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Abstract

A high efficiency Stirling Radioisotope Generator (SRG) is being developed for possible use in long-duration
space science missions. NASA’s advanced technology goals for next generation Stirling convertors include
increasing the Carnot efficiency and percent of Carnot efficiency. To help achieve these goals, a multi-dimensional
Computational Fluid Dynamics (CFD) code is being developed to numerically model unsteady fluid flow and heat
transfer phenomena of the oscillating working gas inside Stirling convertors. In the absence of transient pressure
drop data for the zero mean oscillating multi-dimensional flows present in the Technology Demonstration
Convertors on test at NASA Glenn Research Center, unidirectional flow pressure drop test data is used to compare
against 2D and 3D computational solutions. This study focuses on tracking pressure drop and mass flow rate data for
unidirectional flow though a Stirling heater head using a commercial CFD code (CFD-ACE). The commercial CFD
code uses a porous-media model which is dependent on permeability and the inertial coefficient present in the linear
and nonlinear terms of the Darcy-Forchheimer equation. Permeability and inertial coefficient were calculated from
unidirectional flow test data. CFD simulations of the unidirectional flow test were validated using the porous-media
model input parameters which increased simulation accuracy by 14 percent on average.

Nomenclature

Latin letters and Abbreviations Greek letters

Aupp regenerator approach area A change

Ay effective area o correlation constant
Cp Darcy Friction Factor B correlation constant
Cr porous-media inertial coefficient Y correlation constant
dy, hydraulic diameter p density, kg/m’

d, wire diameter n dynamic viscosity, kg/m-s
/o three-parameter modified-Ergun equation

K porous-media permeability coefficient

L regenerator length Subscripts

m mass flow rate atm atmosphere

p porosity or void volume k cooler

P pressure d downstream

Re Reynolds number h heater

” coefficient of determination r regenerator

T temperature s solid

u stream wise velocity u upstream

1D one-dimmensional

2D two-dimmensional

3D three-dimmensional
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I. Introduction

High-efficiency Stirling Radioisotope Generators (SRGs) are being developed for potential NASA space
science missions. The SRG 110 is being developed by the Department of Energy, Lockheed Martin, Infinia
(formerly Stirling Technology Company) and NASA Glenn Research Center (GRC) for possible future use,
including electric power for unmanned Mars rovers and deep space missions (refs. 1 and 2). The SRG 110 is
expected to have a system efficiency of about 22 percent and a specific power of about 4 W /kg. The high SRG 110
efficiency would reduce the amount of required radioisotope by a factor of four or more compared to currently-used
Radioisotope Thermoelectric Generators. In addition, projections for advanced technology development have been
established for future Stirling radioisotope power systems. These goals include achieving 8 to 10+ W/kg specific
power and 30 to 35 percent system efficiency.

To help achieve these goals, a multi-dimensional Computational Fluid Dynamics (CFD) code is being developed
to numerically model unsteady fluid flow and heat transfer phenomena of the oscillating working gas inside the Stirling
cycle (ref. 3). The commercial codes being used, CFD-ACE and Fluent, provide a macroscopic porous-media model
(includes linear and nonlinear terms for pressure drop as a function of velocity) where permeability, inertial coefficient,
and porosity are required input parameters. Transient pressure drop data is not commonly available between the
compression-space and expansion-space of the Technology Demonstration Convertor (TDC). In the absence of
pressure drop measurements for oscillating flow conditions, unidirectional flow test data has been used to compare
against CFD solutions for simulations of unidirectional flow through the test assembly (includes test fixture and heater
head). By assuming quasi-steady flow (refs. 8 and 10), the unidirectional flow test data was used to calculate the
porous-media input parameters (permeability and inertial coefficient) for use in the oscillating flow CFD simulations.
This effort involved reducing the unidirectional flow test data, calculating permeability and inertial coefficient, and
validating CFD models using the calculated porous-media input parameters.

II. Unidirectional Flow Testing

Since the first version of the TDC was delivered to GRC, improvements have been made to the overall design.
There is interest in understanding how those changes, particularly in the heat exchanger (HX) circuit, affect pressure
drop between the expansion-space and compression-space of the Stirling engine. The HX circuit includes the heater,
regenerator, and cooler, but the main interest is the pressure drop across the regenerator. The regenerator accounts
for approximately 95 percent of the pressure drop across the TDC HX circuit according to Sage TDC simulations for
oscillating helium (ref. 5), and approximately 90 percent of the pressure drop across the TDC HX circuit according
to Sage TDC simulations for oscillating air at a reference operating point where the operating frequency is 80 Hz,
heater temperature is 650 °C, cooler temperature is 80 °C, and mean operating pressure is 25 bar. The purpose of
this test was to measure pressure drop across the HX circuit of a TDC heater head as a function of unidirectional
mass flow rate. Unidirectional air flow was introduced to a TDC heater head and mass flow rate, local pressure, and
local temperature were measured at opposite ends of the HX circuit.

A. Test Fixture Design

A proposed flow test fixture design was simulated with a 2D axisymmetric CFD model (fig. 1, right) for flow
into the off-center test fixture port and reversed flow into the center port. Figure 1 (left) shows a 3D computer aided
drafting (CAD) model and the corresponding CFD simulation with velocity gradients shown. According to the 2D
axisymmetric results for the proposed geometry and initial inlet flow rate, the velocity profile did not fully develop
for flow through the approach annulus. Flow in the reverse direction did not result in any undesirable flow gradients.
Based on the CFD simulation results, the flow fixture design was revised. The design revision included an
adjustment to the entrance geometry, an adjustment to the approach annulus radial location, and the addition of a
flow distribution screen near the heater head interface. A 3D truncated domain of the entrance region near the off-
center port was simulated to confirm improved velocity distribution as seen in appendix figure A-3 (left). The
fabricated test fixture and attached heater head can be seen in figure 2.

NASA/TM—2006-214246 2
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Figure 1.—CAD and CFD Models. CFD simulations prompted unidirectional flow test fixture design revisions.

Figure 2.—Unidirectional flow test fixture assembly.

B. Unidirectional Flow Test Conditions and Results

The purpose of the unidirectional flow test was to characterize TDC heater head pressure drop as a function of
mass flow rate. Pressure drop across the TDC heat exchanger circuit was estimated using Sage 1D oscillating flow
simulation for air oscillating at the reference operating point. The resulting 41 kPa pressure drop across the HX
circuit was used as the test target pressure drop. This pressure drop corresponds to a range of regenerator Reynolds
numbers (0 to 100) commonly observed in 1D and 3D oscillating flow computational solutions at the reference
operating point. The GRC Flow Calibration Laboratory (FCL) facility gas supply and sonic nozzle were originally
sized from estimated mass flow rates derived from the 1D oscillating flow simulations. Preliminary testing included
a flow bench capacity test. The mass flow rate reached a maximum capacity corresponding to a pressure drop across
the HX circuit equal to 36 kPa, which was accepted as a maximum pressure drop for the test. A leak check was
performed by applying 34.5 kPa to the closed test section. The test conditions for each of the two flow directions are
summarized in table I.

TABLE I.—FLOW TEST CONDITIONS

dife::tvivon Data points Inlet port | P upstream | T upstream m upstream | T downstream | P downstream
1 20 Center measured measured* Incremental measured* measured*
2 20 Off-center measured measured* Incremental measured* measured*
*atmospheric conditions
NASA/TM—2006-214246 3
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Figure 3.—Flow Test Results. Pressure drop versus
mass flow rate for all test data points (39).

Air was introduced in increasing mass flow rates while pressure and temperature were measured upstream and
downstream. For both flow directions, the mass flow rate was increased over 10 increments, then decreased over
approximately the same 10 increments. The test section includes the TDC HX circuit (including the heater,
regenerator, and cooler). Figure 3 shows the measured pressure drop versus mass flow rate for all data points (both
flow directions). The variability of pressure drop for opposing flow directions was very small with an average
difference of 0.24 percent. The maximum pressure drop and corresponding mass flow rate reached during the entire
test was 36,635 Pa and 4.664E-03 kg/s respectively. The upstream to downstream pressure ratio ranged from 0.73 to
0.95 indicating that the flow was not choked (choked flow pressure ratio<0.528) during the test according to steady
1D compressible flow theory (ref. 11).

C. Permeability and Inertial Coefficient

The porous medium permeability and inertial coefficient are needed for the ongoing Stirling CFD modeling
effort. The commercial codes being used, CFD-ACE and Fluent, provide a macroscopic porous-media model
(includes linear and nonlinear terms for pressure drop as a function of velocity) where permeability, inertial
coefficient, and porosity are required input parameters. By assuming quasi-steady flow (refs. 8 and 10), the
unidirectional flow test data was used to calculate the porous-media input parameters for use in current Stirling
engine CFD simulations. The data presented in the previous section were reduced to calculate the porous-media
input parameters using a method derived by Tew (ref. 4). In this derivation, Darcy’s Equation, equation (1),
expresses the pressure gradient as a function of the square of the flow field velocity.

AP Cpl
= _ —D—pu2 (1
L dy2
The hydraulic diameter, equation (2), for a porous medium is defined as a function of wire diameter and void
volume.
D
dp=——d, 2

_l—p

Rearranging equation (1) gives the Darcy Friction Factor, equation (3), which is proportional to the pressure drop as
the flow field velocity varies.

AP 2d,,
c. AP 3
D= o (3)

The Darcy-Forchheimer Equation, equation (4), represents pressure drop through a porous medium as a function of
operating state, system mass flow rate, and porous-media physical constants; permeability and inertial coefficient.

NASA/TM—2006-214246 4
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The three-parameter modified-Ergun equation, equation (5), was employed by Gedeon and Wood as a regression
function used to fit the Darcy friction factor calculated from oscillating flow data (ref. 6).

fo = +PRe! ®)

In this derivation, the Darcy Friction Factor is approximately equal to the modified-Ergun equation. The regression
function fp is substituted into equation (1) and (4) which can be seen in equation (9).

Cp=/p (6)
The Reynolds number for bulk fluid flow through the porous medium can be seen in equation (7).
Re =0 ™
WAefr

The effective area of the porous medium, equation (8) is a function of the approach area and the void volume.
Aeff' = Aappp 3

Tew used previous definitions to derive the porous-media permeability and inertial coefficient. By equating
equation (1) and (4) and substituting the regression function (fp) for the Darcy friction factor (Cp), equation (9) can
be separated into two parts.

C
I|< K Re zldh 2d;,
solve for K solve for C; ©)

This derivation enables the grouped terms to be solved separately for permeability, equation (10), and the inertial
coefficient, equation (11).

2

K=2% (10)
Y

o _BRe (11)

V2a

Figure 4 shows a stacked screen regenerator test section used in unidirectional and oscillating flow testing at the
University of Minnesota (UMN) where heat transfer data is collected. The test section was designed for dynamic
similarity with flow through a reference engine regenerator (refs. 8 to 10). Permeability and inertial coefficient,
shown in table II, have been calculated using the three-parameter modified-Ergun equation based on data from the
UMN large-scale stacked screen test section, the Sunpower oscillating flow test rig developed under SBIR NAS3-
24396, and the GRC TDC heater head unidirectional flow test fixture (refs. 4 and 6). The shaded values have been
investigated and are discussed later in this paper.

NASA/TM—2006-214246 5



Figure 4.—Stacked Screen Regenerator Test Section.
Unidirectional and oscillating flow testing conducted
at the University of Minnesota where heat transfer
data is collected. Examples of reduced data include
thermal dispersion, velocity flow fields, permeability,
inertial coefficient, etc.

TABLE II.—PERMEABILITY AND INERTIAL COEFFICIENT OBTAINED FROM TEST DATA

Coefficient UMN large-scale screen t.est Sunpower oscillating flow test rig GRC unidirectional flow tegt ﬁ)}ture,

section (90 percent porosity) regenerator test samples TDC heater head HX circuit

1 2 3 4 5 6
UMN 2003 UMN 2004 Woven screens Metal felts 100% AP 90.2% AP

K, m’ 1.07E-07 1.86E-07 8.24E-07 4.08E-10 3.13E-10 3.52E-10
_ = 0.155 (Re=25), | 0.154 (Re=25),
Ce 0.049 0.052 811138 ((Il::; 123())’) 811798 ((II{{:; 1233’) 0.124 (Re =50), | 0.121 (Re =50),
) ’ 0.097 (Re=100) | 0.095 (Re =100)

Based on 100 percent of total measured pressure drop, 'Based on 90.2 percent of total measured pressure drop.

D. Data Reduction

There are three heat exchangers present in the TDC heater head HX circuit (heater, regenerator, and cooler).

The unidirectional flow test data represents pressure drop across the entire HX circuit (includes minor losses due to
abrupt area changes in that HX circuit) whereas the porous-media model input parameters, permeability and inertial
coefficient, are applied to only the CFD model regenerator volume. Sage and CFD simulations were used to estimate
what percentage of the total pressure drop was contributed by the regenerator in order to calculate a pressure drop
factor to be applied to the test data, seen in equation (12) and (13), before the Darcy friction factor was calculated.

M =0.975 (12)
APpixcircuit CFD

AFsegenerator =0.902 (13)
APxcircuit SAGE

The pressure drop factor decreases the measured pressure drop test data by the estimated fraction of regenerator
pressure drop to HX circuit pressure drop. The CFD pressure drop factor was not used in the study because it was
very close (within 2.5 percent) of the test data whereas the Sage pressure drop factor was applied to the measured
pressure drop to explore a significant difference from the test data. Figure 5 shows a comparison between the Darcy
friction factor regression function based on oscillating flow test data (Gedeon and Wood), 100 percent of the
measured pressure drop from unidirectional flow test data, and 90.2 percent of the measured pressure drop from
unidirectional flow test data. Permeability and inertial coefficient were calculated from all three regression
functions. All three sets of permeability and inertial coefficient were used in simulations discussed in the domain
selection study and mesh independence study.

NASA/TM—2006-214246 6
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Figure 5.—Regression Function Comparison. Comparison
between regression functions based on oscillating flow
testing across regenerator sample and unidirectional
flow testing (100 percent of total measured pressure
drop and 90.2 percent of total measured pressure drop
shown) across TDC heater head heat exchanger circuit.

Each regression function has a very high coefficient of determination indicating a good curve fit. appendix
figure A-1 shows the Darcy friction factor regression function (three-parameter modified-Ergun equation),
corresponding statistical residuals and coefficient of determination () for 100 percent of the total pressure drop
measured in the unidirectional flow test based on all unidirectional flow test data points shown in figure 3. Similarly,
appendix figure A-2 shows the Darcy friction factor regression function, corresponding statistical residuals and
coefficient of determination for 90.2 percent of the total pressure drop measured in the unidirectional flow test.

As previously mentioned, Sage and CFD simulations were used to estimate what percentage of the total
pressure drop was contributed by the regenerator. CFD simulation results for unidirectional air flow through the
TDC heater head (containing annular HX fins, 2D approximation of 3D geometry) for a physical state equal to
maximum pressure drop data point, seen in figure 3, resulted in approximately 35,766 Pa. Similarly, Sage simulation
results for air oscillating in the TDC at the reference operating point resulted in a maximum pressure drop across the
regenerator of approximately 37,000 Pa. The likely causes for the considerable difference in CFD results when
compared to Sage results are: (a) that Sage calculates approximate pressure-drop/rise end effects using standard
steady-flow expressions and CFD-ACE calculates pressure-drop/rise end effects using the full Navier Stokes
equations for discretized domains and (b) the Sage simulated reference operating point mean pressure of 25 bar and
the CFD simulated reference pressure of 1 bar differ by a factor of 25.

III. Computational Modeling and Analysis

The purpose of the modeling effort was to track unidirectional flow test data in order to validate the derived
permeability and inertial coefficient for use in the CFD simulations of unidirectional flow through the TDC heater
head. Recall that the permeability and inertial coefficient are used as input parameters in the commercial CFD code
porous-media model. The ongoing Stirling simulation effort stands to benefit from improved estimates of these
coefficients. The quasi-steady flow assumption suggests that coefficients derived from unidirectional flow test data
can be used in oscillating flow simulations. This assumption is based on the low Reynolds numbers found in
regenerator flow. The unidirectional flow modeling effort consists of domain selection study, mesh independence
study, and data tracking study.

A. Physical Models

Three domains were investigated simultaneously in order to select the most economical model able to produce
reasonable results. Figures 6, 7, and 8 show three solution domains used for the domain selection. All models use 2D
approximations for annular fin HXs based on the actual HX geometry. These 2D approximations minimize the
approximation difference for hydraulic diameter, flow volume, and wetted surface when compared to the actual
geometry. The 3D model was run in parallel on 4 processors to reduce simulation run time. Axial and
circumferential velocity distribution can be seen in appendix figure A-3 (right) where velocity magnitude gradients
suggest there is a non-uniform circumferential velocity distribution in the throttle.

NASA/TM—2006-214246 7
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Figure 6.—Domain Selection. Model 1 (3D 180° revolution of total domain, 2.44E+06 mesh cells) was used to
determine the most economically suitable mesh during the Domain Selection Study.

Off Center Port

Flow Test Section TDC heater head

Center Port

Pressure Gradients Shown

Figure 7.—Domain Selection. Model 2 (2D axisymmetric model of total domain, 1.86E+05 mesh cells) was used to
determine the most economically suitable mesh during the Domain Selection Study.

TDC heater head

Regenerator

Flow Test Section Annulus

Cooler
o

Flow Test Section Center Port

Figure 8.—Domain Selection. Model 3 (2D axisymmetric model of total domain, 1.11E+05 mesh cells) was used
to determine the most economically suitable mesh during the Domain Selection Study.

B. Flow Assumptions, Boundary Conditions, and Convergence

The simulation results are dependent on the accuracy of the geometric representation of the test section, the
boundary conditions, flow assumptions, and the corresponding closure given to those assumptions (SIMPLE pressure-
velocity coupled in this case) (ref. 7). The flow assumptions and boundary conditions used to define the simulations are
(a) no heat transfer (adiabatic at all non-flow external boundaries), (b) laminar flow, (c) constant density, constant
viscosity, (d) constant porous-media physical properties, (e) thermal capacity in walls neglected, (f) downstream
boundary conditions at constant pressure, and (g) upstream boundary conditions at constant velocity. The simulation
convergence criteria was set by the analyst to <I percent of the system mass flow rate which was calculated taking the
difference of the simulated inlet and outlet mass flow rate (per radian for axisymmetric models). It follows that
adequate convergence at maximum flow rates for axisymmetric models was achieved at <1.0E-07 kg/s/rad. Likewise,
adequate convergence at maximum flow rates for 3D models was achieved at <4.6E-05 kg/s.

NASA/TM—2006-214246 8
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Figure 9.—Domain Selection Study Results and Mesh Independence Study Results. Percent difference for Models
1, 2, and 3 as porous-media input parameters vary (left), percent difference for Meshes 3.0, 3.1, and 3.2 as flow
direction and data point vary (right).

C. Domain Selection Study

Simulations were performed to rate simulation run time and results accuracy based on a preliminary mesh for each
domain. The results from the domain selection study based on preliminary meshes are shown in table III, where the
description of the domain, corresponding mesh cell count, porous-media models input parameters, data point simulated,
and results accuracy can be seen. The accuracy of the results did vary depending on the porous-media model input
parameters used in the simulations. Figure 9 (left) shows that the highest accuracy was achieved by using the
permeability and inertial coefficient derived from unidirectional flow data (K = 3.13E-10, Cf= 0.124). Definition of
percent difference is shown in equation (14). Also, it can be seen that the more expensive models produced more
accurate results. The trade off of accuracy for decreased simulation time encouraged the decision to choose Model 3 for
the mesh independence study and subsequent data tracking effort.

MinAP
%diff =100% —
odiff ° MaxAP

100% (14)

TABLE III.—_DOMAIN SELECTION STUDY RESULTS

Model ~ Model Description K, m’ C, ?irarfilg‘?e:g% Da?aAP’ CF(];)?;;)Pa
1 3D, 180° Revolution, total domain 4.08E-10 0.170 FD2-DP1 5324 4068 (23.6)
2.44E+06 mesh cells 4.08E-10 0.190 FD2-DP1 5324 4290 (19.4)
Simulation run time = 12 hrs
Convergence: 4.5E-06, (>99.99 percent 3.13E-10  0.124 FD2-DP1 5324 4909 (7.8)
kg/s)

2 2D, axisymmetric, total domain 4.08E-10  0.170  FD2-DP10 36076 31988 (11.3)
1.86E+05 mesh cells 4.08E-10  0.190 FD2,-P10 36076 32721 (9.3)
Simulation run time = 3 hrs 4.08E-10 0.170 FD2-DP1 5324 4063 (23.7)
E"nvergence' 4.9E-08, (>99.99 percent 4.08E-10 0.190  FD2-DPI 5324 4147 (22.1)

g/s/rad)
3.13E-10  0.124 FD2-DP1 5324 4866 (8.6)

3 2D, axisymmetric, truncated domain 4.08E-10  0.190 FD2-DP10 36076 39890 (9.6)
1.11E+05 mesh cells 4.08E-10  0.170 FD2-DP1 5324 3986 (25.1)
Simulation run time = 0.5 hr 4.08E-10 0.190 FD2-DP1 5324 4084 (23.3)
Eonvergence‘ 8.9E-09, (>99.99 percent 3.13E-10  0.124  FD2-DPI 5324 4785 (10.1)

g/s/rad)

*FDx, DPx: Flow Directions can be seen in table I and Data Points can be seen in figure 3.

NASA/TM—2006-214246 9



D. Mesh Independence Study

Simulations were performed to rate mesh sensitivity to flow physics based on a range of mesh cell counts for
Model 3 in figure 8. The results from the mesh independence study are shown in table IV, where the description of
the relative mesh cell count, porous-media models input parameters, data point simulated, and results accuracy can
be seen. The minimum and maximum flow rates for each flow direction were simulated while the porous-media
model input parameters were held constant.

The variation in the results as a function of mesh cell count was slight (<2 percent), varying more at lower flow
rates. This indicated that the simulation results were nearly independent for all mesh cell counts. Mesh 3.0 was
selected for the data tracking effort in order to minimize simulation run time with little difference in accuracy.
Although Mesh 3.2 had a 20 percent lower mesh cell count compared to Mesh 3.0, it took longer to converge due to
the need to under-relax the momentum equation to avoid divergence.

TABLE IV.—MESH INDEPENDENCE STUDY RESULTS
Data Point Data AP, CFD AP, Pa

L. 2

Mesh Model Description K, m Cr Simulated Pa (%ediff)
30 2D axisymmetic, tuncated 3 13500 0,124 FD1-DP1 5328 4753 (10.8)
1.11E+05 mesh cells (ref) 3.13E-10 0.124 FD2-DPI 5324 4785 (10.1)
Simulation run time = 0.5 hr 3.13E-10 0.124 FD1-DP10 36635 37393 (2.0)
Convergence = 8.9E-07 3.13E-10 0.124 FD2-DP10 36076 36689 (1.7)
3.1 floDI;;’i‘r‘lsymmemc’ truncated 3.13E-10 0.124 FD1-DP1 5328 4751 (10.8)
1.43E+05 mesh cells (+22%)  3.13E-10 0.124 FD2-DPI 5324 4748 (10.8)
Simulation run time = 0.75 hr  3.52E-10 0.121 FD2-DPI 5324 4262 (19.9)
Convergence = 8.1E-08 3.13E-10 0.124 FD1-DP10 36635 37389 (2.0)
3.13E-10 0.124 FD2-DP10 36076 36639 (1.7)
3.52E-10 0.121 FD2-DP10 36076 33360 (7.5)
32 D axsymmetic, tuneated 3 13500 0124 FD1-DP1 5328 4837 9.2)
8 92E+04 mesh cells (-20%) 3.13E-10 0.124 FD2-DPI 5324 4746 (10.9)
Simulation run time = 1.5 hr 3.13E-10 0.124 FD1-DP10 36635 37186 (1.5)
Convergence = 3.9E-06 3.13E-10 0.124 FD2-DP10 36076 36661 (1.6)

T FDx, DPx: Flow Directions can be seen in table I and Data Points can be seen in figure 3.

Recall figure 5 which shows a comparison between Darcy friction factor regression functions for 90 and
100 percent of the measured pressure drop from unidirectional flow test data. Porous-media input parameters were
calculated using the regression functions and are shown in table II, columns 5 and 6. To investigate which set of
porous-media input parameters increased the accuracy of the simulations, Mesh 3.1 was simulated using both sets of
porous-media input parameters for the minimum and maximum pressure drop data points of flow direction 2 only.
Simulation results using the porous-media input parameters calculated from 100 percent of the measured pressure
drop from unidirectional flow test data were 7 percent more accurate on average when compared to simulation
results using the porous-media input parameters calculated from the 90.2 percent of the measured pressure drop
from unidirectional flow test data. The data points for each of the above mentioned simulations can be seen in table
IV. Model 3 was rated best based on simulation run time and results accuracy criteria. Mesh 3.0 was rated best based
on mesh sensitivity to flow physics criteria. The porous-media input parameters derived from 100 percent of the
measured pressure drop from unidirectional flow test data were rated best based on results accuracy criteria.
Figure 10 shows the mesh selected for the data tracking effort. The mesh is a structured hexagonal grid where fine
grids were used near walls to capture boundary layer flows. Smooth grid transition was ensured to avoid possible
large gradients in areas where small length and time scale physical solutions occur.

NASA/TM—2006-214246 10
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Figure 10.—Model 3.0 Mesh. The mesh independence study identified the most appropriate mesh to use for the

data tracking effort.

E. Data Tracking

Measured Pressure drop and Simulated

Pressure drop for Flow Direction 1

@ CFD Flow Direction 1

O Data Flow Direction 1

—a— %diff

The data tracking study was conducted #0000 5 Lo
using the optimized mesh and porous-media 350001 g ° |
input parameters (permeability and inertial QZ 300001 g L as%
coefficient) which were identified in the mesh g g 7%
independence study. The first 10 data points for g 2000 S [
both flow directions, shown in figure 3, were % 190001 Q g 1 150/:
simulated. Figure 11 shows the comparison & 1000 e 1 10%
between CFD and data results of pressure drop 5002 I e Zj

for first 10 data points of flow direction 1 (left)
and pressure drop for first 10 data points of flow
direction 2 (right). The CFD solutions, when
compared to the test data, were within 6 percent

0 1 2 3

Data Point

Measured Pressure drop and Simulated
Pressure drop for Flow Direction 2

1"

O CFD Flow Direction 2
O Data Flow Direction 2

agreement on average (averaged over percent A ediff
difference for all simulated data points in data #0000 s 6 | o
tracking study). The derived constants increased o000 a Laow
30000
accuracy by 14 percent on average when & Q 1 as%
compared to the same simulations using porous- g = g T %0%
. . 20000 - T 25%
media input parameters calculated from < 8
1 1 @ 15000 - 8 1 20%
oscillating flow test data. 8 q 1 1s%
0. 10000 4
+ 10%
5000 | N 1 5%
0 T T T T T T T $ T T 0%

0 1 2 3 4 5 6 7 8 9 10 "
Data Point
Figure 11.—Data Tracking Results. Comparison

between CFD and unidirectional flow test data results
of pressure drop for first 10 data points of Flow
Direction 1 (left) and pressure drop for first 10 data
points of Flow Direction 2 (right).
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IV. Concluding Remarks

This effort involved reducing TDC heater head unidirectional flow test data, calculating permeability and
inertial coefficient, and validating CFD models using the calculated porous-media input parameters. Based on the
initial CFD simulation results, the flow test fixture design was revised to include an adjustment to the entrance
geometry, an adjustment to the approach annulus radial location, and the addition of a flow distribution screen near
the heater head interface. Unidirectional flow testing was completed for air flow through a TDC heater head at
NASA. The Darcy-Forchheimer coefficients (permeability and inertial coefficient) were derived from unidirectional
flow test data.

CFD models were used to simulate the test section and test conditions. The CFD solutions, when compared to
the test data, were within 6 percent agreement on average (averaged over percent difference for all simulated data
points). The derived constants increased accuracy by 14 percent on average for CFD predictions of unidirectional
laminar flow through the TDC heater head.

The results suggest the permeability and inertial coefficient derived from unidirectional flow data (K = 3.13E-
10, Cf'=0.124), corresponding to 100 percent data regression function seen in figure 5, are more appropriate for use
in this physical domain. This assumption is limited to the range of regenerator Reynolds numbers explored in this
study (17<Re<86). Gaining confidence in the porous-media input parameters for unidirectional flow simulations
instills a high level of confidence for use of said coefficients in multi-D Stirling simulations where quasi-steady flow
is assumed for regenerator flows.
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Appendix

Darcy Friction Factor Regression Function

Darcy Friction Factor Regression Function
Eqn 8001 Sage(a,b,c)

; h Eqn 8001 Sage(a,b,c)
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Figure A-1.—Regression function to 100 percent Pressure Drop Measured in Unidirectional Flow Testing. Darcy
Friction Factor regression function (fp) versus Re; (left) and Darcy Friction Factor regression function residuals (right).

Darcy Friction Factor Regression Function Darcy Friction Factor Regression Function
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Figure A-2.—Regression function 90.2 percent Pressure Drop Measured in GRC Unidirectional Flow Testing. Darcy
Friction Factor regression function (fp) versus Re; (left) and Darcy Friction Factor regression function residuals (right).
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Figure A-3.—3D CFD Models. 3D truncated domain of the entrance region near the off-center port was simulated to
confirm improved velocity distribution after geometry revisions were made to test fixture geometry (left) and flow
distribution of Model 1 simulated in the Domain Selection section was used to investigate axial and circumferential
velocity distribution of the test fixture (right).
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