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Abstract

Additively manufactured heat exchangers are one possible route to cost-effective sCO, power cycles. In
this paper, experimental results are obtained for two helical pin fin tubes that were designed following
parametric optimization of the fin array. Neither the numerical optimization nor the experimental
testing have been previously reported in the literature. The two tube designs were, (1) the optimization
inspired design, and (2) the optimization-inspired design with a fin diameter increased by a factor of 2.
To characterize the print, the designs were scanned using X-ray computed tomography to measure
feature sizes and heat transfer area. The optimization was conducted in a commercial, computational
fluid dynamics code. The code solved the Reynolds Averaged Navier-Stokes (RANS) and energy
equations with turbulence closure provided by the shear stress transport (SST) k-w model. In the
experiments, the Nusselt number augmentation was measured using the Wilson plot technique and the
friction factor was determined with mass flow and pressure drop measurements. The experimental
testing indicated that the optimization-inspired design had a friction factor that was four times less than
the baseline tube design at equal Nusselt number. Additionally, the optimization-inspired design had a
14% improvement in Nusselt number, at equal friction factor, relative to the best performing
computational fluid dynamics (CFD) trial points. Tube design (2), with the larger diameter pin fins, had
similar performance, within experimental error, as the tube with the smaller diameter pin fins (1). Both
tubes achieved overall fin array efficiencies near 1. A performance factor, V /V,, equal to the volume of
the enhanced heat exchanger divided by the volume of the baseline (no-fins) heat exchanger, is
recommended to quantify internal cooling performance. The experimental shell and tube heat
exchanger, using the additively manufactured tube, is competitive with printed circuit heat exchangers
in its pressure drop class and could be further improved by optimizing a shell-and-tube heat exchanger
utilizing this heat transfer enhancement feature.
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Nomenclature

A area [m?]
CFD computational fluid dynamics

CcT computational tomography
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tube diameter [m]

friction factor [-]

Heat Exchange and Experimental Testing

heat transfer coefficient [W/m?-K]

specific enthalpy [J/kg]

thermal conductivity [W/m-K]

tube length [m]

fin length [m]

recuperator mass [kg]

specific recuperator mass, ms, = m/Q [kg/kW]

mass flow rate [kg/s]

material volume per unit length [m3/m]

fin equation constant [m™]

Circumferential and pitch averaged Nusselt number, Nu = hD /k [-]
Average Nusselt number Nu = i_lD/k [-]

fin perimeter [m]

recuperator heat rate, Q = i (i¢, — ic;) [W]

heat flux [W/m?]

Reynolds number, Re = pVD/u [-]

thermal resistance [K/W]

supercritical carbon dioxide

thermal performance factor, TPF = (Nu/Nuy)/(f/f)*/? [-]
thermal performance factor, TPF* = TPF /(Fin Volume/Length) [m?]
thermal performance factor 2, TPF, = TPF/(Fin Volume) [m3]
thermal performance factor 3, TPF; = TPF /(Total Volume/Length) [m-]
thermal performance factor 4, TPE, = TPF* [m]

volume [m3]

tube pressure drop [kPa]

log mean temperature difference. [K]
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Ui overall fin array efficiency [-]

uli fin efficiency [-]

p density [kg/m?3]
U viscosity [Pa-s]
Subscripts

0 smooth, finless tube

oc cold, calculated

a single, enhanced (rough) tube
b bulk

c cold (tube)

f fluid
fin  fin

i inlet
m  Mmetal
oy overall
o outlet

p primary, tube wall
n single, smooth tube
r recuperator

s secondary, fin area
w  wall

xs  fincross section

1. Introduction

Supercritical carbon dioxide (sCO,) Brayton cycles are being considered as a potential replacement for
classical steam Rankine power cycles [1]. The sCO, Brayton cycle has the following advantages over the
Rankine cycle: increased efficiency (lower fuel operating costs, reduced CO; emissions for fossil powered
plants), decreased capital cost, smaller plant footprint and lower weight, and faster transient response.
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The flexibility of the sCO, Brayton cycle to function with various primary heat sources (fossil
(direct/indirect), solar, nuclear) is an additional benefit.

The U.S. Department of Energy’s (DOE) Office of Fossil Energy and Carbon Management has funded
internal and extramural research in sCO; Brayton cycle development, including a 10 MW indirect cycle
demonstration plant [2].

A simplified schematic of a recuperated sCO; Brayton cycle, typical of the above referenced
demonstration plant, is displayed in Figure 1. Main components including the main and bypass
compressor, high and low temperature recuperators, primary heater, turbine, and pre-cooler are
shown.

As shown, recuperated sCO, Brayton cycles have at least three heat exchangers: heater, cooler, and
recuperator (with the recuperator typically divided into a high temperature section and a low
temperature section to prevent a pinch point and to reduce the required quantity of high temperature
material). The heat duty of the recuperator is at least three times the heater [1]. The cost of the heat
exchangers is a significant portion of the cost of the plant. Reducing sCO, heat exchanger cost and size is
recommended to increase market penetration of the sCO; Brayton cycle [1].

' HT

Main Compressor F’ Recuperator
LT II:rmlary
Recuperator cater

Pre- Cooler Turbine

]
Bypass Compressor

Figure 1: Simplified schematic of sCO, Brayton cycle with components labeled.

The helical pin fin concept was introduced in prior work to create an enhanced heat transfer surface on
the interior of an additively manufactured, shell-and-tube heat exchanger [3]. Five tube designs were
fabricated and evaluated to establish a baseline. Pins were arranged in a helical pattern to create swirl
flow, generate turbulence, and increase heat transfer area.

More recent experiments in the same test facility [4-5] studied the use of heat transfer enhancement
features for cooling turbine blades in sCO; direct-fired power cycles. These studies demonstrated high
performance for traditional cooling enhancement features, operating in an sCO; environment, at
Reynolds numbers greater than 1 x 10>. This contrasts with the decreased performance for identical
features operating in air at Reynolds numbers greater than 1 x 10> [3]. Other cooling technologies for
turbine blade/vane cooling in these power cycles have been studied and are related to heat transfer
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flows in sCO; cycle heat exchangers. These studies found that heat transfer in impinging sCO, jets was
significantly underpredicted by air-based impingement correlations while air-based pin fin correlations
successfully predicted the cooling performance [6-7].

The state-of-the-art technology for sCO; heat exchangers is the printed circuit heat exchanger [2, 8]. It is
utilized due to its strength and reliability at high pressures, acceptable thermal-fluid performance, and
mature manufacturing process. While some early studies utilized conventional shell-and-tube heat
exchangers to verify heat transfer correlations [9], later studies transitioned to diffusion-bonded, PCHEs
[10] to achieve higher effectiveness.

Further innovations in the geometry of PCHEs, such as the stacked-sheet heat exchanger (where cooling
passages flow through hole arrays in stacked and bonded sheets) may continue to improve the
performance and durability of the technology [11]. Alternatively, thermal-hydraulic performance of
PCHEs has been improved by reducing the heat exchanger pressure drop. In one study, novel PCHE flow
passages including discrete, staggered rectangular or airfoil-shaped fins were shown to significantly
reduce pressure drop [12]. In another approach, the architecture of the heat exchanger was changed to
create a matrix of recuperator unit cells which could transfer heat in parallel [13]. Microtube and shell
heat exchangers have also been considered [14, 15].

Other investigators have recognized cost-effectiveness challenges with PCHEs which could be resolved
through alternate manufacturing technologies. One study proposed using a vacuum assisted brazing
technique to assemble a sCO2 recuperator [16]. The design achieved a reduced feature count since the
assembly process could accept more complex geometries and utilize inserts. Additional cost benefits
relative to PCHEs were less stringent geometric dimensioning and tolerancing (GD&T) for surface
finishes, reduced number of bond joints, thermal stresses reduced by utilizing a flexible core, and a
54.7% and 45.2 % reduction in weight and volume, respectively.

Additive manufacturing has been applied to improve the performance of other single-phase heat
exchanger technologies but has not been extensively studied for sCO2 applications. One study
developed a novel geometry for heat exchange between water (hot fluid) to R245fa (cold fluid) [17,
Sabau 2020]. To improve exchanger performance, each fluid pathway transitioned from tube-flow to
shell-flow. The advanced designs were compared to a 5 kW off-the-shelf, shell-and-tube heat exchanger.
The overall heat transfer coefficient of the advanced designs was 16% to 32% greater than the baseline.

To be economically competitive, the performance of an additively manufactured sCO; heat exchanger
needs to significantly exceed the performance of a-state-of-the art printed circuit heat exchanger or
other competing technology. Prior research and development at NETL and Oak Ridge National
Laboratory demonstrated an additively-manufactured recuperator with higher heat duty per unit mass
than a conventional printed circuit heat exchanger [18].

The novel contribution of the present work is to explore if commercial CFD and optimization codes could
be applied to improve the helical patterned pin concept [3] and to explore the effects of additive
manufacture on its thermal performance. The present study reports the numerical approach and
resulting optimization-inspired design, the experimental test, and a comparison between the
experimental results and the CFD prediction.
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2. Numerical Approach and Optimization Strategy
Steady State Reynolds Averaged Navier-Stokes (RANS) simulations were conducted with the ANSYS
Fluent CFD package. The continuity and momentum equations in tensor form are shown in Equations (1)
and (2) as documented in the software theory guide [19]. Turbulence modeling was handled using the k-
w Shear Stress Transport (SST) model since this model showed better agreement with Petukhov’s
correlation [20].

dp 0
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To obtain physically realistic results, wall y* varied from 1-2. A coupled, pseudo-transient solver was
utilized. Convergence residuals achieved 10 within 200 iterations and a hard limit at 1,000 iterations
was applied for each optimization case.

Simulation boundary parameters are displayed in Table 1. For momentum, the inlet was a mass flow
rate boundary and the outlet was a pressure boundary. The wall condition was a smooth, no-slip wall
which was handled by a boundary layer refined mesh and viscous sublayer boundary conditions, applied
automatically by the ANSYS SST k-w model for the boundary layer mesh. A schematic of the wall
thermal boundary conditions is shown in Figure 2. These consisted of a uniform inlet temperature and
uniform wall temperature. Conjugate effects within the pins were not modeled, thus the fin
temperature was uniform. This simplified boundary condition was applied to make the optimization
computationally tractable. The experimental approach accounted for the fin effectiveness and found
that the overall fin effectiveness was 0.97 for both Exp. Tube 1 and Exp. Tube 2, validating the
simulation boundary condition assumption.

The working fluid for the simulations was CO, with uniform properties. Simulations showed that the
axial bulk temperature variation was 2-4 K and, thus, property variation in each test would be small.
Furthermore, variation in cp from the wall temperature to the bulk temperature was less than 12%.
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Table 1: CFD parameters and boundary conditions.

Parameter Value

Inlet Temperature, T 400 K

Inlet Pressure, P 15.5 MPa
Density, p 279.6 kg/m3
Viscosity, i 2.65x10” Pa-s
Specific Heat, ¢, 1.67 kJ/kg-K
Thermal Conductivity, k 0.0392 W/m-K
Reynolds Number, Re 120,306
Prandtl Number, Pr 1.13

Nusselt Number, Nu, (Dittus Boelter) 279.93
Friction Factor, f; (McAdams) 0.0177

Inlet Mass Flow Rate 0.01 kg/s

Wall Temperature (uniform) 425 K

Tw =425K
A AT SIS TSI
Ti =400 K
Pt T T R P T P P T P P W P T P T T P T S T i W P T S
B
w
1 1
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I Tbout
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Figure 2: Thermal boundary conditions and bulk flow temperature variation.

2.1. Geometry Setup and Meshing
The helical pin fin geometry is shown in Figure 3 and a computer aided design (CAD) rendering is shown
in Figure 4. Design parameters are discussed in detail in Section 3.2.

> [« f

Figure 3: Drawing schematics of helical pin fin designs.
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Figure 4: CAD rendering of helical pin fin tube design.

Images of the fluid domain mesh are displayed in Figure 5. The domain was meshed with tetrahedrons
using a patch conforming algorithm. On the top row (a-b), images are shown of the cylindrical surface
with detail around the cooling pin. The nominal element size was 0.2 mm. Fifteen inflation layers with a
growth rate of 1.2 were applied at the outer tube wall and the pin fins. The first layer thickness was 5.8
x 10 mm. The inflation layers are visible in the second row of images (c-d), where the tube inlet is
displayed. In the bottom row (e-f), a section view of the mesh is shown with a detail view around a pin
feature. In the refined regions, the nominal element size is 0.06 mm. Grid independence was verified by
conducting a simulation with a baseline pin design. The baseline mesh had 1.71 x 107 cells. The cell
count was increased by 20% by adjusting the nominal cell size and remeshing. The change in Nu
predicted was less than 1%.

2.2.Simulation Benchmark Studies
Several benchmark simulations were performed prior to modeling the helical pin fin geometry. Smooth
tube simulations were evaluated to explore effects of unheated starting length, and turbulence model.
Inline pin fins were studied to identify entrance length trends. The effect of tube length on area-
averaged Nusselt number was determined including the length of pin-finned tube required to achieve a
fully-developed flow. A study with inline pin fins found that the wall-averaged Nu varied by less than 4%
for tube lengths greater than 12.7 mm. Results for Nu vs. L are plotted in Figure 6. Simulations were run
with this tube length so that each trial simulation could be obtained in a timely manner. It was noted
earlier that the SST k-w model was utilized for turbulence closure. Results relevant to this decision are
provided in Table 2. Here, the SST k-w model was demonstrated to have better agreement with
Petukhov’s correlation for a smooth tube than the realizable k-€ model.
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Figure 5: Images of the simulation mesh are displayed. Top row (a-b), images are shown of the
cylindrical surface with detail around the cooling pin. Second row (c-d), images are shown of the tube
inlet and wall boundary refinement. Bottom row (e-f), a section view of the mesh with complete
elements is shown with a detail view around a pin feature
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Figure 6: Nu as a function of L for tubes with inline pin fins. Dashed line represents linear fit to data points.

Table 2: Effect of turbulence model on area averaged Nu.

Nu: Petukhov’s correlation 148
Nu: Rke model —6%
Nu: SST-kw model —3%

2.3. Data Reduction
The Nusselt number and the friction factor were calculated from the simulation results.

The wall heat flux was expressed as a classical log-mean temperature rate law, which is applicable for
the uniform wall temperature case. The calculations were performed over the simulation volume
containing the final complete helical pass.

Q" = hATy,, (3)
— (Tw - Tbi) - (T - Tb,o)
(T Th,i) (4)
Tbo

= Q"/AT;y (5)

ATy,

= hd/k
(6)

The flow friction factor was calculated from the simulation results using the Darcy-Weisbach equation.
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2.4. Optimization-Inspired Design Search

2.4.1. Method
The Direct Optimization package in ANSYS Workbench was utilized in conjunction with ANSYS Fluent.
The geometry was defined parametrically in a CAD file and linked to the CFD and optimization software.
The optimization approach was selected to be Adaptive Single Optimization (ASO). ASO consists of the
following components: an Optimal Space-Filling (OSF) design of experiments (DOE) [21], a Kriging
response surface, and the Mixed-Integer Sequential Quadratic Programming (MISQP) optimization
algorithm with domain reduction to locate the global optima. At each optimization step, the algorithm
retained 75% of the domain for the subsequent iteration.

Prior to selecting ASO, various optimization schemes were evaluated including a multi-objective genetic
algorithm and single and multi-parameter methods. A single objective optimization was pursued,
requiring the definition of an appropriate thermal performance parameter. Due to complexities
associated with reproducing identical conditions in the experiments to those simulated in the CFD,
experimental results are compared to the scaled CFD dataset in a multi-objective manner.

2.4.2. Objective Function
Four thermal performance factors, TPF, were evaluated as objective functions. These criteria are
displayed in Figure 7. The first, TPF, is the classical thermal performance factor which for TPF > 1,
indicated an increase in heat transfer at constant pumping power and constant heat transfer area. TPF,
is the classical thermal performance factor weighted by the pin fin volume. To allow simulations with
different tube lengths, TPF, was introduced, in which the pin fin volume was divided by the tube length.
TPF; is different than TPF, in that the thermal performance factor is normalized by the total tube
volume. TPF; would be valuable to a design engineer when optimizing the entire heat exchanger. TPF,
was selected as the objective function for the present optimization. The selected thermal performance
factor strongly affects the optimum parameters found by the algorithm. Ultimately, based on the
experimental results, the V /V,, parameter (introduced in Section 3.3) is preferred over TPF,, TPF;, or
TPF, since these parameters introduce dimensionality into the objective function and are not derived
from a physics-based model. Future optimization efforts will utilize the V /V,, parameter.

When exploring the various objective functions, it was identified that the selection of an objective
function is governed by the design goals. The standard thermal performance factor, TPF, is the most
widely used factor and indicates a performance improvement when the change in area is minimal.
TPF > 1 indicates that an enhanced heat exchanger with equal pumping power and heat transfer area
would have an increased heat rate. It is important to note that any performance factor, including the
TPF, is at best a screening parameter. A design with a TPF < 1 could be useful to the designer provided
that Nu/Nu, is greater than 1 and the rise in f/f, is not excessively large. Frequently, heat exchanger
designers accept a f/f, penalty simply to achieve a Nu/Nu, gain in the same sized heat exchanger. A
future technoeconomic analysis could determine if this approach is cost-effective. Such a study would
include the contributions of Nu/Nu,, f/f,, surface area, and fin efficiency.
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Figure 7: Thermal performance criteria considered for the optimization component of this study.

3. Experimental Approach

3.1. Test Facility/Method
The heat exchanger tube designs were tested in the Heat Exchange and Experimental Testing
(HEET) Facility at NETL. The test facility and experimental approach have been introduced previously [3,
22]. A flow schematic of the test facility is shown in Figure 8 panel (a) and a picture in panel (b).

The experiments were conducted using the Wilson plot approach, where the measured heat exchanger
overall thermal resistance is plotted as a function of the calculated internal convective resistance.

The experimental technique has been previously reported for use in the HEET rig [3] and the approach is
summarized here.

Under conditions of small property variations, negligible conjugate conduction, and small heat transfer
to the environment, the total resistance (R,,,) from the hot fluid to a cold fluid in a heat exchanger is:

LMTD (8)
=g
Where LMTD is the log mean temperature difference and Q is the heat rate. The overall resistance
between the hot stream and the cold stream may also be written as the sum of the convection

resistance at the cold side wall (R.), the conduction resistance in the tube wall (R, ), and the convection
resistance at hot side wall (Rp,).

Ry, = R.+ R, + Ry (9)

The convection resistances are expressed as R, = 1/nh A; and R;, = 1/h, A, where h, is the heat
transfer coefficient at the cold side, A, is the cold side area, hy, is the heat transfer coefficient at the hot
side, and Ay, is the hot side area. R, R,,, and R, are each unknown. However, R,,, can be calculated
from experimental temperature measurements utilizing Equation (8). The experiments are performed so
that R, varies while R, and Ry, remain constant.
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Figure 8: HEET rig flow schematic (panel (a)) and photograph (panel (b)).

The slope of this line, R. /R, is given in Equation (10) from which the Nusselt number may be calculated
as shown in Equation (11).

The Wilson plot is now formed by plotting R,,,, as a function of R,. A typical plot is shown schematically
in Figure 9. It must be emphasized that (R./R.o) is the slope of the line and the y-intercept is R, + R},.
If the calculated values, R, equal the unknown experimental value, R, then R./R, = 1 and the R, vs.
R line has a slope of 1. Otherwise, the R./R.y value can be used to calculate Nu/Nu,.
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It is important to note that the average Nusselt number Nu measured by the experiments is equal to the
Nusselt number, Nu, predicted by the simulations. Nu is the circumferential and pitch-averaged Nusselt
number. Thus, Nu is a discrete average of Nu over the number of helix rotations required to span the
length of the tube. Since the flow is fully-developed, the axial property variation is small. Further, the
features are uniformly distributed. Consequently Nu = Nu. From this point forward, all results will be
referenced by Nu due to this equality.

A
RO‘U

Slope =R, /R

Intercept =Ry, + R,

v

Figure 9: Schematic illustration of Wilson plot.

Hydrodynamic results, including the friction factor, are calculated by measuring the pressure drop across
the tube with a differential pressure transducer.

Uncertainty in the friction factor, Nusselt number, and thermal performance factor were determined
using the Kline and McClintock approach [23]. Details on transmitter uncertainties are available in a
prior work [3]. To report uncertainties at a 95% confidence interval, it is assumed that all manufacturer
uncertainties are reported at one standard deviation. These measurement uncertainties are doubled
before entry into the propagation of error analysis. This yields a 95% confidence interval in the reported
uncertainties.

Test conditions for the present study are shown in Table 3. Test condition 1 was typical of the
temperature and pressure encountered at the low-pressure outlet of a sCO; cycle low temperature
recuperator and were previously considered in the experimental rig [3]. Test condition 4 approached the
conditions of the high-pressure line in the low temperature recuperator [14, 24, 25], but the rig design
pressure limit prevented operation at the higher pressures.
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Table 3: Test conditions for present study.

Test Condition 1 Test Condition 4
Tube
Inlet Pressure [MPa] 8.69 15.5
Mass Flow Rate Range [kg/hr] 32.0-103.1 48.2 —89.5
Inlet Temperature [K] 360.9 397.6
Reynolds Number Range [-] 7.73 x 10*-2.49 x 10° 9.14 x 10*-1.70 x 10°
Shell
Mass Flow Rate Range [kg/hr] 226.8 226.8
Inlet Temperature* [K] 422 463.7
Reynolds Number [-] 1.5 x 10° 1.27 x 10°

*Approximate, average shell temperature held constant across tests.

3.2. Test Articles

Test article parameters, including design and “as-printed” values are reported in Table 4. In this table, dimensions from the CAD
geometry are presented in the “Design” columns and measurements from the CT scan are displayed in the “as-printed” columns.
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CAD geometry and CT scan profiles of the test articles are displayed in

Figure 10.

Several observations are important to note concerning the reported parameters. First, the printed pin
diameters are smaller than the design parameters. This is attributed to poor powder fusion for the small
feature sizes. For test article 1, the fin length is also shorter. Agreement for the wall angle is somewhat
better but some uncertainty arises due to curvature in the fins. Features exhibiting curvature are shown
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Figure 10 panel (a). While the dimensional spacing between the fins equaled the design value, the non-
dimensional spacing (relative to fin diameter) increased due to the decrease in pin size.

A/A, is within 3% percent for Tube 1 and within 0.1% for Tube 2 due to the large ratio of un-finned area
(primary heat transfer area) to total surface area. For both tubes, M /M, increases 4% for Tube 1 and
8% for Tube 2 due to the tube printing process tolerances and additional volume filled by sintered non-
fused particles.

In summary, the printed test articles showed deviations from the design CAD geometries. All results in
this analysis conducted from this point will use the “as-printed” parameters.
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Table 4: Test article parameters. CFD optimum test article parameters shown for comparison.

TPF4 Tube 1 Tube 2
Exp/CFD CFD Exp Exp
Design As-Printed Design As-Printed
Major 0.11 0.33
Diameter 0.25 0.25 0.5
[mm]
Minor 0.11 0.33
Diameter 0.25 0.25 0.5
[mm]
Fin Length 1 1 0.68 1 1.02
[mm]
\[lzgall Angle 20 20 24.8 20 17.6
No. Helix 3 3
Paths 3 3 3
I[-j;ellx Pitch 45 45 + 45 +
Heli . .
ellx' 6 13.5 6 9.1
Spacing [-]
ID [mm] 6 6.22 6.22 6.22 6.22
Tube Length 12 142 142 142 142
[mm]
OD [mm] 8 9.53 9.53 9.53 9.53
A/A, 1.070 1.068 1.037 1.068 1.067
M/M, 1.002 1.001 1.042 1.002 1.078

* Not measured

3.3. Fin Efficiency and Thermal Performance Factor
The overall fin array efficiency was calculated using standard equations for uniform cross-section
extended surfaces [20].

The individual fin efficiency, n¢, for a pin fin with a convective tip is

V(hPkpAys)

= ((sinhnL + (=) coshmL)/(coshnL + () sinh(ni)) (1)

nk,, nk,,
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where n? = hP/k,, Ay, P is the perimeter, A, is the cross-sectional area, Agin is the fin surface area, L
is the fin length, and k,, is the metal thermal conductivity.

The overall efficiency, 7, is calculated

n= (Asnf + Ap)/(As + Ap) (13)

where A,, is the primary surface area (the tube area not covered by pins) and A is the secondary or fin
area.

Figure 10: Tube 1 CAD geometry (panel (a)) and CT scan (panel (b)). Tube 2 CAD geometry (panel (a)) and CT scan (panel (b)).

An important consideration in the present study is the thermal performance factor. Three performance
factors were considered for the experimental effort: classical thermal performance factor, TPF; heat
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exchanger volume reduction factor, V /V,; and TPF, scaled by fin volume. Derivations of the first two
performance parameters are available in prior work [3, 26].

As defined earlier, the classical thermal performance factor TPF is defined:
TPF = (Nu/Nug)/(f/fo)*/? (14)

TPF > 1 indicates that an enhanced heat exchanger would have a higher heat duty at fixed pumping
power and fixed internal heat transfer area than a smooth tube heat exchanger. We note that the
classical thermal performance factor assumes an overall fin efficiency of n = 1.

Heat exchanger volume reduction factor, V /V, is defined:

X _ (f/fo)l/z An M (15)

Vo (1 Nu/Nug)3/2 A, My
Where A, is the internal surface area of a single smooth tube (assuming the heat exchanger can have

multiple parallel tubes), A, is the internal surface area of a single rough tube, M is the total material
volume, and M, is the total material volume for a smooth tube.

V /V, < 1 indicates that the enhanced heat exchanger would require less volume at fixed pumping
power and fixed heat duty than a smooth tube heat exchanger.

The final performance factor, TPF* = TPF /(Fin Volume/Length), scales TPF by the fin volume and
length, giving designs with smaller pins a higher value. It is noted that TPF*= TPF, from the
optimization study.

4. Results and Discussion

4.1. Optimization-Guided Design Exploration
It is important to understand that the final design (parameters reported in the TPF, column of Table 4)
was inspired by multiple direct single objective optimization campaigns. This section outlines the results
from two optimization runs that helped to define the final design.
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Figure 11, TPF, is plotted versus input parameter for six parameters of interest: pin helical spacing,
helix pitch, number of helix paths, angle to the flow, angle from the tube wall, and pin length.

As displayed in the figure, TPF, reached an optimum for pin helix spacing at the upper parameter
bound, 6. TPF, reached an optimum when the number of helix paths, angle from the tube wall, and pin
fin length reached their lower bounds of 3, 20°, and 1 mm, respectively.
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Figure 11: TPF, versus input parameter for pin helical spacing, helix pitch, number of helix paths, angle to flow, angle from tube
wall, and pin length.

A peak in TPF, indicates an optimal helix pitch of 1.5. The distribution in TPF, versus the angle to the
flow results appeared bimodal with high performance at angles of 15° and 40°. For pins with circular
cross-sections the angle to the flow is irrelevant. Also, as determined in this campaign, but not shown
here is the result that the minimum fin diameter optimizes the design.

While optimizing the design for TPF,, it was identified that the thermal performance factor needed to
be normalized by the tube length. Furthermore, only the helix pitch and the angle to the flow needed to
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vary in the optimization since the other parameters could be fixed at their respective lower or upper
bounds.

The scaling by tube length was performed and TPF; and TPFE, were introduced. The objective function
was set to be TPF,, where the traditional TPF is normalized by the fin volume. The effect of the
normalization was that the optimal result was obtained at higher non-dimensional helix pitches (4.5).
This result is visible as shown in Figure 12. The change in the optimum parameter resulted from the
higher relative weighting of the small fin volume on TPF, rather than the total volume.
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Figure 12: Thermal performance factor #4 versus helix pitch. Optimal point bolded.

At this point, the design exploration was concluded, and the best-performing design was selected as
reported in Table 4.

4.2. Experimental Results
The experimental results are now presented and compared to the numerical results. First, Wilson plot
and pressure drop data for each tube and test condition are reported. Then, the thermal performance of
the optimized design is reported by considering trends in Nusselt number, friction factor, overall fin
efficiency, and thermal performance factors. Finally, the test heat exchanger is compared to other heat
exchanger technologies on a specific mass basis.

In Figure 13, R, is plotted as a function of R, generating a Wilson plot for each test article and test
condition. Each plot consists of five points. It is recalled that the slope is equal to R./R_q. From Equation
(11), it is apparent that Nu/Nu, is proportional to the inverse of the slope. Thus, a decrease in slope
indicates an increase in Nu. As shown in Figure 13, the slope (nominally 0.5) is largely insensitive to
changes between the test condition or the tube.

In Figure 14, results for AP versus Re are shown for each tube and test condition combination. The
uncertainty in AP is 0.2%, thus the error is less than the size of the markers and is not indicated with
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error bars. For clarity, quadratic curve fits are shown to interpolate results between the data points. This
functional trend is expected since the pressure drop depends on the tube velocity to the second power.
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Figure 13: Plots of R,,,, versus Ry (Wilson plots) for each test condition and tube design considered.
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In Figure 15, Nu is plotted as a function of f. Experimental points for Tube 1 and Tube 2 at conditions 1
and 4 are shown. For comparison, top performing designs, A and B, from ATE2020 [3] are shown at test
condition 1. CFD trial points are displayed as well. The condition that optimized TPE, is indicated by a
separate marker. Curves indicate the locus of Nu and f values that yield TPF = 0.9, 1, and 1.1. The
experimental dataset for all points, except the CFD trial points, is shown in Table 5.

The following observations are important to make concerning the results in this figure. First, Tube 1 and
Tube 2 have equal performance, within a 95% confidence interval.

The optimization-inspired helical pin tube has a friction factor which was at least four times smaller than
the prior baseline designs, with the Nusselt number nominally equal. The experimental, optimization-
inspired test articles had a 14% higher Nusselt number than the CFD trial points at equal friction factor.
Furthermore, Tube 1 (equal parameters to the optimal CFD design) had Nu =511, f = 0.129, both larger
than the CFD prediction, Nu = 311 and f = 0.052.

1000 ¢
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F ¢ CFD Trial Points
300 ¢ & CFD Optimum, TPF*
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Figure 15: Nu as a function of f for each test condition considered. Present experimental results at each test condition and for
Tube 1 and Tube 2 are presented. CFD results across a range of parameters are shown as purple points and represent a Pareto
front. The CFD point which optimizes thermal performance factor four is indicated by an open diamond. Prior experimental
results [3] are displayed as well.

Deviation from the design intent and surface roughness due to additive manufacturing yielded test
articles with higher performance than the CFD design. The CT scan imaging indicated that the
morphology of the pin fin features was altered in the additive manufacturing process and surface
roughness was introduced. It is important to recall that the CFD simulation did not account for either
effect. For Tube 1, the fin diameter decreased by 50% and the length decreased by 32%. For Tube 2, the
fin length equaled the design length but the fin diameter decreased by 34%. In this scenario, the
deviations from design intent and surface roughness increased the thermal performance relative to the
smooth, non-deformed design.
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An important discussion point, as introduced in Section 2, is how to interpret the computational results
when TPF < 1. Here, TPF is less than 1 when the optimized CFD results are scaled to experimental
conditions. However, this does not negate the value of the present results. The results indicate that the
helical pin architecture must suffer a pumping power penalty at the expense of its Nusselt number
augmentation. Furthermore, the experimental results demonstrate a TPF marginally greater than 1
indicating that deviation from design intent and surface roughness can further improve the present
design.

Shown in Figure 16 is the overall fin efficiency for the present test articles (Tube 1 and Tube 2), the prior
study (ATE A-C), and the CFD result optimizing TPF*. The process conditions for Tube 1, Tube 2, and the
CFD are at test condition 4, while process conditions for ATE2020 are at test condition 1. As shown in
Figure 15, Nu and f at test condition 1 and test condition 4 are each equal within a 95% confidence
interval. Thus, a direct comparison between results at test conditions 1 and 4 is permissible both for the
overall fin array efficiencies and the thermal performance results in Figure 17. Regardless, Tube 1 and
Tube 2 show a marked improvement in fin efficiency over ATE2020 A-C. Relative to the CFD results, Tube
1 has a fin array efficiency equal within 0.1% while Tube 2 has a 1% smaller overall fin efficiency.

Several observations are important to make concerning these results. First, the overall fin efficiency is
dominated by the prime surface heat transfer area (tube surface) and not the added fin area. This is
expected due to the small pin size and the sparse distribution. Second, the close agreement indicates
that a change in pin volume and surface area due to the additive manufacturing process has only a small
impact on the overall fin efficiency. Finally, fin efficiency has a small impact (2 to 4%) on the resulting
Nusselt number and the thermal performance factor.

In Figure 17, three performance factors (introduced in Section 3.3) are plotted for Tubes 1 and 2, and
the ATE2020 tubes A, B, and C. It is noted that ATE Tube C has f = 1.06 and is not displayed in Figure 15.
Including this point would have skewed the chart away from the other data. Error bars show the 95%
confidence interval. The error bars shown for Tube 1 are typical of the points for Tube 2 with the other
error bars omitted for clarity.

It is recalled that an increase in TPF indicates an increase in heat transfer for the enhanced design at
fixed area and pumping power, an increase in V,/V represents a decrease in heat exchanger volume at
fixed heat rate and pumping power, and an increase in TPF* indicates an increase in TPF or a decrease
in pin fin volume.

The following findings are important to make concerning these results. Tube 1 (optimization-inspired
design) yields an improvement over the CFD of 27% for TPF and TPF* and 40% for V0/V. Tube 2 yields
a similar improvement over the CFD for each performance factor except TPF*, where a decrease of 38%
is observed.
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Figure 16: Overall fin array efficiency for present test articles (Exp Tube 1 and Exp Tube 2), prior study (ATE A-C), and CFD result
optimizing TPF*. Process conditions for Exp Tube 1, Exp Tube 2, and CFD are at test condition 4.
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Figure 17: Thermal performance factor, TPF = (Nu/Nuy)/(f/fo)*/3, reciprocal of volume reduction factor, V0/V, and thermal

performance factor divided by fin volume, TPF* = TPF /(Fin Volume/Length) scaled by value for test article and test
condition 11.

For TPF, the CFD optimal design and experiment designs 1 and 2 showed improvement relative to
previous experimental results for baseline tubes A, B, and C [3]. Uncertainty in baseline tube A for

Vo /V is relatively large. Thus, it is not clear if Tube 1 and Tube 2 have higher V,,/V relative to ATE tube A.
TPF* is dominated by the fin volume. The CFD and experiments for Tube 1 and 2 show an order of
magnitude improvement relative to baseline tubes A-C when compared by TPF*.
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The increase in performance of Tubes 1 and 2 relative to the CFD is attributed to the decrease in pin
diameter and length arising from limitations in the additive manufacturing process as well as surface
roughness.

Table 5: Experimental data set.

11 14 21 24 ATEA ATEB ATEC CFD
Type Exp Exp Exp Exp Exp Exp Exp CFD
Re 1.223E+0 1.218E+0 1.226E+0 1.212E+0 1.200E+0 1.200E+0 1.200E+0 1.203E+0
5 5 5 5 5 5 5 5
Pr 1.007 1.086 1.009 1.086 1 1 1 1.130
Nu 544.13 549.19 502.69 523.80 581.99 462.39 446.84 320.17
Uy 24.49 28.25 22.60 29.65 87.30 69.36 67.03 -
f 0.133 0.132 0.127 0.125 0.474 0.446 1.065 0.052

Ur 0.017 0.017 0.016 0.016 0.024 0.022 0.053 -
n 0.975 0.971 0.970 0.963 0.897 0.854 0.592 0.972
Nu, 263.06 274.35 263.77 273.29 257.90 257.90 257.90 278.06
fo 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017
TPF 1.048 1.018 0.980 0.991 0.749 0.607 0.439 0.798
urpr  0.065 0.068 0.061 0.070 0.113 0.092 0.066 -
V/Vy 0.973 1.022 1.070 1.064 1.129 1.607 3.507 1.370
uyy, 0.089 0.101 0.096 0.110 0.255 0.364 0.793 -
TPF* 1.030 1.000 0.484 0.490 0.008 0.009 0.007 0.788
urprp+ 0.064 0.067 0.030 0.035 0.001 0.001 0.001 -

It is important to compare the performance of the optimization-inspired pin array to other architectures
to determine the value of this technology.

The recuperator specific mass, mg, ,» = m,./Q, and pressure drop, AP,, were determined experimentally
from the midpoint (Re = 1.22 x x10°) of each Wilson plot analysis.

Mgy, » is plotted as a function of AP, in Figure 18. Results at the present conditions for the helical pin fin
tube are reported, as well as, results for plate pin fin, printed circuit heat exchangers (PCHE), and shell
and tube (including one micro-shell-and-tube scenario, point with lowest specific mass)[22]. The average
uncertainty, calculated using the Kline and McClintock approach, in mg, ;- and AP, is 0.0085 kPa and
0.048 kg/kW, respectively. These uncertainties are smaller than the error markers and are not shown.

The helical pin fin results are clustered at low AP.. To compare to the PCHE performance, a power law
regression is performed on the PCHE model data, and the best fit equation is mg,, , = 1.6478AB 347,
The tested helical pin fin heat exchanger has 21.6% lower mg, , at test condition 1 and 42.7% lower
Mg, at test condition 4. This data suggests that the helical pin fin design is competitive with the PCHE
technology.

A direct comparison between the helical pin fin and plate pin fin technologies is not possible since data
for plate pin fin designs are not available for AP, < 10 kPa. However, one plate pin fin design, AP, = 14
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kPa, achieves a small my, . suggesting that the plate pin fin technology may be competitive with helical
pin fin technology for AP. = 1 to 10 kPa class heat exchangers.
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Figure 18: mgy, ,- is plotted as a function of AP, for the present optimized, helical pin fin design and several competing
technologies as reported previously (Robey et al., 2022). The 95% confidence interval in the helical pin fin results is less than the
marker size.

5. Conclusions

Experiments were conducted to evaluate the heat transfer performance of a helical pin array design
inspired by direct single objective optimization. The design showed potential to enhance heat transfer
on the tube side of an additively manufactured sCO; heat exchanger. Two designs were manufactured.
The first was the optimization-inspired design and the second was identical except the pin diameter was
increased by a factor of two as a precaution if the features on the first tube could not be printed. The
designs were CT scanned to study the build accuracy. Two test conditions were considered at
temperatures and pressures typical of a sCO; Brayton Cycle recuperator. The following conclusions may
be made concerning the results:

* The “as-printed” features of the first and second tube designs deviated from the design
parameters due to additive manufacturing feature size limitations.

* Experimental testing indicated that the optimization-inspired design yielded a 14%
improvement in Nusselt number, at equal friction factor, relative to the best performing CFD
candidate design.

* The tube design with the larger diameter pin fins had equal performance, within a 95%
confidence interval, as the design with smaller diameter fins.

*  Fin array efficiency approached 1 due to the small fin size for both designs.

* The tested optimal design had a friction factor four times smaller than those measured
experimentally in baseline pinned tube designs at equal Nusselt number.

* The V/V, thermal performance factor is recommended for quantifying internal cooling
performance in this scenario, where it is desirable to reduce heat exchanger tube material.
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* On akg/kW basis, the helical pin fin technology is competitive with printed circuit heat
exchangers in a comparable pressure drop specification.
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