be 700 um and 500 pm, respectively, foretemand height. The transverse
pitch, St, was 1200um while the longitudinal pitchSy, was 1040um. Figure 2(a) shows an
optical microscope top-view detail of the pin array with ttemenclature and dimensions noted.
To characterize pin diameter and spacing, images of sel@rafions across different shims
were obtained using an AmScope digital camera mounted onyanpgds microscope. Param-
eters of interest were then measured using AmScope softivaréad been calibrated with an
optical calibration grid (Edmund 1951 USAF Glass Slide Ratsan Target). Measurements of
pin height were performed using a confocal microscope [&ig)]. Table 1 shows the compar-
ison of the design values and the fabricated dimensionsaA$e seen from the measurement
results, average values f&r, Sr, S, and pin depthf,;, were all within at most 3% of the
nominal value. While this variation did not affect the vildlyi of using the shims, additional

FIG. 2: Characterization of pin array dimensions. (a) Sample myiaph taken using AmScope micro-
scope digital camera. Flow would be directed from the botiotop. Characterized parameters are denoted
in the figure. (b) Digital image created by Zeiss CSM 700 coafonicroscope.

TABLE 1: Measured and nominal values for pin diameter and spacing
of the pin array

— MEASURED AVERAGE | NOMINAL VALUE
D (um) 682+ 3 700
St (Um) 1186+ 3 1200
St (um) 1054 + 23 1040
(1/2) HT (um) 250+5.3 250
H/D — 0.71
StiD — 1.7
SpID — 1.5
TThis height is one-half the total height of the pin, since ®tched layers are
bonded together.
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mechanical analysis with the updated parameters was ctewitw confirm the structural in-
tegrity of the recuperator.

An exploded view of the UCS is shown in Fig. 3. Three hot and tayers of pin-fin arrays
were arranged in a counter-flow configuration, similar ta teen in typical plate-type heat
exchangers. The inlet and exit pathway headers were lasémtouthe layers. Each layer was
1 mm in thickness and consisted of 2t etched pin arrays on both sides. The length of the
UCS was 18 cm and the width was 2.5 cm. The calculated aredtyleased on surface area
for heat exchange to the total volume was 15G0mm. The outer layers of the UCS were made
3 mm in thickness to accommodate the large pressure diffaten200 bar between the internal
flow and the ambient. The entire thickness of the UCS was 11 mm.

Structural analysis was accomplished using ANSYS Mecla®®DL on two different
domains shown in Fig. 3. The computational domain of the shimluded only the portion of
the shims closest to the headers due to negligible stresentrations elsewhere along the length
of the pin array. The first domain comprised shims that formednner unit cell of the heat
exchanger; such sections were only exposed to atmosphressyse around their perimeters.
The second domain represents a channel at the top and bottihra beat exchanger that are
fully exposed to the atmosphere. Faces on the top, bottodside cross-sectional walls, along
with the cut face of the pins, were all assumed to be symnagiriche simulations. The inner
channels in both test sections were simulated at a presé@@dar while the outer channels
were simulated at 100 bar. Additionally, atmospheric wakse subjected to 1 bar of pressure.
The material used in the simulations is stainless steel 3i6hnexhibits a yield strength of
~ 200 MPa at 400°C (AISI, 2018). Note that when used in the s@@ompression power
cycle, the temperatures experienced by the high-temperegauperator would be on the order
of 550°C, necessitating the use of nickel superalloys fbriation. SS316 was used instead

End test section for
structural simulation
(200bar inner —
channel, 100bar outer
channel)

Inner test section for /

structural simulation
(200bar inner channel,
100bar outer channels)

FIG. 3: Exploded view of UCS showing the overall device dimensidin two regions in the top left are
domains of interest for the mechanical stress simulatiBresssures of the fluid within each layer are also
identified.
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due to ease of fabrication and pressure and temperaturtations of test facility. Mechanical
stress simulation results showed a maximum stress of 83 MBeiinner domain of the heat
exchanger and 129 MPa in the second domain, both of whichéd#wv the yield strength of the
material.

In conjunction with the mechanical stress analysis sintat computational fluid dynamics
(CFD) simulations were performed to determine the flow iltition within each layer. A single
layer of fluid volume through the pin fin array was modeled gsinrcommercial finite volume
solver, ANSYS FLUENT v19. Figure 4(a) shows the fluid volunfettee geometry that was
simulated. The pin array dimensions are as shown in Table &rder to distribute flow from
the inlet region through the width of the unit cell, a gradizgdered path from the inlet and to
the exit, along with flow distribution structures (FDS) wadded. The inset in Fig. 4(a) shows a
detailed view of the tapered entrance of the pin array andldledistribution structures. Using
ANSYS Static Structural and FLUENT, an iterative process wsed to find suitable spacing
and orientation for the flow distribution structures.

Flow R
distribution ———"USaaNS
structures '

Velocity magnitude (m/s)
o
~! N
N O
P

N
[=3
@
Velocity magnitude {mfs)

bed
«

0.54 NIRIRIRINIA n Lo

o ;
0i0D (b) 0 2 4 6 8 10 12 14 16 18 20 22
[m/s]) : Spanwise location, y (mm)

FIG. 4: (a) Fluid volume through the pin-fin array. The inset detailtbe top shows details of the flow
distribution structures that were designed to permit aasmifflow distribution across the width of the pin
array. (b) (Top) Top view of velocity magnitude contour inlane cutting through the middle of the flow
channel at the inlet, middle, and exit sections. Black lméie middle section indicates location of raked
line used for velocity measurement. (b) (Bottom) Plot obeitly magnitude at the center location indicated
by the black line in the contour plot.
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The mass flow rate through each layer of hot or cold fluids inetkgeriment was varied,
but limited by the maximum mass flow rate of 1.7 g/s based orpthrep limitations. Hence,
the maximum flow rate through each layer was set at 0.29 g/sifann velocity of 1.248 m/s,
calculated using the area of the opening into the microcklanrass flow rate, and fluid density,
was applied at the inlet. Properties of carbon dioxide wstiemated using Engineering Equation
Solver (EES, F-Chart Inc.) at a pressure of 80 bar and an geéeanperature of 400°C. The
outlet of the pin array was designated as a pressure outlai@islip conditions were applied to
all walls.

The Reynolds number based on the pin diameter was 2,110.mAdga Shear Stress Trans-
port model was used to model turbulence in order to bettatigiriow separation in the wake
of the pins. The geometry in Fig. 4(a) was meshed using ANS¥SHihg in ANSYS Fluent
V19. The mesh size function was set to proximity and cunetwhile the minimum mesh size
and growth rate were adjusted to achieve different numbserashing element numbers. A grid
independence study was performed with 11, 20, and 35 midiements. The difference in pres-
sure drop between the 20 and 35 million element simulaticas W9%. Hence, the 20 million
element simulation was deemed satisfactory for the sinomstused in the design of the recu-
perator and in pressure drop estimates. Results of theaimwilare presented as a contour plot
in Fig. 4(b). Regions of higher velocity are seen in the entean between the flow distribution
structures and at the exit where the flow converges from thampay to the header. A plot of the
velocity magnitude at the mid-plane of the channel and adiespin array is shown in Fig. 4(b).
Peak mid-plane velocity magnitude between the pins wasddoive 1.49 m/s with a standard
deviation of 0.11 m/s (7%). This deviation was deemed as eemable level of uniformity of
the flow across the width of the channel and the pin array dedigwn in Fig. 4(a) was chosen
for fabrication.

The chemically etched plates were diffusion bonded andstwese brazed to the inlet and
exits of the two fluid streams. Structural integrity was conéd through a static pressure test at
room temperature. The system was pressurized every 20 baraimaximum of 120 bar and
held isolated from the pressure source for 20 min at the ssspre. No variation was observed
in the pressure during the hold time.

4.2 Experimental Apparatus and Procedure

A schematic of the test facility is shown in Fig. 5. Carbonxiile was provided by a source
cylinder in a liquid phase at 64 bar and 23°C. The fluid was filled into a 3.8 liter stainless
steel cylindrical reservoir that was concentrically haliseside a clear PVC pipe that served as
a cooling jacket. The jacket provided a constant flow of 5°@lezhwater that surrounded the
cylinder and cooled the CQnside down to near 5°C. From the reservoir, the liquid,@@s
sent to the HPLC pump where it was pressurized between 80 @td9and pumped at the
user-specified flow rate. The pressure data downstream qiuting were collected via a signal
output by the pump, and a thermocouple was used to monitdethperature of the C{after
the pump head. The line between the reservoir and pump afgained a pressure relief valve
(PRV1) that was specified to relieve pressure in the linedfgressure in the reservoir exceeded
103 bar. While the UCS was designed for higher pressuresriements were performed at less
than 100 bar due to the pressure limit on the Coriolis massriteter.

Liguid CO, was then split into two streams. Needle valves NV1 and NV2letgd the flow
of each stream before they entered the hot oil bath. Conadiss flow meters (Micro Motion
CMFO010H Mass Flow Meter) were used to monitor the mass floe aditeach stream. The
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Supercritical,
110bar,
100°C

FIG. 5: Simplified schematic of the test loop. Captions indicateesthCQ, at every major point along the
loop.

streams then entered the hot oil bath, which was set to a pseified temperature. Differences
in coil length for the two streams resulted in the temperatlifference that defined the hot and
cold streams entering the UCS. Temperatures at the outtbeadil bath of each stream were
also monitored. It was at this stage in the process, at tHetaitthe hot oil bath, that the liquid
CO, exceeded the 73.8 bar/31°C critical point and entered arstifieal state.

Upon heating C@to a supercritical state, both streams entered the UCS. 8ietyres of
the inlet and outlet sides of both streams were recordeddiffezential pressure across the hot
and cold channels was also measured using Validyne DP ¥ eliffial pressure transducers.

Once the two streams exited the UCS, they were combineditegand entered a forward
pressure regulator. After being regulated down in presdtee carbon dioxide went through
a cooling coil that was submerged in a container of contislyotefreshing tap water. Liquid
carbon dioxide then exited the condenser and flowed througfneak valve used to prevent
potential issues with backflow in the system.

All sensors (namely thermocouples, gauge pressure traaessjulifferential pressure trans-
ducers, and flow meters) were connected to NI Data Acquisitiodules. LabVIEW software
was used for all signal processing and data collection. @&hge of varied parameters and their
uncertainty are shown in Table 2. Uncertainties in estichgi@ameters, discussed in the next
section, were evaluated using a propagation of errors rdg¢tfloffat, 1988), and are also shown
in Table 2. Error in results was not found to be substantidliamot shown in the results plots
for visual clarity.

4.3 Experimental Data Analysis

The raw data collected from testing were processed in oodearacterize the performance of
the UCS. Temperature and absolute pressure data were alddaisompute density, dynamic
viscosity, specific enthalpy, and specific heat of carborid®
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TABLE 2: Parameter range and uncertainties in measured and detefrr@nables

Measured :
Variable/Instrument Instrument Range Uncertainty
Mass flow rate Micro Motion™ Coriolis 0.25-1.6 g/s 0.1% of flow rate
flowmeter
System pressure Omega absolute 88-100 batr 0.25% of full scale
pressure transducer
Hot inlet temperature| Type-T thermocouple| 80-105°C 0.023°C
Cold inlet temperature Type-T thermocouple| 48— 66°C 0.026°C
Hot outlet temperature Type-T thermocouple| 51-86°C 0.030°C
Cold outlet temperaturg Type-T thermocouple| 77-100°C 0.024°C
Validyne™ capacitance 0.03 kPa (low range),
Pressure drop %ransdugers 1.7-9 kPa| 0.04 kPa (mid range), and
0.05 kPa (high range)
Overall heat transfer
J— J— 0,
coefficient,U 1.3%
Effectivenessg — — 0.15%
Number of transfer
J— J— 0,
units, NTU 1.2%

Heat exchanger performance is typically presented as afddfectiveness against the Num-
ber of Transfer Units (NTU) for different values of heat caparate ratios,C,.. This ratio is
defined as the ratio of the minimum heat capacity rate streghetmaximum heat capacity rate
stream in the heat exchanger. Effectiveness,, is calculated as the ratio of the transferred
heat to the maximum possible heat transfer:

Erecup = qC/Qmax 1)

The maximum possible heat transfer rate in Eq. (1) was ettiires

he,i) (2)

wherermmi, denotes the minimum mass flow rate of the hot or cold streatheiheat exchanger
andh denotes specific enthalpy (subscript denotes hot/coldrstiand inlet/outlet). In Eq. (1),

the heat transfer rate in the heat exchanger was determgiegl thhe heat rate gain by the cold
side,

Gmax = Mmin (hh,i -

qc = mc (hc,o - hc,i) (3)
wherer,. denotes the mass flow rate of the cold side.

The specific enthalpy is used in definipgn Eqgs. (2) and (3) to account for the potential
for large variation in specific heat capacity with temperatior sCQ. Over the range of ex-
perimental conditions, if the average specific heat capacithot and cold sides and fluid inlet
and exit temperatures are used, the average and maximuenedifes were 3.8% and 16.5%,
respectively.

The NTU of the recuperator is defined as

Journal of Enhanced Heat Transfer



Design and Performance of a Microchannel Supercriticab@abDioxide Recuperator 377

whereU is the overall heat transfer coefficient of the recuperatod A is the surface area for
heat exchange. The combined productod, known as the heat conductance, represents the
inverse of the total resistance in the path for heat to besteared from the hot to the cold fluid
stream within the heat exchanger. The tery, denotes the smaller of the two heat capacity
rates of the fluid streams within the device.

The NTU can be determined using Eq. (4) if thiel value was known. This value can be
obtained using correlations or by computational simufegjdoy computing the resistances in the
path for heat transfer. Thig A value can also be determined experimentally by a measuhe of t
heat transfer rate in the device and the inlet and exit teatpess of the fluid streams,

UA = QC/T|m (5)
The log mean temperaturgjg) in Eq. (5) is defined for a counter-flow heat exchanger as:

Th,i - Tc,o)

6
Th,o - Tc,i ( )

Tin = (Thi = Too) = (Tho = 7o)/

The overall heat transfer coefficiebitwas determined based on the surface area of the hot
side of the heat exchanget;,, which included the pin surface area.

In an ideal heat exchanger with no heat loss, the heat traragéefrom the hot side should be
identical to the heat gained by the cold side [Eq. (3)] anldegitould be used in the numerator
of EqQ. (1) to estimate the effectiveness. However, in theedrpents, despite thorough insulation
with multiple layers of low-conductivity thermal insulati blanket, heat loss was observed from
the difference between heat rates estimated on the hot éohdides. In large-scale recuperators,
the ratio of heat transfer area to heat loss area is large amcktthe ratio of heat loss to heat
exchange is small. However, since the UCS has only three pahteat exchange surfaces, the
surface area for heat loss was of the same order as the hbaingecarea, and hence a heat loss
correction was warranted. Nikitin et al. (2006) also fouhdttit was important to account for
heat losses for such small laboratory-scale PCHESs despitetgh insulation.

In order to quantify the heat loss from the UCS, a heat losibredion experiment was
performed. In the calibration experiment, both the hot amid mlets flows entered at the same
temperature and heat loss was estimated as the sum of themnthtes lost by both streams
through the heat exchanger. Table 3 shows the results oflds=aexperiments over the range
of average UCS temperatures observed during heat trangferiments. It is seen that over the
range of average body temperatures between 55 and 90°Ce#thdolss was relatively small,
between 2 and 3 W, with no particular trend with body tempggatBased on the results of the
heat loss experiment, a modified effectiveness was defirteel h€at exchanger was split into
two control volumes for heat loss modeling as shown in FigoBe-that lumped all the hot and

TABLE 3: Heat loss calibration experiment results

Average body temperature (°C) | Heat l0SS,qi0ss = @h,loss 1 Ge,loss (W)
54.4 3.2
69.7 2.4
74.2 2.3
82.7 3.4
Average heat loss 2.8
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FIG. 6: Schematic of UCS with insulation (left) and a simplified egentation for heat loss correction
(right). The cold-side control volume is identified by thestlad rectangle.

cold layers together. Heat loss occurred on both the hot afttisides §;, joss and g j0sg) and
were assumed to be identical based on the heat loss calibetperiment. An energy balance
was performed on the cold side control volume shown in Fig. @eld

Me (hco - hci) + Gc,loss = Qe + Gc,loss = Grecup (7)

The estimatedyecyp from EQg. (7) is then used to develop a modified estimate faotife-
ness,

€recup,mod= (qC + qC,Ioss) /Qmax (8)

The modified heat rate on the cold side was used to estimateifietoestimate exit enthalpy
and temperature of the cold side in the absence of heat losém#ar energy balance was
performed on the hot side to determine the modified exit épytend temperature in the absence
of heat loss. Together, these new exit temperatures werktassalculate a revised, in the
absence of heat loss using Eq. (6). Further, a revised NTWstimated using Eqgs. (5) and (4).

4.4 Experimental Results of UCS

In this section, experimental results of heat transfer ardgure drop of the UCS are presented.
The overall heat transfer coefficient and pressure drop &mperiments are compared with that
obtained from correlations in literature on pin-fin arrays.

Figure 7 shows the heat transfer results in a non-dimenisfona as effectiveness as a
function of NTU defined by Eq. (4) for two nominal heat capacite ratios of 0.35 and 1.
Two measures of effectiveness are plotted. The first is basdel]. (1) and represents the heat
loss uncorrected data and is shown in open symbols. The dézbased on heat loss corrected
data [Eq. (8)] and is represented as filled symbols. NotetheaNTU values for the corrected
data are different than the NTU calculated from Eq. (4) bseaf a change in the heat rate and
log mean temperature difference due to heat loss correctitraC,. of 0.35, the effectiveness
of the UCS was in excess of 90% for uncorrected data and 95%efat-loss corrected data.
At a largerC,. ranging from 0.84 to 1 (denoted for ease of visualizatiod'as= 1 in Fig. 7),
the effectiveness varied between 84 and 90% while the leateorrected effectiveness ranged
between 89 and 94%. Also plotted in Fig. 7 are trends for aal ideunter-flow heat exchanger
for the two nominalC, values of 0.35 and 1. It is clear that trendseNTU for each tested’,
corresponds with the trend seen in standard counter-flotvaxehangers, with highet,. data
points exhibiting lower effectiveness at any given NTU.
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FIG. 7: UCS heat transfer results of effectiveness plotted aghifit. Legends represent approximate
for each test. Data were plotted against ideal trends sestatmalard counter-flow heat exchangers at each
C,. tested.

Another benchmark for judging the performance of the heahamger design is the effec-
tiveness performance as a function of minimum approach eeatpres d7appr0ach The mini-
mum approach temperature for a counter-flow heat exchasgiafined as the smaller of ei-
ther dTapproach= Th,i — T¢,0 OF Th o — T¢ ;. In general, smaller approach temperatures result in
higher effectiveness and cycle efficiency but also leadddmer size of the heat exchanger. Fig-
ure 8 shows high effectiveness over a range of approach tatopes ranging from 5°C down to
1°C. There seems to be a slight increase in effectivenebsdeitrease in approach temperature
for C, = 0.35; however, no clear trend of effectiveness wiifapproachis observed fo, = 1.
Further experiments over a wider range of approach tempesatire needed to discern a clear
trend.

Results of experimentally obtainédas a function of Re of the cold side can be seen in Fig. 9
in the open symbols. A near-linear increas@/ifirom 300 to 950 W/r&-K with Re is observed
in the range of Re from 850 to 2400. Note that the value& afh this work are significantly
higher than that reported in literature (Nikitin et al., BQO'suzuki et al., 2007) for the same
Re. While a power-law relation would be expected for Nu asrection of Re in general, the
near-linear increase is attributed to the small range infRliesopresent study.
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FIG. 8: Unit cell stack effectiveness as a function of minimum apgtotemperature
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The experimentally determindd was compared against that predicted by pin-fin-array cor-
relations in literature over the range of Re in the experitsiecfable 4 summarizes the corre-
lations in literature that are pertinent to this study. Taege of validity of the correlations is
also provided in Table 4. The correlation by Zukauskas (19v&s developed for cross-flow
over a bank of tubes while the correlations by Short et alO22), Prasher et al. (2007), and
Rasouli et al. (2018) are based on flow through microscalepays. The correlation by Short
et al. (2002a) is based on air flow through millimeter-scé&eutar pin-fin arrays in a staggered
configuration. Prasher et al. (2007) included the effecsimjeometry variations (circular vs.
square) in their experiments on water flow through micresgéh-fin arrays. The correlation
by Prasher et al. (2007) in Table 4 is a modified version ofrthdginal correlation that in-
cludes the effect of Prandtl number variation. They reconmted this correction for comparing
their experimental data, performed using water as the wgrituid, with other correlations in
literature. Rasouli et al. (2018) experimentally charaeésl heat transfer and pressure drop of
single-phase liquid flow in eight micro-pin-fin arrays withried pitch and aspect ratios. The
pins were diamond shaped with respect to the flow. Nusselbeunorrelations were developed
using two different fluids, PF-5060 and liquid nitrogen, teaunt for Prandtl number effects on
heat transfer.

The predictions of the four correlations in Table 4 againgiegimentally derived/ are
shown in Fig. 9(b) for &, of unity. The mean absolute error (MAE) of the correlatiatefined

as

¢pred|

1. o
_ exp —
MAE = §1 e Tpred o 100% 9)

(bexp
is shown in the last column in Table 4. From Fig. 9(b) it is cl#zat none of the correla-
tions match experimentdl results well. The Prasher et al. (2007) correlation sigaifity

over-predicts, while the Short et al. (2002a) correlatioler-predicts, experimentél. The
Zukauskas correlation over-predicts the experimelithly a smaller extent, with a MAE value

10* 10%F
= i Ex
S R 5 TR Rasouli et al. (2018)
i Zukauskas (1972)
--------- Short et al, (2002a)
--------------- Prasher etal. (2007) —
S10°h o = 10°F
g 3
N f=
2 =2
12lIJII!J!llIIIJlJlAI 102‘.‘,|“‘,|“.,|‘.‘.
500 1000 1500 2000 2500 500 1000 1500 2000 2500
ReAmin‘c ReAmIn
(a) (b)

FIG. 9: Overall heat transfer coefficient of the unit cell stack ¢gerimental results of overall heat transfer
coefficient as a function of cold-side channel Reynolds remnfip) Comparison of experimentél with
that determined using relevant correlations in literatlitee solid black line is the curve fit of experimental

data from (a).
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of 38.5%, with predictions getting better at higher Re. Thaséuli et al. (2018) correlation
deviates from the experimentdlthe least, with an over-prediction by 29%. From Fig. 9(bi it
seen that the trend of experimental data is captured bydhislation. The heat loss uncorrected
U values are compared in Fig. 9. If the heat loss correctecesaere used, the MAE of the
Rasouli et al. (2018) correlation would be 25%. Hence, theoRk et al. (2018) correlation is
used in the heat exchanger model developed for cycle araty#ie next section.

From a comparison of pin array dimensions in Tables 1 and i, étear that the aspect
ratio and pitch ratio of the UCS pin array are out of the ranigin® correlations developed by
Prasher et al. (2007) and Short et al. (2002a). Moreovekg nbthe correlations in Table 4 were
developed for sC@ While the Rasouli et al. (2018) correlation was develop#h two different
fluids with Pr in the range of 1.9 to 12.1, the Pr for sd@the experiment was lower and hence
out of range of the correlation. It is clear that there is adniee additional experimental data
with sCG, as the working fluid in microscale pin geometries, and at ajreg conditions seen
in power cycles, to increase the predictive capability eftieat exchanger model.

The pressure drop (in kPa) across the fluid streams in the §GBown in Fig. 10(a). To
obtain pressure drop data, flow was routed through only aedfithe UCS (hot or cold) at a
time in order to ensure a steady pressure drop measuremeaitng the channels of interest
over a larger range of flow rates. The test was then repeatdideoother set of channels. For
testing, both channels were tested at the same fluid tenuperalespite their hot/cold designa-
tion. Pressure drop in the range of 1.5-9 kPa was observedia/&e range from 800 to 4200.
From Fig. 10(a), it can be seen that the pressure drop on tthrid cold flow sides of the
heat exchanger match fairly well with each other. Also showkig. 10(a) are results from CFD
simulations at select Re. The CFD model was prescribed fiiddesties and inlet mass flow
rates consistent with conditions measured in the cold sti@a@ssure drop tests. The compari-
son between the simulation and experimental pressure siggod at Reynolds numbers under
3000 but the simulations seem to be over-predicting pressuop at Re of- 3500. The reason
for the over-prediction by CFD at the highest Re is unclear.

N B B AN Exp-cold side
r f g°i" _sc:de A L A Prasheretal. (2007)
10kl a C‘F’Ds' e I ° Shortetal. (2002b)
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FIG. 10: Unit cell stack pressure drop results. (a) Adiabatic presduop measurements on both hot and
cold sides of the unit cell stack. Also shown are CFD simatagiressure drop predictions. (b) Comparison
of friction factor determined from experiments and fronereint correlations from literature.
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Pertinent correlations in literature for predicting seglhase friction factor on micro pin-
fin heat sinks are listed in Table 5. The correlations werecsetl based on the closest match
of the pin-fin pitch and aspect ratios range between the prestedy and that for which the
correlations had been developed. The Prasher et al. (20&/&lation was developed based on
testing of three heat sinks with circular pin fins. The authperformed pressure drop testing
on two squaretPFHS as well. The correlation of Short et al. (2002b) was ldgesl based on
a comprehensive study on friction factor of macroscalefipirieat sinks with air flow. The
observed change in the slope of fRgcurves made the author correlate their data with two
correlations for Rg;, < 1000 proportional to Rgz'es and for higher Reynolds numbers with
Ref,%og. Moores and Joshi (2003) correlated their experimentztidn factor data of water flow
across mesoscale pin-fin heat sinks with and without a aiearbetween tip of the pin fins and
heat sink’s top wall. The Zukauskas correlation (Zukauskas Ulinskas, 1983) was based on
cross flow through a bank of staggered tubes.

The comparison of the correlations in Table 5 with experitaktata is shown in Fig. 10(b).
The MAE of prediction is also noted in Table 5. From Fig. 1Qbis clear that the Zukauskas
and Ulinskas (1983), Short et al. (2002b), and Moores anHi J@903) correlations under-
predict the experimental pressure drop. The Prasher e2@0.7]} correlation predicts the ex-
perimental data to within 9%. For Re larger than 2000, thecmbgetween the correlation and
experimental data is excellent. Hence, this correlatiselscted for use in the heat exchanger
model described in the next section.

5. UNIT CELL HEAT EXCHANGER-PRELIMINARY THERMOFLUIDIC MODEL

In order to develop a simplified thermo-fluidic model for alfsgale IHM recuperator, two
aspects need to be incorporated in a design model: (1) atedidinit cell heat exchanger model,
and (2) header and plenum design to ensure uniform flow loigtoin into each unit cell (see
Fig. 1). The latter is achieved using CFD simulations of flldgv through headers and does not
affect heat transfer or pressure drop significantly sineeflibw dimensions in the headers are
larger than through the unit cells. In this section, a desigidel for heat exchange within a unit
cell of the microchannel recuperator is presented. Theubatithe model is the heat exchanger
size for given input flow conditions based on dimensions efrtticroscale flow passages.

The unit cell was modeled usingNTU relationship for a counter-flow heat exchanger
(Bergman et al., 2011). Classical assumptions includirgdigible heat loss to the environment,
constant properties, and negligible axial conduction wesed. Axial conduction was verified
to be negligible based on the dimensions of the unit cellkstache range of experimental
conditions. Based on given pin array dimensions and massrétsvthrough the unit cell, the
overall heat transfer coefficient for NTU was determinechgshe Rasouli et al. (2018) pin-fin
array heat transfer correlation from the prior section.dglasn a set effectiveness from the cycle
model (see the next section), the unit cell dimensions coeldalculated using the unit cell heat
exchanger model. The Prasher et al. (2007) correlation neasused to determine the pressure
drop through the unit cell.

Since various geometrical and flow parameters can be vastede of the variables were
kept fixed to provide sizing estimates in the cycle analysis@nted in the next section. The
width of each unit cell was fixed &t ce Of 1 m and the wall thickness () between the hot
and cold streams was fixed at 50fh. The computed unit cell length.{itcen) along with the
specified width Tynitcen) Were used along and the fluid stream channel heidgtitsagd Hy,) to
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TABLE 5: Literature correlations for single-phase friction fadtopin-fin arrays

Reference Remarks Single-phase friction factor correlation MAE%
- Micro pin-fin heat HN"0 8, —Du,\"*" (57— D\ *®_ o1
Prasher et al. sink f=4+%0295 Dy D Dy, Re 8.9
(2007) - Staggered o_.ﬁoc._m Rep; > 100
and square pin fin
1.3 < Hpin/Dp, < 2.8
2<Sr/Dy <36
24 < MN\NUN <4
- Macro pin fin heat HN\ %% /g N s\ e L
sortetal | sk | T=402 g0 (5 \p) R T 63.3
- Staggered circula '
(2002b) @ws o Rep, > 100Q
19< mv_:\bb <72
20< Sr/Dy, < 6.4
18<S./Dp <32
- Meso E:-z: heat f=4%32(H/Dy) " BRe 02
Moores and sink 1000< R 1000 536
Joshi (2003) | - Staggered circula < Répn < 9 '
pin fin 0.5 < Hpin/Dp < 1.1
13< Sr/Dy < 1.36
1.13< %h\@t <1.18
- Tube bank 1 ) 3 4
Zukauskas and g0 oored circulaf /= 0203+ 0.248E4Re " — 0.758E7Re 2 + 0.104E11Re ° — 0.482E13Re
Ulinskas 45.2
tube 1000< Rep;, < 2E6
(1983) .
- All fluids Sr/Dj, =15
Sr/Sp =125

TThe factor ofL/ D;, N,.., was applied because of the difference in the definitiofi aéed by Short et al. (2002b) with this study.
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determine a unit cell volume,
Vanitcel = 1.25 X Lynitcell X Wnitcen X (Hh + H,+2x twall) (10)

The unit cell volume was increased by 25% to include spacthéoflow distribution regions
within the unit cell (see Figs. 1 and 3). Based on the unitw@lime, a preliminary estimate of
the total volume of the IHM recuperator was determined as

Vikm = 1.5 X Vinitcell X Nunit cells in stackX Vstacks (11)

whereN it celis in stac€fers to the number of unit cells in a stack a¥igcksrefers to the number
of stacks containin@Vynit cells in stackf Unit cells each (see Fig. 1). A factor of 50% is to account
for the integrated flow distribution plena shown in Fig. In& the actual fluid volume is about
23% of the unit cell volume for the UCS design, the size of tlempm is about two times the
entire volume of fluid in the unit cells. Hence, the velocifyflow within the plenum would be
significantly lower than that within the pin arrays in the tucglls, lending to a uniform flow
distribution across the unit cells. A more detailed desgneeded in the future to determine
the exact size of the integrated plena. Additionally, theided model should include sectional
analysis of the recuperator in order to account for varyivegrno-physical properties.

6. CYCLE IMPLICATIONS OF USING THE IHM RECUPERATOR

The simplified correlation-based unit cell design modelatigped in the prior section was inte-
grated into a cycle-level thermodynamic model to deterrttieempact of recuperator design on
the cycle efficiency. A single-stage recuperator s@@wer cycle was modeled. The purpose of
this analysis is to provide perspective on the impact of feppsed recuperator design on the
cycle efficiency.

The T-s diagram of the cycle is shown in Fig. 11. A schematithefcomponents in sGO
power generation cycle with the corresponding state pamthown in the inset schematic.
There are six operating steps: 1-2 isentropic compressimmfressor, pressure increase to 200
bar), 2-3 isobaric heat input (recuperator), 3-4 isobagathinput (primary heat exchanger), 4-
5 isentropic expansion (turbine, pressure decrease dowA twar), 5-6 isobaric heat removal
(recuperator), and 6-1 isobaric heat removal (heat rejetteat exchanger).

To evaluate the impact of recuperator effectivenesg.f) and the design on the overall
power generation cycle efficiency) the unit cell recuperator model described in the prior
section was incorporated into a thermodynamic model deeeldor a brayton sC£xcycle with
a single recuperator. The cycle was modeled in Engineeripgfion Solver software (F-Chart
inc.).

Figure 12 shows a flow diagram of the coupled cycle-recuperabdel. the variables in
Fig. 12 correspond to the state points in Fig. 1. The coldsi@fet and exit state points for the
recuperator were 2 and 3, respectively, while the hotsi@fet and exit state points were 5 and
6, respectively. The high pressure of the cyBjevas defined to be 200 bar and the low pressure
Ps was defined to be 80 bar. Inefficiencies of the turbine and cesspr were not considered.
The mass flow rate of sCQhrough the closed cycle was kept fixed at 200 kg/s. the capaci
of the recuperator varied depending on the effectiveneteedHM recuperator. The number of
unit cell stacks and the number of unit cells per stack wererdened based on maintaining a Re
in each unit cell hot and cold flow streams in the range of th&ld&perimental data. Depending
on the average fluid temperature in the unit cell, the hag-5id varied between 1620 to 1930,
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FIG. 11: Temperature-specific entropy diagram of a single recuiperatCQ cycle. A schematic of the
components is shown in the inset figure.

Unit Cell Heat exchanger input
variables:

* Geometry of pin array

¢ Material of recuperator

*  Number of unit cells in stack
* Number of stacks

Cycle assumptions

* |sentropic compressor
and turbine work

* Negligible pressure drop
across heat addition and
heat rejection process

Cycle input variables
T,(compressorinlet) Unit cell HX model
T, (turbineinlet) Vary effectiveness
p, (compressor exit from 0-1
pressure)

ps (turbine exit pressure)
Mass flow rate

Unit cell HX model outputs
UA: qrECLlpl Lrecupl Vre:up dph;
dpe, Ts (Teo), T (Tho)

| |

Cycle calculated variables
based on HX model

* Paa=P2-dpc

Pe/1= Ps - dpy,

Q;, (process 3-4)

Q¢ (process 1-6)

n

Cycle calculated variables
(based on isentropic work):

* TemperaturesT, (Tg), Ts (Ty)
2 Wturb' Wcompl
- W,

FIG. 12: Flow diagram for combined cycle and recuperator model

while the cold-side Re varied between 1884 and 2049. Thegeraent of the IHM recuperator
consisted of nine stacks of 1000 unit cells in each stackKggel) for a total of 9000 unit cells.
Based on a prescribed effectiveness of the recuperataniheell length and pressure drop
was calculated from the unit cell heat exchanger model. Tiecell volume and recuperator
volume was estimated using Egs. (10) and (11), respectiValy pressure drop from the recu-
perator model was then fed into the cycle-level model tordatee the impact of pressure drop

Journal of Enhanced Heat Transfer



Design and Performance of a Microchannel Supercriticab@abDioxide Recuperator 387

on the cycle performance. Table 6 shows values at which ipgtegmeters identified in Fig. 12
were held fixed for the results shown in this section. The uppst of 7, of 800°C was based
on component constrains such as the temperature limits @frials used in the turbine. The pin
array dimensions were kept identical to the ones used inxperenents (Table 1).

The effect of the recuperator effectivenesge,, on the efficiency of the cycle is shown
in Fig. 13(a). From Fig. 13(a), it can be seen that recupemifectiveness has a significant
impact on the cycle efficiency; having high valuesgf,,is hence important in order to achieve
a reasonable cycle efficiency. The steep increase with increasingerecy, especially in the
range of 08 < ercyp < 1 is especially noticeable, indicating that significantngain cycle
efficiency can be obtained by increasing the recuperatectfeness in this range. For example,
increasing the recuperator effectiveness from 90% to 95%epéincreases the cycle efficiency
from 43.5% to 48%. Such increase in cycle efficiency at higluperator effectiveness comes
with lower approach temperature across the recuperator.

The variation of minimum approach temperature differemcthé recuperator as a function
of recuperator effectiveness is shown on the secondarpatedin Fig. 13(a). As described in
conjunction with Fig. 9, the approach temperature diffeeenan exist on either side of the
recuperator and can be calculated fr@iyn; —1¢, or 1}, , —1.,;. From Fig. 13(a), it is clear
that approach temperatures of under 20°C are observeddopeeator effectiveness in excess
of 95%. As seen in Fig. 9, the UCS experiments indicate thgi leiffectiveness is achieved
over the range of approach temperatures in the experimetw&bn 1°C and 5°C, indicating the
viability of the UCS design for this application.

TABLE 6: Values of input variables for the integrated cycle-recapmar

model
Cycle fixed variables Assigned values
Turbine inlet temperaturdy, (°C) 800
Compressor inlet temperatufg, (°C) 40
Compressor outlet pressufs (bar) 200
Turbine exit pressurd}; (bar) 80
sCQ, mass flow rate (kg/s) 200
Recuperator model fixed variables
Recuperator material IN718
Unit cell width, Wnit cen (M) 1
Wall thickness between hot and cold sidemj 500
Pin diameter gim) 797
Pin array heightigm) 500
Pin array transverse pitclSy (um) 1186
Pin array longitudinal pitch$y, (um) 1054
Number of unit cells in a stackYynit celis in stack 1000
Number of stackSNstack 9
Reamin.h 1620-1930
Reamin,c 1884-2049
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FIG. 13: Results from the integrated cycle-IHM recuperator mod®l.Mariation of cycle efficiency and
minimal temperature difference as a function of recuperaffectiveness. (b) Recuperator effectiveness
and hot- and cold-side pressure drop as a function of reatgpdength. (c) Heat exchange rate and power
density trends plotted against the length and volume of@beperator.

One way to increase the recuperator effectiveness is bgaserg the length of the recu-
perator. However, this increase in length would result imesgure drop penalty. The effect of
recuperator unit cell length on effectiveness and presime is shown in Fig. 13(b). Note that
since the width and pin array dimensions are fixed, an ineredength of the recuperator would
correspond to an increase in volume. The recuperator inlettémperatured}, ; andT, ; were
estimated quantities but were around 656°C and 110°C, ctggly. It is seen in Fig. 13(b) that
the length of the recuperator strongly affects the effectdss and pressure drop across the re-
cuperator. At a length of 18 cm [see dashed-dotted line in E3¢b)], which was identical to
that used in the UCS experiments, an effectiveness @5 is obtained. Higher effectiveness can
be achieved with trade-off in larger pressure drop and abpitst. The pressure drop on the hot
side (AP,) is markedly higher than that of the cold side due to the dgnsiriation of sCQ
(P, = 80 bar vs.P. = 200 bar). The large pressure drop on the hot side can be mkdyce
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increasing the height of the pin array on this side of the brelhanger. However, in order to do
S0, a more expensive manufacturing process, such as siek&iedischarge machining, would

need to be employed. Such modifications to the fabricatioegss are not crucial in the IHM

design since the shorter unit cell length ensures that thespre drop is low. For example, the
pressure drop is less than 0.25 bar for both cold and hot aideetength of 18 cm.

The capacity and power density of the IHM recuperator ardgadaas a function of recuper-
ator length and volume in Fig. 13(c). For a fixed mass flow r&a#00 kg/s, recuperator capacity
of greater 120 MW can be attained at a unit cell length of 18 The energy density of the
recuperator is high for small lengths of the unit cell butréases to an asymptote with larger
lengths. However, the large energy density at smaller kenigt due to the smaller volume and
not increased capacity. At a unit cell length of 18 cm, a posensity of 20 MW/ni can be
obtained. Note that the sizing estimates are based on dealeds for the headers and plena and
more detailed analysis of the headers and plena are needbthin more accurate estimates of
the IHM recuperator size. However, the preliminary esteagirovided in this section show the
promise of a recuperator design with integrated branchexyoh architecture.

7. CONCLUSIONS

Design of a microscale recuperator with integrated headgvitacture for a sC@power cy-
cle was presented. The recuperator consisted of multiptecalts of microscale flow passages
coupled together using headers and plena. A three-layeostiale pin-fin UCS was designed,
fabricated, and experimentally characterized. Overat transfer coefficients and pressure drop
derived from the experimental results were compared witls¢hobtained from literature. A
correlation-based recuperator model was developed aegrated into a thermodynamic model
to determine the effect of varying geometrical parametéthe IHM recuperator on the cycle
efficiency.

Salient results are summarized below:

e High effectiveness over a range of approach temperatutkiseat capacity rate ratioS,.
was achieved experimentally. F6}. ~ 1, the heat loss uncorrected effectiveness ranged
from 84% to 90% while for &, ~ 0.35, the effectiveness ranged between 90% and 95%.

e Overall heat transfer coefficients in the range of 300-1000M3AK were obtained at
reynolds numbers range of 900-2400. Thealues in this work are significantly larger
than that reported in literature for the same range of Re.

e Experimental pressure drop measurements compared wallGHD results for Re less
than 2400. Pressure drop correlation by Prasher et al. j20@dicted the experimental
values with an mae of less than 9%. The match between expaahsnd Prasher et al.
(2007) correlation pressure drop is excellent at-R2000.

e None of the heat transfer correlations developed for pirafiays predicted experimen-
tally derived overall heat transfer coefficient with reaeiole errors. The best match, both
in trend and least MAE (29%), was obtained using the coicgldtty Rasouli et al. (2018).
There is hence a need for a correlation for s@lGws through such pin arrays in order to
obtain better predictive capabilities of heat exchangeetsod
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e The integrated recuperator and cycle model highlightsrtiitance of a short unit cell
design of the IHM architecture. A unit cell length of 18 cm yides an effectiveness of
95% with pressure drops under 0.25 bar on both hot and cadd sifithe unit cell.

e Preliminary estimates of IHM recuperator size were prodibased on assumptions of
header size as a fraction of the unit cell stack volume. Thalt® indicate that power
densities on the order of 20 MWfgan be achieved using the IHM architecture. A more
detailed analysis of headering and flow distribution witthie headers is warranted to
obtain a better estimate.
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