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SUMMARY

The purpose of this study was to develop a process to convert input signals
from one facility into another by reflecting geometric and environmental settings.
The Dynamic Energy Transport and Integration Laboratory (DETAIL) is a
research facility in development. Its aim is to emulate the daily interactions
among power production industry systems and receive real-time data from those
systems as inputs. To convert signals and ensure that the temporal sequences and
magnitudes reflect laboratory settings, the ability to scale and project data is
essential. To demonstrate this ability, Dynamical System Scaling (DSS) and
Hierarchical Two-Tiered Scaling (H2TS) (methodologies that enable systems to
scale and project or extrapolate data sets to desired environments while
conserving the observed behavior based on first principles) were applied to
DETAIL’s thermocline thermal storage system in the Thermal Energy
Distribution System (TEDS) facility and solid-oxide electrolysis cell in the High
Temperature Hydrogen Electrolysis (HTHE) facility. Both thermocline and
electrolysis cell systems were successfully scaled, and test cases were conducted
to generate a doubly accelerated energy charge and discharge in reference to past
experimental data from the facilities. The research results represented a case for
the thermocline system that required signals to be accelerated without altering the
stored energy. To enhance the quality of the accelerated data, error propagation
analyses were conducted on DSS post-processing terms to determine the
consequences of raw-data-associated errors.
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DETAIL Component Scaling and Methodology
Comparison

1. INTRODUCTION AND BACKGROUND

Integrated energy systems (IESs) are crucial components for maximizing the efficiency of energy
usage and complying with growing power demands [1]. The current state of power supply is a
superposition of all available power production methodologies, including fossil fuel, nuclear, solar, wind,
and others [2]. The coordination of these components is essential to avoid instances of energy waste and
outage during emergencies. Recent representative examples of outages and imbalances in grid load were
observed in Texas in 2021, when record-breaking low temperatures simultaneously impacted energy
production and increased power demand [3], and in Argentina in 2022, when prolonged unexpectedly
high temperatures decreased power production efficiency, increased power demand, and eventually
affected the supply of quality water as purification systems could not be operated at full capacity [4].
Some of the typical mitigations of these events include temporarily limiting energy usage, importing
electricity from neighboring grid operators, utilizing stored energy, or load shedding [5]. The role of IESs
is to dynamically respond to parameters such as power demand, grid frequency, and grid load balance. At
a given time of day, as power usage and power production (especially for renewable energy sources)
fluctuate, IESs not only have the potential to regulate power production distribution based on each
individual power utility but can also automatically turn on energy storing mechanisms (hydrogen
production, thermal storage, etc.) for times of unavoidable cases of excess energy, thereby preventing grid
frequency increase [5].

The IES that is represented in the Dynamic Energy Transport and Integration Laboratory (DETAIL)
is a combination of thermal storage, battery testing, hydrogen production, electrical vehicle charging, a
digital real-time power grid, distributed energy and microgrid, power plant operation, and a non-nuclear
microreactor experimental testbed [6]. The goal is to have each system communicate and emulate an [ES
environment. This includes receiving external signals from industry utilities as inputs to enable real-time
data-driven experiments. One component to consider is the design of the experiments when one DETAIL
system is interacting with another. Since each facility in DETAIL is operated by individual specialized
group, the physical ties between the systems are uncharted boundaries and for every new experiment
design, the integral effects on all systems must be evaluated. Another component to consider is how to
translate the industry data into lab configurations. Lab-scale facilities are downscaled versions of
industry-scale power plants or energy processing utilities and inputting raw data would not realistically
match lab configurations. For this purpose, a data post-processing step is required to convert output data
into configurable input data in the correct sequence, based on physics (i.e., when industry-scale data
comprise data points for every hour, each data point needs to be converted to correspond to a lab-scale
data point).

The purpose of this research was to implement Dynamical System Scaling (DSS) and Hierarchical
Two-Tiered Scaling (H2TS) to project, extrapolate or derive initial and boundary conditions, data sets,
and new tests based on existing knowledge and generated data from each target application for the facility
in question. The DSS (time-dependent) and H2TS (static) scaling procedures allow variations in system
parameters that are defined by design objectives, the detection of transient distortions, and unique
illustrations of generated data [7]. Out of the numerous capabilities provided by DSS and H2TS, the data
synthesis and scaling analysis tools are of particular interest. The utilization of both tools grants users the
ability to analyze critical data, and the mathematical algorithms to perform such activities are codable.



One example of using DSS and H2TS scaling analysis tools to engineer components is the parametric
study of the core makeup tank (CMT) from Westinghouse AP1000, which was simulated via RELAPS5
[8]. Work in the last fiscal year developed DSS code in RAVEN, and CMT was downscaled identically to
work described in Li et al. [8] in size while maintaining the same draining time [9]. Another example
using DSS is the downscaling of the Experimental Breeder Reactor-II metallic fuel rods to shorten the
required irradiation time [10]. Based on neutronics, reactor physics, and thermohydraulics, the fuel rod
geometry for the desired irradiation time was determined. The application of DSS and other modern
scaling techniques to systems and models that are developed under the IES program constitutes a logical
continuation of previous IES work, in which systems were analyzed using traditional scaling approaches

[11].

To apply the test extrapolation case, our research team selected a thermocline thermal storage system
(TTSS) in the Thermal Energy Distribution System (TEDS) facility and the solid-oxide electric cell
(SOEC) in the High Temperature Hydrogen Electrolysis (HTHE) facility at Idaho National Laboratory
(INL), which is part of DETAIL under the IES program. One of the missions of the IES program is to
optimize thermodynamic and financial efficiency through system integration [12]. The TEDS and HTHE
facility were designed to demonstrate thermal system functions for the generation, storage, delivery, and
use of high-quality energy products to support industrial processes and grid infrastructure [13]. Together,
TEDS and HTHE represents the required communication between heat storage and heat utilization.

Currently, the validation activities for the TEDS and HTHE models are being conducted in Dymola
(Modelica-based) with collected facility data [14]. The simulation covers transient physics-based models
for scaled-up IESs, including nuclear power plant (NPP) designs from Westinghouse and NuScale Power.
Coupling reactor modules with heat transfer loops to test the feasibility of heat extraction from NPPs
requires the simulation of the systems’ performances in advance. The simulation must be capable of
reproducing experimental results. Therefore, a set of representative experiments need to be defined and
used to validate the models against experimental results. For validation cases, such as that of TEDS, the
current research focuses on projecting data and the required operational conditions to accelerate the core
phenomena as a potential future test design that could support code validation.

2. DYNAMICAL SYSTEM SCALING THEORY

The DSS approach to system scaling is based on transforming the typical view of a process into a
special coordinated system in terms of the parameter of interest and its agents of change [15]. By
parameterizing a process using a time term, which is introduced later in this section, the reproduced data
can be converted into the special three-coordinate system (also called the phase space) and form a
geometry with curves along the surface that contain invariant and intrinsic properties. The remainder of
this section is a review of DSS theory, which was introduced into publications by Reyes [[7],[15],[16]]
and was used in this analysis for the thermocline scaling. The parameter of interest is defined as a
conserved quantity within a control volume:

B = 5 [If, ¥ 0 av (1)

Where B is defined as the volume integral of the time- and space-dependent conserved quantity y when
normalized by a time-independent value Wo, which characterizes the process. The agents of change are
defined as the first derivative of the normalized parameter of interest:
1 d 4 > - - —
© =55 MM, wE O AV = [[,(bo + b7) AV + [[,G- 7) dA [, (B — ) -7 da @)
The changes are categorized into three components: volumetric, surface, and quantity transport. The
agents of change are also the sum of the individual agents of change:

1 d

w(®) =g I ¥E D =T o €)



The relationship between w and f is the following:
ap
0(®) = %] =30 @

where o is the first derivative of the reference time. As defined in Einstein and Infeld, time is a value that
moves in constant increments [17]. The process-dependent term in DSS is called process time:

w(t) = £3 (5)

Using 8, w, and 7, the transient of the parameter of interest is characterized as geometric data using
the coordinate system shown in Figure 1. To measure the progression difference between the reference
time and process time in terms of the reference time, the idea of temporal displacement rate (D) is
adopted:
dr-dt _ B dw

b® = dt w2 dt

(6)
The interval of the process time is:
dt =13=[(1+D)dt (7

Applying the process action to normalize the phase space coordinates produces the following
normalized terms:

ﬁ=a)rs,ﬁ=ﬁ,f=ri,§=D (8)
S

The normalized agents of change (ﬁ) is also referred as the effect parameter, and is used with the
parameter of interest to visualize the phase space of the transient. A representation of the phase-space
diagram is provided in Figure 2.

r &\

Constantr-lines

Process Curve

TF

=+ﬂ

Figure 1. The f-w-t coordinate system with the representation of data evolution defined with changing
process time where subscript “/” is the initial state and “F” is the final state [7].
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Figure 2. Phase space defined by the effect parameter () and parameter of interest (). 17 is the geodesic
distance between model and prototype data points along constant normalized process time.

To demonstrate a simple example, suppose the parameter of interest is an arbitrary sine function. The
agents of change and its first derivative are then:

B = sin(ct) » w = ccos(ct) — i—(; = —c?sin(ct) 9)
The temporal displacement is:

_ _bBdo _ 2
D = g = ctan (ct) (10)

The process action for reference time interval of (t;, tg) is: (11)
75 = [(1 + D) dt = (tan(ct) — tan~*(tan(ct))) |, (12)

The process action normalized terms are:
t
(tan(ct)—tan‘l(tan(ct)))lg:

Q = wts = ccos(ct) [(tan(ct) - tan_l(tan(ct)))lgf], t= (13)

Although the provided example is given as an explicit equation, for realistic cases, the transient
parameter of interest () values is typically in data array form. To determine the agents of change (w) and
temporal displacement rate (D), discrete numerical methods for derivatives and integrals are required for
total DSS analysis.

The scaling relationship between the prototype and model can be defined for both § and @ and
represents the scaling of the parameter of interest and its corresponding agents of change (or the
frequency obtained from the units of time):

Ay =bm, 0, =21 (14)

Bp wp

Where the subscripts M and P stand for the model and prototype, respectively. The application of these
scaling ratios to Equations (5), (6), and (8) provides the scaling ratios for other parameters as well:

t Ada T T Aa B Q 7 D
24w _Tsm A Bu_ gy Bu_ g, Im_q Du_ g (15)

tp  Ag’ T  Tsp g’ Bp A Qp Tp Dp
The normalized agent of change is the sum in the same respect:

Q=3 (16)



The ratio of Q is expressed in the following alternative form:

~ k ~ o~ —_~ ~
0 ="m_ Zica O _ OmatQmat+Qumk (17)
Qp 3K, 0p;  Opi+0p+-+0py

By the law of scaling ratios, the following must be true:

Q Q Q
/1A — ~M,1 — ~M,2 S — M.,k (18)
Qp1 Qpp Qpk

From Reyes, the scaling methods and similarity criteria are subdivided into five categories: 2-2 affine,
dilation, f-strain, cw-strain, and identity [15]. Table 1 summarizes the similarity criteria. Despite the five
categories, in essence, all are 2-2 affine, with the exception of the partial scaling ratio values being 1.

Table 1. Scaling methods and similarity criteria that result from two-parameter transformations [15]

Basis for Process Space-Time Coordinate Scaling

1 dBp
Metric Invariance dip = diy and Covariance wp dtp
Principle 1 dBu
oy dty
B — w Coordinate Transformations
2-2 Affine Dilation B-Strain  w-Strain Identity
Br = A4 Br =4 Br = Aa Br=1 Br =
wp = Ap wp =4 wp =1 Wp = Ap wp =1
Similarity Criteria
Op =4 Qpr =12 Qp =4 Or=1 Or=1
A4 1
TR =tg =— Tgp=tg=1 TR =tp =14 Tp =t =— Tgp=tg=1
Ag Ap

The selection process is completely dependent on the system to be scaled and the restrictions applied.
According to personal experience, limitations such as geometry, material properties, and manufacturing
methods are major components that constrain the available types capable of scaling while abiding to
research objectives.
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Figure 3. The prototype and model temporal displacement rate as axes added with the ideal 45-degree line
for fission gas production simulated in BISON. If model and prototype values are perfectly scaled, each
corresponding data point should overlap with the ideal line /70].

3. HIERARCHICAL TWO-TIERED SCALING THEORY

The H2TS consists of four fundamental domains: subdivision of interacting systems, identification of
scaling level, system scaling analysis, and process system scaling analysis [7]. The subdivision and
scaling identification is accomplished by conducting a Phenomena Identification and Ranking Table
(PIRT) activity to discern the existing subsystems, modules, constituents, and phases. Depending on the
weighting of each component and developed equations, the scaling emphasis on either system scaling
analysis (also called top-down scaling) or process scaling analysis (also called bottom-up scaling) may
differ from one project to another. In some cases, a top-down scaling reveals important processes that
may be need to be addressed in the bottom-up scaling.

To express each H2TS task while abiding to DSS’s conserved quantity within a control volume
equation format, Equation (2) will be used as the main starting point for describing H2TS terminologies.
Equation (2) is modified to Equation (14):

aviy .
# = Sl + Z;cn=1]l,xAl,x + Z;cn=1 lpl,x(vl,x - vs,l,x)Al,x (19)

Where volumetric, surface, and quantity transport are provided for each constituent [. V; is the control
volume, 1, is the conserved quantity per volume, S; is the volumetric source or sink, j; is the quantity
flux, A, is the sectional area, v; is the fluid velocity, and v ; control volume surface velocity. For
simplicity, the fluid velocity difference will be expressed as Av. Terms holding units are replaced with the
following dimensionless form:

Vl+=ﬂ’lp+=ﬂ S+=i 4+ Jix + _ _wl,x _ﬂ

Arx + +
= — = — =" Av' =
Vio Yo’ L Sio’ Jux » lx Apxo’ lpl’x Yixo’ Lx

JLx,0 (20)

Avyxo



Replacing terms in Equation (19) into Equation (18) provide the dimensionless form:

avityf , ,
Voo ldt L= 8108+ ZRe1Jix 040l Alx + 2Xe1 Y1x BV 0ALx oWl AV Alx (21)
The first task in H2TS is to derive the residence time. This specialized temporal quantity is used to
determine how long a certain system or process transient prevails. For steady state analysis, the residence
time is still used to determine system similarity or calculate the full-time duration of the scaled

phenomenon of interest:

. . 14

Residence Time: Tz = lso—wlo (22)
Lo

In this case, the residence time is defined to be division between the reference conserved quantity and
reference source or sink. The unit is the inverse of the per time quantity. To extract meaningful
information that is utilized to determine the components affecting the conversed quantity, the
characteristic time ratio for each component of change is derived in dimensionless form and describes the
relative evolution of the component transient. Considering the residence time equation, the characteristic
time ratios can be determined from Equation (20):

avi Jix04Lx0 ; Yix,08V1x,04Lx,
Trs ldt L= Sl+ + chnzl x; xo]l-!—xA?,—x + Z?zl 0 S o0 lp;,-xAUlTxA?,-x (23)

L0 1,0

Each component coefficient about reference values is dimensionless and can be shown as the

following:

M, = jl,x,oAl,x,o, M, = W1x,0AV1x,041x,0 (24)
St0 St0

In full form, Equation (22) is represented as:

+. 0+
TRs % = Sl+ + Z;cn=1 nllexA?,-x + Z;cn=1 Hzlpi‘,’xAvlTxA?,-x (25)

Depending on the quantity of each characteristic time ratio, the following are behaviors determined
by the reference value combinations: (1) if smaller than 1, only a small amount of the conserved quantity
is transported relative to the generated or destroyed amount, and (2) if equal to 1 or larger, relatively
significant amounts of the conserved quantity are transported. If the denominator of characteristic time
ratios I1; and IT, included v; o, then relative target is the conserved quantity reference value. Decisions
upon selecting which combinations to derive residence time and characteristic time ratio can affect how
users interpret the relations of conserved quantity and its components of change.

The scaling aspect of H2TS is to determine the model system geometry and environment conditions
based on system similarity. This includes matching characteristic time ratio values that have been
identified in the PIRT process.

An example can be shown for the quantity flux characteristic time ratio by considering the protype
and model reference values:

_ jl,x,oAl,x,o

HP — jl,x,OAl,x,O
S
L0

Si0

= Iy 27
M

P



Depending on the reference value flexibility, some parameters are possibly unchangeable and may
restrict the model design. In the case where model quantity flux is forced to be equal to prototype values
and the model conserved quantity generation or the sink is half, the reference surface area must be half as
well:

. , S Aol
Juxoly = jixolpSioly, = =52 = Avxol, = =55 (28)

Although it would be ideal to match all characteristic time ratios, it is said to be impossible, and
negligence of discarded terms are sources of scaling distortion [7].

4. THERMAL ENERGY DISTRIBUTION SYSTEM SCALING ANALYSIS

The TEDS TTSS system was selected as the first demonstration case from which to extrapolate data.
The TEDS facility is one of the energy storage systems in DETAIL, which specializes in thermal charge,
storage, and discharge. It comprises the following seven components: (1) a therminol tank, (2) an oil—
glycol heat exchanger (HX), (3) a filtration system, (4) a driving pump, (5) a heat injection system, (6) a
TTSS, and (7) a therminol regulation system. The TTSS sits between the hot and cold lines that allow
flows from either section, depending on the operation mode [12] and is shown in Figure 4:

Figure 4. TTSS nodal representation and charge modes.

The following sections characterize the conservation rules and non-dimensionalize the process when
necessary.



4.1 Thermal Energy Distribution System Governing Equations

Based on the publication of Konor et al. [12], the following governing equations were used and
modified for the purpose of scaling in DSS and H2TS methodologies:

411 Mass Flow Rate

When the mass flow rate from the inlet is m, then by conservation of mass, the mass flow rate within
the TTSS must be equivalent:

s 2 _ 2
m = pinvz,in”Rin - pthvz,thET’:Rth (29)

Where p;,, is the inlet density, p.j, is the TTSS density, v, ;,, is the inlet axial velocity, v, .y, is the TTSS
axial velocity, R;, is the inlet pipe radius, € is the porosity (ratio of fluid to filler), and R;j, is the TTSS
fluid tank radius. The TTSS axial velocity is the following:

CRZ
Vyn = Pinkin 2Z,Ln (30)
’ PthERLy

41.2 Conservation of Mass
In cylindrical coordinates, the compressible conservation of mass is:

0pen |, 10(PenTvren) | Vorn 9(Ptnvetn) | OVatn _
at +r or + r a0 + 0z =0 (31)

Where v, ¢, is the TTSS radial velocity and vy ¢, is the TTSS azimuthal velocity. By expanding the terms
and ignoring the radial and azimuthal velocities, the differential density is:

0pth = —v 9pen ov, (32)

ot Vz g, Ptnm,
4.1.3 Conservation of Momentum

In cylindrical coordinates, the compressible conservation of momentum in the axial direction is:

D(penvzen) 0P (1 zen | 0%Vztn az17z,th)
pe o THr T T T o (33)
Where P is the TTSS internal pressure. By expanding the terms, the differential axial velocity is:
ov Vyn O 1 9P 10v 9%y 0%v
zth _ _ Vzth Pth 1 oF (_ z,th + z,th + z,th) (34)
ot Ptn Ot pPth 0z r or ar? 0z2

414 Conservation of Energy

From Konor et al. [11], the thermocline heat transfer equation that characterizes the energy
conservation of a fluid flow through porous media for low- and no-flows is (originally from Gunn 1978
[18] and modified in [19]):

oT .
pthCP,thET[RchdZa_zh = pthENRchvz,th (hz - hz+dz) + hcsr (Tfr - Tth)dz + Qlosses (35)



Where ¢ is the porosity, h, is the specific enthalpy of the current node, h,. 4, is the specific enthalpy of
the next axial node, h is the convective heat transfer coefficient between the fluid and filler, S¢, is the

filler temperature, Ty, is the TTSS fluid temperature, dz is the axial distance between each node, and

Qjosses is the heat conduction through the walls. When the specific enthalpy is replaced by the specific
heat and temperature at the node, the heat transfer equation is:

2 3,0Tth _ 2
PenCp tneMREdz " = penenRE vy en(CpzenTenz — CpzvaztnTen z+az) (36)

+thr(Tfr - Tth)dz + Qlosses

By dividing both sides by dz and considering the specific enthalpy difference portion as a form of
first-order forward numeric differentiation, the difference can be rewritten as the spatial first derivative of
the specific enthalpy in the axial direction:

or d(cpnT o)
penCnmemRiydz 5 = ponmRGvgen " 4 S, (T = Tip) + e (37)

By using Equation (28) for the TTSS axial velocity and expanding the terms, it can be reorganized as:

ATt PinREVzin dcpin ATer\ | heSr(Ter—Ten) TR, kdT,, , 0k ATy, 8%T,,
- 2 th + Cp,th + 2 + 2\ . k 2 (38)
at PthepthRin 0z 0z PthCp thEMR, PthCp th€MREy \1 OT or or or

Where T, is the wall temperature.

4.2 Thermal Energy Distribution System Dynamical System Scaling

The TEDS TTSS DSS scaling has been published under [20] to satisfy previous milestones. The
content shown in this report will be a summary of the publication only providing end results.

4.21 Scaling Objective

As a test case for data projection, the transient data set of the double accelerated heat charge and
discharge while conserving the amount of heat storage was determined without altering system geometry
based on past data. The conducted research determined the following steps to complete the data
projection: (1) discretize axially and radially some of the differential equations to include data points at
specific measurement locations, (2) non-dimensionalize parameters of interest, (3) determine scaling
ratios by considering law of scaling ratio, (4) commence coordinate transformations selection process,
and (5) determine projected data based on assumptions, adaptions, and facility restrictions.

4.2.2 Scaling Results and Conclusions

Considering the available data and discretized form of Equation (36), the following parameters were
non-dimensionalized: (1) thermocline centerline middle fluid temperature (T at i),( 2) inlet fluid
temperature (T, at i — n/2), (3) outlet temperature (T,,,; at i + n/2), (4) wall temperature (T, at i, j), (5)
ambient temperature (Tgyy, at i, j + 2), and (6) inlet velocity (v, ;,, at i — n/2 when charging and at i +
n/2 when discharging). Unfortunately, due to the limitations of measurement equipment, terms such as
thermocline filler temperature and velocity cannot be collected. Figure 5 shows the locations of existing
data used for the DSS scaling and Equation (38) is the relevant defined scaling ratios.

10



H-.n/Z

Figure 5. Nodal locations of each data measurement.
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Inlet Velocity:

Ambient Temperature:

After thorough investigation, several types of phase space coordinate transformations were

Uiy at |,
A, ) Ay, av,
z,
dat
P
aT;mb
2 _ T;mb,M 1 at M
-A,amb Tc-l'-mb R ’ B,amb aT;mb
dat
P

considered, leading to the selection of w-strain type scaling (shown in Table 1). Two main factors drove
the selection: the time scaling and fluid properties. One of the objectives was to doubly accelerate the
thermal charge and discharge of the TTSS. To achieve this goal, the timing of the projected transient data
must be half of the measured data and eliminates the dilation and identity phase space transformations due

to restricting the time ratio to be 1.

Based on equations shown in Equations (31), (33), and (37), the following are the non-
dimensionalized, model and prototype divided, law of scaled ratios applied, and inserted with expressions

shown in Equation (38):

Mass Conservation:

Momentum Conservation:

Energy Conservation:

1 _ (vz,0> AA,vz/lA,p
Bp — AZO R AA,Z

Ay A P, A
AB,]}Z — AV, B,p,/.{B’vz — < 0 > A,P :

/1A,p PoVz,0A7 R AA,pAA,Z

= ), ()

2

1 _ pinRinvZ,in,OCP,in ) 1

B,th — DenC Rz Az RV, in”"Athy
thtP,th™th

2
1 _ pinRinvz,in,OCP,thTin,O
B,th —

R/lA,v i AA,in
pthCP,thR?hAZTth.O > o ’

2
pinRinvz,in,OCP,thTout,O
Apn = RZ AzT
PtnCpth Nt BZ1tp o
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1 _ < kTw,amb > /1A,amb
B,th — 2
Pencpen€RTeno) , Aar
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Two other objectives were to maintain geometry and conserve the amount of heat stored during the
transients. Considering all geometric ratio terms are 1, and the projected ambient temperature
environment is expected to be equivalent to the prototype, the corresponding scaling ratios are shown in
Equation (42) (thermocline centerline middle fluid density has been converted to inlet density):

Thermocline Height: My=1 Ag,=—
Thermocline Radius: MAr=1, Ag, =—
Thermocline Centerline 1 =

Middle Fluid Ar

Temperature:

Thermocline Centerline
Middle Fluid Density

(results in thermocline AA'”th - (Uzo) tr
fluid velocity): /R
; Cp ink
Inlet Fluid Temperature: Aain = (2—
PtnCp,tnTin,0
Outlet Fluid 1 _ PoutCp,th
Temperature: Aout Oen C}2>,th Touto
1
Wall Temperature: Aaw = <_
Tw,O
c
Inlet Velocity: Ay, = <'0”1_Pth
PinCp,in
Ambient Temperature: Adamp =1, Agamp = —

PtnCp,tnTtn,0

2
PtnCh enTin,0
poutCP,th ) 1

AB,out = (
> tr, gy, =(
R

2
PthCh etnTout,0

- (UZ,O)R tlz?

CP,ink ) 1

)
o R
otk

1

RtR

Ptn CP,th>
Pin CP,in R

For the remainder of coordinate transfer methods, Equation (42) dictated their elimination by
parametrically testing applicable thermocline, inlet, and outlet fluid properties, including wall properties.
The study revealed [-strain scaling could not produce a time ratio lower than 0.6 (i.e., the heat storage
can only be accelerated up to 67%) while staying within the bounds of reasonable temperatures. For 2-2
affine (as shown in Table 1, A4 and Ap values are not restricted to any value), valid scaling ratios turned
out to be multiples of the w-strain scaling (i.e., ratios were A4: Az = n: 2n, where n is any positive real
number) and in essence did not provide unique scaling information. The scaling results for reference
values to normalize the generated and projected data is provided in Table 2 and Table 3.

Table 2. Prototypic reference values used to normalize parameters of interest /20].

Prototype Scaling Parameter Values
Thermocline Fluid Reference Temperature 166°C
Thermocline Fluid Reference Density 909.4 kg/m?
Thermocline Fluid Reference Specific Heat 2.0716 kJ/(kg'K)
Charge Line Reference Temperature 196°C
Charge Line Reference Density 887.98 kg/m?
Charge Line Reference Specific Heat 2.1802 kJ/(kg'K)
Discharge Line Reference Temperature 187°C
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Prototype Scaling Parameter Values
Wall Reference Temperature 194°C
Wall Reference Conductive Heat Transfer Coefficient 15.7 W/(m-K)
Inlet Reference Velocity 0.458 m/s

Table 3. Projected reference values used to normalize parameters of interest /20/.

Projected Scaling Parameter Values
Thermocline Fluid Reference Temperature 354°C
Thermocline Fluid Reference Density 762.5 kg/m*
Thermocline Fluid Reference Specific Heat 2.7813 kJ/(kg'K)
Charge Line Reference Temperature 417.78°C
Charge Line Reference Density 707.97 kg/m’
Charge Line Reference Specific Heat 3.0367 kJ/(kg'K)
Discharge Line Reference Temperature 398.59°C
Wall Reference Temperature 413.51°C
Wall Reference Conductive Heat Transfer Coefficient 18.9 W/(m-K)
Inlet Reference Velocity 0.455 m/s

To satisfy the conservation of stored energy, the utilization of the w-strain scaling method and
parametrically derived nominal values ensures near-ideal conditions. The exact ideal conditions, although
the requirements are known, could not be produced in this analysis due to the variability of fluid and
material properties at different temporal temperatures. Since each scaling ratio is about the temperature,
specific heat, and density of therminol 66 (stainless steel for tank walls), the possible value combinations
restrict the achievable agents of change (w) scaling ratio (4p) values. The w-strain coordinate
transformation restricts the parameter of interest (f) scaling ratio (1,) value to 1. The ideal value would
be 2 where the time ratio is 0.5. As shown in Table 4, the thermocline centerline middle fluid temperature
agents of change are slightly less than the ideal value of 2. One aspect of Table 4 is that other parameters’
scaling ratios are not exactly w-strain scaling. Recalling that the objective is to conserve the heat storage,
the w-strain is only applied to the thermocline centerline middle fluid temperature. The rest of the terms
change scaling ratios to enforce near-ideal scaling for the main parameter of interest and retroactively
attain 2-2 affine coordinate transformation. The behaviors observed accelerating the base case are
represented in sections below.

Table 4. Scaling ratio values used to attain a doubly accelerated energy charge and discharge /20]

Parameters A4 Ap
Tip 1.000 1.993
Tin 1.037 2.069
Tout 1.027 2.046
T, 0.4692 0.9351
Vin 0.5086 1.014
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The TEDS facility conducted tests to observe the charging and discharging modes for a thermocline
storage system in TEDS. The thermocline was charged until the system reached the desired target
temperature. It then switched to discharging mode to remove excess heat. The temperature and velocity
data were analyzed to determine the 8, w, w’ (first derivative of agents of change), and D parameters and
the temperature, and velocity data were then normalized with the nominal values listed in Table 2 and
Table 3.

Base Case and Projected Case Comparison

4.2.3.1 Thermocline Centerline Middle Fluid Temperature

The temperature data were analyzed in locations that were representative of the thermocline inlet,
outlet, and centerline positions. The data were smoothed using a Savitzky—Golay filter to reduce noise.
Figure 6 shows the normalized centerline thermocline temperature trace for the duration of the test, with
both operation modes listed as well.
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Figure 6. Normalized temperature data from the thermocline centerline location: reference is Ty = 418°C
[20].
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Figure 8. Scaling comparison of charging mode at the centerline, phase 2 [20].

Because local equilibrium points create singularities in DSS, each mode was separated into individual
regions of interest to avoid this issue, shown in Figure 7 and Figure 8 for the charge mode, and Figure 9
and Figure 10 for the discharge mode. The centerline charging mode analysis was separated into two
phases due to the presence of a local equilibrium position that was reached in charging mode between
roughly 5000 (s) <t <8000 (s), as seen in Figure 6. Figure 7 and Figure 8 show the f (normalized raw
data), w (first derivative of ), w' (first derivative of @ or second derivative of 8), and D (second-order
term, also known as the temporal displacement rate) values for the original measured data and the scaled
data from using the 44 = 1.000 and Az = 1.993 values, which corresponded to a process time ratio of Tz=
0.502. The accelerated data occurred in roughly half the time of the original charging sequence. For a
simpler visualization of this, the reference time is presented as the relative reference time passed. Each
projected point was 0.502 of the past data time, but at different magnitudes that were not consistent with
the time ratio. This was due to the scaling ratios derived in Section 4.2.2, in which the scaling was non-
linear to the time ratio and was fluid property-dependent. An important aspect of using the w-strain
scaling is that the scaled and original data sets need to have equivalent temporal displacement rates. When
the x-axis was given as fractions of the maximum time, it could be seen that this requirement was
achieved and that the two processes were invariant.

The thermocline discharge data were similarly analyzed using the same A4, A5, and T values from
Figure 7 and Figure 8 to construct the accelerated data set. Similar to the charging mode, a period of
equilibrium was reached between the reference time of 11,500 (s) <t < 12,000 (s), which required the
discharge data to be split into two analysis phases. Figure 9 and Figure 10 show the main DSS parameters
for each phase in discharging mode. The magnitude agreement between the temporal displacement rates
were maintained and the transient features of both the w and w' parameters were seen to be magnified in
the accelerated case. The temporal displacement rate changed sign twice during the first phase, indicating
that the discharge process switched from a dilated process time interval to a contracted process time
interval and then back to dilated. In other words, the relative change between the reference time and
process time shifted in magnitude, which displayed the complexity of the data geometry.
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Figure 9. Scaling comparison of discharging mode at the centerline, phasel [20].
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The scaled process curves for both modes in Figure 11 and Figure 12 show that there was an overlap
between the curves, indicating that the w-strain scaling was successfully applied to the data and that there
was no distortion within the thermocline temperature data. This represented the required temperature
transient, and the first- and second-order effects that were needed to maintain no distortion and allow the
thermocline to be charged and discharged twice as a fast in this specific test. If the TEDS facility were to
design a future experiment for half-time but desired the same amount of stored energy, it is expected that
the generated data would follow the accelerated data by using the given boundary conditions at the times
derived by DSS. This projection of data would support the signal conversion for incoming and outgoing
information for DETAIL.
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4.2.3.2

The normalized inlet temperature traces are shown in Figure 13, with data separated for the charging
and discharging modes provided as well. In Figure 13, it can be seen that there were several periods of
temperature plateau, which limited the data regions that were available for the DSS analysis. For the inlet
location, the 14 = 1.037, A = 2.068, and resulting 7z = 0.501 values were not identical to the thermocline
centerline A values, as discussed in Table 4. The change in temperature trends was attributed to the flow
direction at different modes. In charging mode, the hot fluid flowed from the thermocline inlet and out of
the thermocline outlet. On the other hand, discharging mode injected cold fluid (relatively low
temperature compared to the hot fluid temperature) in the thermocline outlet that was then ejected out of
the thermocline inlet, thus reversing the flow. This explained the delayed temperature response compared
to the thermocline temperatures in Figure 6, as the interface of the cold and hot fluid traveled back to the
inlet location.
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Figure 13. Normalized temperature data from the thermocline inlet location: reference is Ty = 354°C [20].
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The charging mode data for the inlet location needed to be separated into two phases, similar to the
previous sections. As expected, the charging data saw a temperature plateau region that was similar to that
observed in the thermocline centerline data. The DSS parameters for both phases are plotted in Figure 14
and Figure 15, in which it can be seen that the temporal displacement rates were equivalent once again.
However, because the 1, value was not exactly 1.0, the beta traces were slightly offset in magnitude. This
offset was most observable in the second phase, for which it was analyzed over a short time interval.

The DSS parameters for the discharge mode thermocline inlet location are shown in Figure 16 and
Figure 17. Similarly, trends were observed in the matched temporal displacement rates, indicating that the
process time intervals were matched between the original and scaled accelerated scenarios. Additionally,
the features of the w and w' terms were magnified by the accelerated case, as expected. The shift in 8
values appeared to be magnified due to the short time interval that was considered for the discharge

phasing and the axis limits.
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Figure 14. Comparison of charging mode at the inlet location, phase 1 [20].

1.00 x10~*
: ‘- } et —————
NN i e
0.95F > 1 ey e
- \\\\ s -2r1 '\;‘;_.,r‘
AND i
0.90f U o
AN N Sl
. ~o -4t i
0.85¢, ‘ L~ L ‘ ‘
0 500 1000 0 500 1000
x10~* x103
15¢ A —-= Original 2 7‘
" -=-- Accelerated |
W Tl
g 1 )
Jost It ] !
_i T 0 f‘. (e — 1
] _l N\, =/
L s S ] LN
0 500 1000 0 500 1000

Charging Reference Clock Time [s]

Figure 15. Comparison of charging mode at the inlet location, phase 2 [20].

19



Figure 16.
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Figure 17. Comparison of discharging mode at the inlet location, phase 2 [20].

The comparison of the scaled process curves in Figure 18 and Figure 19 shows that curve separation
occurred in both modes. This was expected because the 44 value was not exactly 1.0 and the shift of the
curve was more prominent in the discharge phase, primarily due to the short time interval that was used
for the analysis, which emphasized the separation more. In the first mode, the separation became more
pronounced as the charging phase evolved. This showed that slight deviations from the w-strain
requirement of A4 = 1 could result in a process being scaled more by 2—2 affine scaling. However, the
matched { magnitudes indicated that the transient aspect of the process time was preserved between the
two cases. If the effect parameter values and normalized thermocline temperatures were to be divided by
their corresponding scaling ratios of 1, = 1.037, the data points would overlap perfectly, which is an

indication of perfect similitude.
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4.2.3.3

Discharge Line Outlet Temperature

The normalized thermocline outlet temperature data and reference values used for the normalization
are shown in Figure 20, along with the separated data that were considered in the charging and
discharging mode analysis. Compared to the inlet location, the charging data had a similar temperature
plateau region, which also required the charging data to be analyzed in two phases. However, the
discharging mode data recorded a substantially smoother temperature decrease without the plateau
regions that were seen in the two other locations. This resulted in the discharging mode data being

analyzed in one data set. Due to the flow reversal during mode transitions, the timing of the trend changes
was quicker than that of the thermocline centerline and inlet temperatures.
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The B values presented in Figure 21 and Figure 22 show that the 2—2 affine scaling for the outlet
location (14 = 1.027) required the scaled data set to a have a slightly higher normalized outlet temperature
than that of the original test. However, because the temporal displacement was preserved, the transient
process time similitude was maintained. Since the scaling ratio was different from that at the thermocline
inlet (A4 injer = 1.037 > A4 gytier = 1.027), the displacements shown in Figure 21 and Figure 22, and
Figure 14 and Figure 15 were not equivalent. Again, these differences in scaling ratios were a product of
the DSS derivations, based on physics relationships and fluid properties. If other constraints were to exist,
the difference would potentially be larger but would not affect the accuracy of the projection.

The DSS parameters for the discharge thermocline outlet location are plotted in Figure 23, which did
not experience the temperature plateau regions that were observed in the inlet location data. As with the
other results, it was observed that the temporal displacement rate was preserved in the accelerated case, as
required for the scaling type. The accelerated w' had to be larger than the original data by a scale factor of
A% /A, which resulted from substituting Equation (13) and (14) into the definition of w’. Since the time
ratio (tgp = A4 /Ag) was equivalent for all parameters and locations, the timing was always roughly half of
that of the original data. It was the determination of the magnitude of each temporal data point that
produced the DSS data projection value.
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The scaled process curve of the first phase (shown in Figure 24) shows that there was very minimal
separation between the two data sets. The separation distance became more pronounced as the outlet
temperature increased toward its maximum value for the first phase. The separation was more pronounced
in the second phase, primarily due to the small axis limits for the figure, and the differences of 2.07%
became more apparent at higher 8 values. As noted in the inlet case, the accelerated case required the
normalized temperature to be slightly larger than that of the original case. It should be noted that the
separation was not a result of the derivation but was recognized as the necessary change in the phase
space ({1 — 8) to guarantee the perfect overlap of the thermocline temperatures

The comparison of the scaled process curves presented in Figure 25 shows that the magnitudes of the
normalized temperature rates of change ({) were maintained across discharging mode. This indicates that
the process action and w term were correctly scaled to preserve the process similitude. A similar 8 shift
was seen for the accelerated data because of 14 = 1.027, with the separation becoming more pronounced
at higher § values, which was at the beginning of the operation mode.
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Figure 25. Scaled process curves of discharging mode at the outlet location [20].
4.2.3.4  Discharge Mode Inlet Velocity

The velocity data were determined from two inline flowmeters located on the outlet side of the
thermocline system. Each operation mode (charging-discharging) has a dedicated flow path that branches
out from the system’s main outlet piping. Because of the flow paths and the operation control
configuration of the thermocline system, when one operation mode is active, there is no fluid flow
through the flow path of the other operation mode. Due to the high noise and oscillating values for the
velocity that were determined from the flowmeter FM-202 for the charging mode, an analysis was not
performed on the charging mode velocity. A limitation of DSS is the difficulty in analyzing the oscillating
data. While some data reach natural equilibrium when a process undergoes a shift in behavior (such as
reaching a peak temperature), oscillating data primarily indicate that the instrument is having difficulty
collecting a smooth signal. The 1, = 0.5086 and Az = 1.014 values that were used to scale the data were

taken from Table 4 and applied to discharging mode. In contrast to the inlet and outlet locations, the
velocity scaling ratio was significantly lower than the thermocline centerline temperature. This was due to
the inverse proportional relationship of the energy-governing equation against the proportional
relationships of the inlet and outlet temperatures:

~ AA,inlet,outlet

A = g, Aar = Aur (44)
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If the system acceleration were set to more than double, the velocity scaling ratio would potentially
drop to lower values. The discharging mode data were analyzed from flowmeter FM-201 and the
normalized flow velocity is plotted in Figure 26. Because several local velocity equilibrium points were
reached in discharging mode, four separate phases were analyzed within the data set to complete the DSS
analysis.
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Figure 26. Normalized flow velocity data from discharging mode [20].

Figure 27 shows the scaled process curves for all four phases of discharging mode, in which several
features can be observed. First, both the § and Q accelerated values shifted from the original data. The 8
values were roughly halved, based on the 1, = 0.5 parameter. Because the Az value was close to 1, the
flow velocity was scaled by the -strain scaling type, as described in Table 1. This resulted in a shift
toward the Q) values by a factor of 1. Regardless of the observed shifts in data, the data geometry
remained identical, which was evidence of the conserved physics. This highlighted that preserving the
process similitude in the temperature response corresponded to projections being further away, which
resembled a different scaling mode for the flow velocity. This result suggested that scaled systems are
able to perfectly preserve every parameter response without the introduction of scaling distortion, as long
as the governing equations capture the true agents of change. If any dominating agent of change were
missing, the determined projection would potentially be invalid. However, this is not a weakness of the
DSS methodology, but rather a strength since the detection of missing physics is helpful in the theoretical
modeling of observed phenomena.
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Figure 27. Scaled process curves of the flow velocity in discharging mode [20].

4.3 Thermal Energy Distribution System Hierarchal Two-Tiered
Scaling

The TEDS TTSS H2TS activity was initiated after the completion of the DSS work in Section 4.2,
and was not completed before the last milestone. The content shown for this section will be a detailed

description of the process to achieve the doubly accelerated heat storage conserved system based on
previously run data.

4.3.1 Non-Dimensionalization of Thermal Energy Distribution System
Conservation Laws

As similarly stated in Section 4.2.1, the following steps are required complete the data projection: (1)
non-dimensionalize governing laws, (2) derive residence time and characteristic time ratio for each
governing law, (3) determine projected nominal conditions to keep scaled characteristic time ratio groups
equivalent to the base case, and (4) balance relations to ensure the projected residence time is half of the
base case. The reference point to normalize each parameter is the mode transition time point.

4.3.2 Conservation of Mass

The following are the relations to normalize each parameter by the selected reference data point:

+ Pth + Vz + Z
=, VvV, =—, Z =— 45
Pen Pth,o z Vz,0 Azy ( )
From Equation (45), non-dimensionalize the conservation of mass:
ﬂ apz-h - —pt apg—h _ At av; (46)
vg0) Ot Z 9z* th gz+

The mass residence time and characterized time ratio are:

Az
TRSmass = ;z, no groups produced (47)
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4.3.3 Conservation of Momentum

The following are the relations to normalize each parameter by the selected reference data point:

+ _ Pth 4+ _ Y +_Z +_F +_T
Pin = , v =—"2, 2zt =—, Pt =—, rt=- (48)
Ptho Vz,0 Azg Py R
Using equations from (33) to (45), non-dimensionalize the conservation of momentum:
(RZ) gen _ (RZ) Vzth 3P¢h PoR? 1 9Pt | (1 0vgy, | 0Pviy | 9Pvi, (49)
v/) ot v/ pf, ot Vz0VPtholZo /) iy, 027 r+ ort or+2 dz+2
The momentum residence time and characterized time ratio are:
R? PyR?
T == =07 50
RS, momentum v’ 1 Uz,oVPth,oAZo ( )

Given the expression of characteristic time ratio [1, it can be denoted as the thermocline internal
force ratio where the numerator is the static pressure force and the denominator is the dynamic pressure
force.

434 Conservation of Energy

The following are the relations to normalize each parameter by the selected reference data point:

+_pth + _vz,in +_Z +_£ +_T
Pth = ’ zin — ’ z = Az’ € = ro= R’
Ptn,0 Vz,in,0 Zg €o
+ _ CP,th R+ _ Rin + Pin T+ _ Tth h+ _ hC
Cpth = , in — R ’ Pin = ’ th — T , c - h.. (51)
CP,th,0 in,0 Pin,0 th,0 c,0
L L .2
TS T T ko’ YT
7,0 7,0 0 w,0
Using equations from (37) to (45), non-dimensionalize the conservation of energy:
2 + + p+2.,+ + +
<pth,O£0R AZo) 0T¢p, _ PinRin Vzin (.., OCptn tct 0Ty,
= th Pth 5+
PinoVzino / Ot PinCh i RE? 9zt 9zt
+ o+t
+ hc,OSr,OAZOTr,O hc Sr Tr
PinoVzinoR? oCpitnoT; t ot etRE2
in,0Vz,in,0in,0€pP,th,01th,0/ PtnCp th th
+ct++
_ < he0Sr,0A20 ) he 57 Ten (52)
2 + .+ +2
Pin,0Vz,in,0Rin,0Cp,th,o Pthcp,th5+Rth
N < koAzoTy, 0 ) R}? <k+ ot}
2 + o+ 7 Y
Pin,0Vzin,0RinoCp,thoTtho/) PinCpne  REy \1™ Or

N ok* oT,;} et 0%T}
art ort drt2
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The energy residence time and characterized time ratio are:

2
T _ Ptno€oR"Azg M, = heo0Sr0820Tr0
RS,energy — y 2 = 2 )
Pin,0Vz,in,0 Pin,0Vz,in,0Rin oCp,thoTth0 53)
heoSr0820 koAzyTy, o
I; = I, =

= 2 ’ = 2
Pin,0Vz,in,0Rin 0CP,th,0 Pin,0Vz,in,0Rin,oCp,thoTth0

Given the expression of characteristic time ratios I1,, I3, and I1,, the following are the physical
interpretations: (1) I1, is the thermocline filler heat transfer ratio, (2) thermocline fluid heat transfer ratio,
and (3) thermocline wall heat transfer ratio. The denominators are the advective heat transfer terms which
are common among the three characteristic time ratios.

4.3.5 Scaling Results and Conclusions

As described in Section 3 Equation (25), H2TS scaling is conducted by matching the determined
characterized time ratios. In addition, the term that defines the duration of the phenomenon in question,
the residence time for the model design will have to be matched for the given time ratio as well depending
on research objectives. In the case of doubling the heat storage rate, this requires the following conditions:

TRS momentumM — O-STRS,momentum,Pr TRS,energy,M = O-STRS,energy,P' l_[1,M = Hl,Pr l_IZ,M = l_[2,Pr
M3y =Mzp, Hapy =Myp (54)

Identically to the parametric study conducted in Section 4.2.2, the combination of fluid and material
properties disregarding geometric alteration is limited and only a few instances may satisfy the scaling
conditions. Ignoring the assumption not to alter geometry, Table 5 illustrates the optimized results of the
parametric study. Unfortunately, without varying the geometry, the derived set of conditions were too
restrictive with the given dependency on fluid and material properties.

Table 5. H2TS data projection [20].

Parameter Value
Momentum Residence Time 0.1672
Energy Residence Time 0.5121
Force Characterized Time Ratio 1.0063
Filler Heat Transfer Characterized Time Ratio 0.9915
Fluid Heat Transfer Characterized Time Ratio 0.9915
Wall Heat Transfer Characterized Time Ratio 1.0041

Energy residence time, force characterized time ratio, filler heat transfer characterized time ratio,
fluid heat transfer characterized time ratio, and wall heat transfer characterized time ratio fit well within
the criteria defined in [7]. On the other hand, the momentum residence time could not be 0.5 at the same
instance as the energy residence time due to the absence of velocity in the denominator. Since the
momentum residence time is in units of time, including velocity will introduce unit adjustment issues.
H2TS requires all terms to be dimensionless and remaining reference values are part of either the
residence time or the characteristic time ratio. To demonstrate the inclusion of velocity, the following
must be true:

TRS momentum = a (55)

28



However, since the reference velocity exists primarily in the numerator, the full non-dimensionalized
conservation of momentum equation is divided on both sides by vzz,o. This way, another form of the
momentum residence time is found:

R R3peno€o

R = _RPhoto (56)

TRrs =
momentum 2
’ Vz,0 Pin,0Vz,in,0Rin o

Although the momentum residence time now resembles the energy momentum and both are now
capable of being 0.5 in the same instance, this causes severe dependency on the inlet velocity and
characterized time ratios can no longer be matched among prototype and model even if geometric
alteration is allowed. For this reason, the expressions derived in Equations (46), (49), and (52) have been
dictated to be the optimized H2TS results. Table 6 and Table 7 show the determined reference values and
geometric information.

Table 6. Prototypic reference values used to normalize governing equations and geometric information [20].

Prototype Scaling Parameter Values
Thermocline Tank Radius 7.6 m
Thermocline Internal Pressure 25 kPa
Thermocline Fluid Reference Temperature 166°C
Thermocline Fluid Reference Density 909.4 kg/m’

Thermocline Fluid Reference Specific Heat

2.0716 kJ/(kgK)

Charge Line Reference Temperature

196°C

Charge Line Reference Density

887.98 kg/m’

Charge Line Reference Specific Heat

2.1802 kJ/(kgK)

Discharge Line Reference Temperature

187°C

Wall Reference Temperature 194°C
Wall Reference Conductive Heat Transfer Coefficient 15.7 W/(m-K)
Inlet Reference Velocity 0.458 m/s

Table 7. Projected reference values used to normalize governing equations and geometric information [20].

Projected Scaling Parameter Values
Thermocline Tank Radius 6.46 m
Thermocline Internal Pressure 312.5 kPa
Thermocline Fluid Reference Temperature 83°C

Thermocline Fluid Reference Density

967.43 kg/m’

Thermocline Fluid Reference Specific Heat

1.7772 kJ/(kg:K)

Charge Line Reference Temperature

196°C

Charge Line Reference Density

887.90 kg/m’

Charge Line Reference Specific Heat

2.1798 kJ/(kg:K)

Discharge Line Reference Temperature

187°C

Wall Reference Temperature 133.86°C
Wall Reference Conductive Heat Transfer Coefficient 14.7 W/(m-K)
Inlet Reference Velocity 0.687 m/s
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Unlike the calculated DSS model transient data, the projection of the H2TS method is a static point in
the evolving system. The parametrically determined model reference values are the projection for the
chosen reference point temporal location which is the time when modes transition from charge to
discharge. Thus, the projection of the path before and after the reference point are unknown.

5. HIGH-TEMPERATURE ELECTROLYSIS HYDROGEN GENERATION
SCALING ANALYSIS
As part of the data projection demonstration cases, the High Temperature Hydrogen Electrolysis

(HTSE) facility in DETAIL was scaled based on the same objectives set for the TEDS facility. The
following sections describe the physics, scaling process, and results.

5.1 Hydrogen Electrolysis Governing Equations

The theory shown in this section is for an SOEC, which includes three integrated submodules that
have been integrated: electrical dynamics, fluid dynamics, and thermal dynamics [21]. Figure28 shows
the basic structure of electrolysis experimental setups designed by INL.

Laboratory
Exhaust

cooling

water
ate »

cooling
water

Button Cell
condenser

small I‘umacc‘ 6 @ Q

Humidifier valve

Demineralized
Water

mass flow

controllers

air, M

Figure 28. Process flow diagram of the high-temperature electrolysis experimental setup for single-cell and
planar stack testing [22].

5.1.1 Electrical Dynamics — Stack Voltage

1
1+S5Tgct

V(I,T,P) = Vrev(Tr P) + Vorm(, T) + Vace (1, T) -

(57)

. = . — — _ _ —
Where [ is the stack current, T is the average stack temperature, P = [PHZO, Py,, Po,, PNz] are the

average partial pressure conditions of the reaction, s denotes the Laplace variable, and t,; is the
activation overvoltage time constant. And the first-order delays of 7., arise from the cell’s
electromechanical double-layer phenomenon.
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5.1.1.1 Reversible Overvoltage

According to the Nernst equation, V.., can be further formulated as:
_ _ T (Py,PS
Vyeo(T,P) = Voe(T) + 52In (2222 ) (58)
2F Pr,0
Where R = 8.314 is the gas constant, and F = 96485.333 is the Faraday constant. The open-circuit
voltage V. is associated voltage of Gibbs Free Energy of the reaction:

=y _ AGR(T)
LGC(TD - 2F (59)

AG,(T) = 244800 — 49.18 - T — 2.72-1073 - T?
5.1.1.2  Ohmic Overvoltage
The ohmic overvoltage V, ., is attributed to the electrical resistances of the cell structure:
Vorm(I,T) =1-A-ASR(T) (60)

Where A is the cell area, and ASR(T) is the area-specific resistance of the cell obtained from the
Arrhenius equation:

10300

ASR(T) = ASR(Tyef) — 0463 +3.973-1075 - ¢ T 61)

5.1.1.3  Activation Overvoltage

The activation overvoltage V.. denotes the desired voltage to meet the activation energy at both
electrodes, which is generally described by the Butler-Volmer equation:

_ RT[ . , _ I R I
Vaer (,T) = [smh 1 ( ) + sinh™? (Zlex,an>]

ex,ca
RT _fca RT _fan
Iex,ca = oF 1-‘ex,cae RT, Iex,an = oF Fex,ane RT (62)

Where I,y cq (OF oy cq) 1s the cathode (or anode) exchange current calculated from the corresponding pre-
exponential factor [,y ¢4 (or Iy 4) and activation energy ¢, (01 €gp).
5.1.2 Fluid Dynamics

This submodule outputs the dynamic behavior of the stack average partial pressure conditions P =

5 s 5 5 17 . . ..
[PHZO, Py,, Po,, PNz] of the reaction and task inlet and outlet flow rate conditions w;,, =

T T
[WHZ 0,in» WHz,in' WOZ,inr WNz,in] s Wout = [WHZO,out' WHz,outr WOZ,outr WNz,out] of the stack.

31



5.1.2.1 Partial Pressure

. . . 5= 15 5 5 5 1T
The average partial pressure conditions of the reaction P = [PHZO, Py,, Po,, PNz] can be calculated
. . e B = = = = T .
based on the inlet partial pressure conditions Py, = [Pﬂzo,in» Py, in Po, ins PNz,m] , and the outlet partial

.. = = = = = T
pressure conditions P,,,; = [PHZO_out, PHz_out, POZ,outr PNz‘out] :

5] _ pd-Apa . 1
PHZO - PHzo,inPHZO,out 1+5Tp,0
5 _ pd-Dpa 1
Py, = PHz'in PHZ'Out 1+sTy
X 2 (63)
Po, = PSP PY g ——
02 Ozin = 02,0ut  q47,
5 _ p(1-pa 1
\ Prn, = Puyin” Piiy,out 1+sTy,

Where A € (0,1) is a constant selected through parametric studies. It should be noted that P is calculated
in a geometric manner due to the logarithmic form in the Nernst equation. And the first-order delays of
TH,0- TH,» To,, and Ty, describes the pressure inertia arises from the finite gas flow rates. Referring to the
definition of air ratio for high-temperature fuel cells and electrolyzers, first introduce feed factors ., and
T4y to represent the inlet molar flows of both electrodes of the SOEC system:

T __ Hy0 provided in cathode stream _ WHy0,in
€@ ™ H,0 consumed by electrolysis I

2F
__ 0, provided in anode stream __ WH,0,in

Tan = = (64)

0, consumed by electrolysis 0.5%

In fact, with the inlet composition fixed, the outlet composition ratios of the SOEC stack are
determined by 7., and 1., based on the mass transport continuity of gases:

(mtca—1)
P = T
H,0,out Tea ca
1
PHz,in = PHz,in + Tca PHz,iTL

) P _ (7Tan+1)P02,in (65)
0z,0ut — TantPo,,in
P — TanPN, in

\ Na,out TantPNy,in

5.1.2.2 Flow Rates

With the inlet composition fixed, the inlet flowrates of different reactants are determined by the cell
T
number ng, I, Py = [PHZO,in: PHZ,in: POZ,in: PNz,in] s Teq and gy

_nd
WHZO,in - E *Teq
PHz,in

WHin = WHyo,in "3~ =
20,

) _nl (66)
Wo,,in = 4F Tan

\ WNz,in = WOz,'
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Similarly, the outlet flowrates of different reactants can also be determined:

_ng
WHZO,out - E *Teq

_ PHZ,out
WHz,out = WHZO.out : Pi0 out
20,

) nel (67)

Wo,,out = aF Tlan

—_ PNz,in
\ WNz,out - WOZ,out m
5.1.3 Thermal Dynamics

This submodule outputs the dynamic behavior of average stack temperature T and the inlet stream
temperature T;;, based on the SOEC thermal dynamics and preheater thermal dynamics, respectively.

5.1.3.1 Solid-Oxide Electrolysis Cell Thermal Dynamics
The thermal energy balance of the SOEC stack can be described as:

dT
Cp,SOEC E = nCVI - Prea (Tout) - Pwar(Tinr Toutr Win) + Pheat (68)

Where ¢, sogc 1s the equivalent heat capacity of the SOEC stack, and Ppq; represents the SOEC stack

heater power, P, represents the power used for gas stream warming, P,.., corresponds to electrolysis
reaction power.

5.1.3.2  Electrolysis Reaction Power

The electrolysis reaction power P, is related to the enthalpy change of the reaction AHg (T).
Assuming that the inlet and outlet stream temperatures are Ty, and T,,,,;, respectively. P, can be
expressed as:

AHR (Tout) AHg(k7T)
Prea(Tout) =n Vi = nel - % ~nl - % (69)
AHR(T) = 238200 — 13.12- T — 3.55 - 1073 .72

In fact, T, is strongly correlated with T in a practical condition with constrained stack temperatures
and temperature gradients such that T,,,; can be approximately evaluated by:

Tout = kTT (70)
Where k; is a constant that is slightly greater than 1, as estimated by measurement.
5.1.3.3 Steam Warming Power

The gas steam warming power P, ;- is related to the enthalpy increase due to stream warming, and it
can be formulated with heat capabilities and temperature increments:

Pwar = (Tout - Tin)(cp,HZO : WHZO,in + Cp,Hz ' WHz,in) + (Tout - Tin) (Cp,Oz ' WOZ,in + Cp,Nz ' WNz,in) (71)

Where ¢, 445 represent the specific capability of different gases.
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5.1.3.4 Preheater Thermal Dynamics

The thermal energy balance of the preheater can be described as:
dT;
Cp,pre d_;n = Pheat,pre (Tin: Tsteam: Tamb: Win) + ErecPwar,pre (72)
Where cp pre is the equivalent heat capacity of the preheater, and Ppeqq pre represents the trim heater
power, PByarpre represents the power used for gas stream warming, €, FPyyqr pre correspond to the

thermal power recycled from the SOEC outlet streams in the fuel heat exchangers, and €,... € (0,1) are
the effectiveness of the heat exchangers selected through parametric study.

5.2 Hydrogen Electrolysis Dynamical System Scaling

The content shown for this section will be a detailed description of the process to achieve the doubly
accelerated current conserved system based on previously run data.

5.21 Non-Dimensionalization of Thermal Energy Distribution System
Conservation Laws

Similar to Section 4.2.1, the conducted research determined the following steps to complete the data
projection: (1) non-dimensionalize the parameters of interest, (2) determine scaling ratios by considering
the law of scaling ratios, (3) commence coordinate transformations selection process, and (4) determine
projected data based on assumptions, adaptions, and facility restrictions. Expressions for the parameters
of interest scaling ratios are shown in Equation (72):

v+
Vi at
Stack Voltage: My = V_M’ Agy = pa M
P
at |,
_ aT*
Average Stack Temperature: QoD 0ty
verage Stack Temperature: AT = R BT = Sr7
at |,
.\ agi;
T, t
Inlet Temperature: Aary, = %’M, ATy, = —+M (73)
Tin,P aTin
at |,
OAH*
. AH; at |,
Enthalpy Difference: Aaan = m, Apan = N
at |,
007"
N 9v_
. Om at |,
In-Out Temperature Difference: Aag = P Apen = TR
P
at |,
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+
aesteam

Inlet and Steam Temperature 1 _ gsteam M at |y
. . A,0. Tt B,0. F
Difference: steam Bsteam p steam aesteam
at |,
+ aeamb
Inlet and Ambient Temperature 1 _ 6 2mb,m _ S at M
. ) Abamb — g+’ “Bbamb — [+ |
Difference: am 8 mb,p am aeamb
ot p
+
+ Pk heat
P, heat,M ot
. _ , _ M
Stack Heater: AProar = P B T 5pF
heat,P heat
at |,
+
op heat,pre
+
Trim Heater: 1 _ Pheat,pre,M . oat
rim Heater: APheatpre — p+ 7 “BPheat — gp¥ |
heat,pre,P heat,pre
dat

5.2.2  Electrical Dynamics and Fluid Dynamics
The differential stack voltage is represented in Equation (56):

aVrev aVohm aVact S OTact
&, T, P) = Zrex (T, p) + Zotm (1, T 4 22t (1, ) .- T VD) - (G ) (74)

From the differential form in Equation (73):

aVrTev aV+ aVact 1 +
Vo ot = Vrev,o ot + Vohmo =+ VactO 3t 145Tae + Vact,OVact : (

) afact)
(1 +STact)2 at

(75)

As will be shown in later sections, the SOEC fluid dynamics physics are embedded in the electric
dynamics, hence the header for this section. Each of the terms will be non-dimensionalized in the
following sections.

5.2.21 Reversible Overvoltage

The differential form of Equation (57) is the following:

MWNrey _ aVOC( M+ oT R n Py, Pg?
at at 2F  \ Py,o
o (76)
RT Py,o

2F Pﬂng'zs

— — — —05 —

1\ [Py, .- Py (9P _ 9Py
— PO'SP 4+ —2]__2 P, —p, P 2
<P§20>< gt Oz M0 7T o | gt H0 — THa T 02 54
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Plugging in terms and considering the associated voltage of Gibbs Free Energy of the reaction:

OViev _  —49.18 —5.44-1073- T aT LRy <13H2ﬁ3-25> oT
- - — n r— e
at 2F ot ' 2F \ Py,o )0t
. S Iy _ (77)
+E 1 50Sp 0Py, Py,Pu,o (0P, 5 P 9Py,0
2F Py, P8Py, | 2 ™ ot 2 at H2 02 5t
Consider the partial pressures in Equations (62), (63), and (64):
OViev _  —49.18 —5.44-1073- T aT LRy <13H2ﬁ3-25> oT N RT 1 MiB—C] (%)
- — rT—=In = —_— —
at 2F ot ' 2F '\ Py,o )0t  2F Py, PSSPy,
Where A, B, and C are shown in Equation (78):
1-Dpa 50.5 5
A: PHZ,in PHZrOUtPOZ PHZO (1 . A)P_l- aPHz,in n /,lP_l aPHZ,Out n —S aTHZ
1+ sty, Hzin 5t Hzout — 5¢ 1+sty, Ot
—-0.5(1-1) p—0.51
PHZPOZ,in POZO,OUtPHzO -1 aPOZ,in -1 aPOZ,out
—05 (1 - A)Poz,in ot + APOZ,out ot
B 2(1 + STOZ)
’ -0.5
) a‘toz (79)
+ —_—
1+ 570, Ot
5 p. p(l-A)pa
Py, Po,Py,0inPi1,0,0ut (1— )Pl 0Py, 0,in + apet 0Py,0,0ut
c: 1 +STHZO H,0,in ot H,0,out ot
' —-s  0ty,o
+
1+ STHZO at

The current (by adjusting applied voltage) and supply of species are kept constant. Feed factors are

constant as well:

A P_l. E)PHz_in+ —S aTHZ
©eIn gy 1+sty, ot

-0.5

B l{(l - A)(T[an + POZ,in) + A(l - POZ,in) aPOZIin < —S 6t02>} (80)
2 (7Tan + POZ,in)POZ,in ot 1+ 519, Ot
¢ Pl 0Py, 0,in —-s  0ty,o
22 ot 1+sty,0 Ot
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Replace outlet pressure with inlet pressure and consider &y, = 1 + sty,, {o, = 1 + s70,, and
EHZO =1+ sty,0:

_1 OPu,in N <—_15§H2>

Hzin g¢ &y, Ot
-0.5
B: 1{(1 - /‘l)(”an + POZ,in) + A(l - POZ,in) aPOZ,in n <__16§02>} (81)
2 (nan + POZ,in)POZ,in ot 502 ot
0Py, 0i -10
C: Pijoin—g+ ( Z”Z")
t $u,0 Ot
The non-dimensionalized equation is then:
v V&,  —49.18T; —544-1073-T¢ 0T+
rev,0 ot - oF ot
(nca+1)’1 1 ( Tan + 1 )l 1
RTO Tca 1+ STy, | [\Tan + POZ,in 1+ STo, oT™
+—1In
2F (nca — 1)”l 1 ot
Tca 1+ sty,0
RT,T+
A+B-C
oAt ]
+ (82)
1 aPHz,in + <__16€1:I1—2>
Pﬁ'z,in ot §y, Ot

-0.5

B: 1 (1 - A)(”an + POZ,in,Osz,in) + A(l - POZ,in,Osz,in) aP(-)'-Z,in <__1£(4)-2>
2 (T[an + POZ,in,Osz,in)sz,in ot f

1 aI:)I:‘I-zo,in + < -1 aéTI"‘I-ZO>

¥ ¥
Pg,on Ot $H,0 Ot

+

C:

The differential temperature first-order delay effects scaling ratio based on the law of scaling ratios is:

To
tha+1 ” Tan+1 Vo
cha 1+51:H2 nan+P02 m 1+s1:02
AB,V = ln /13,'17 (83)
(T'-'ca 1) 1
[ Tca 1+STH20
R

The hydrogen differential pressure first-order delay effects scaling ratio is:
— (T _
Jay = () Aar (84)
5.2.2.2 Ohmic Overvoltage
The differential form of Equation (59) is the following:

%%: A ASR(T)+I 22 ASR(T) +1-A- “ﬁ(T) (85)
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Plugging in terms and considering area-specific resistance:

10300

Lot = 2. 4+ (ASR(Tye) = 0463 +3.973 1075 & 7 ) + 122+ (ASR(Tyer) — 0.463 +3.973
10300 7 10300
_g B 4 (94SR _0.4092199T 10390
1075 e 7 )+ 1A (BE (Tre) - 2220 0T ) (86)
Cell area is time independent:
10300 7 10300
Tohm — 2. A4+ (ASR(Tyer) = 0.463 +3.973-1075 ¢ 7 ) —[-A- (222220077 ) (87)
Keep current as constant as possible to satisfy a steady generation of hydrogen:
Wohm _ . 5. (040921997 10300
am . (At Y ®
The non-dimensionalized equation is then:
WVHm 0.409219 9T+ 10300
Vonmo “oe = 1A (25 0e 1) (89)
The ohmic effect scaling ratio based on law of scaling ratios is:
B 10§00
[ATge T
Ly = (V—) (90)
R

5.2.2.3 Activation Overvoltage
The differential form of Equation (61) is the following:

av, TR | . ,_ I L I RT 1 ] I 1 ) I
—2<t = — — [sinh™! + sinh™! + = — + —
at ot 2F 2lex ca 2lex an 2F j ( Ot \2Iex ca \/ ( Ot \2Iex an

RS I )?
Zlex,ca) +1 Zlex,an) +1
oD
Apply constant current (as mentioned in Section 5.1.1.2) and time dependent exchange current:
av, TR [ ., _ 1 o 1 RT 1 1 a1
—act — — — [smh L ( ) + sinh™?! ( )] e 2 e
at at 2F 2ley ca 2ley an 2F 2 213 Ot
(=) +1
2lex,ca
1 I Oleyan 92)

I 2 2ng,an ot
( ) +1
2lex,an
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Plug in exchange current and assume the pre-exponential factor and activation energy is reaction
dependent and weakly temperature dependent:

Waer T R I I
inh~? + sinh~1
ot ot 2F T 2hexea) O \2Uegan

cha —ﬁ>
ex ca —= €
4F [y ca / &3)
eX ca
IRT 283, _San
— 1-T ———e RT
I 5 < ex,an RT e
2
4'F[ex,an (21ex,an) +1
The non-dimensionalized equation is then:
avact TOR oT* I !
V. ——|sinh™? + sinh™!
ot = 2F ot | \2lexea) o \2loxan
’fca
eX cafcae RT
. / &9
eX ca
I o “San
- T0T+ - 21—‘ex,anfame RT
I \2
2
4F1ex,an (21ex,an) +1
The cathode differential temperature effect scaling ratio based on law of scaling ratios is:
Agy = [2sinh? ( )] Ap7 (95)
L0 ex ca
The cathode temperature effect scaling ratio based on law of scaling ratios is:
IT
Apy = = AatBT (96)
2
Volgx'ca (ZIej(ca) 1
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The anode differential temperature effect scaling ratio based on law of scaling ratios is:

A (Zlei an)]RAB_T 97)

R

The anode temperature effect scaling ratio based on law of scaling ratios is:

T,

I 2
Volgx,an (—) +1

2lex,an
R

AB,V = AA,TAB,T (98)

5.2.3 Thermal Dynamics

The thermal dynamics are divided into two sections: (1) SOEC thermal dynamics and (2) preheater
thermal dynamics. Together, both will characterize the full high-temperature hydrogen electrolysis
thermal dynamics and will be scaled separately.

5.2.3.1 Solid-Oxide Electrolysis Cell Thermal Dynamics

Non-dimensionalize the average stack temperature from Equation (67) by a certain reference value:

art _  nvi _ Prea(Tout) _ Pyar (Tin Tout:Win) + Pheat 2

dt  ToCsoec  ToCsokc ToCsokEc ToCsoEec

99)

To consider electrolysis reaction power and steam warming power, plug in Equations (68) and (70):

dT*  nVI  nJdAHR(krT)  Phear
dt TO Csokc ZFTO Csokc TO Csokc
Tout - Tl 2CP,H2nCI7TC3PH2,in

{ZCp_HzonCITrca + + ¢po,NclTan (100)

CP,NZ nclnanPNz,in}

POz,in

4FTyCsorc Py,0,in

From Equation (99), non-dimensionalize the SOEC thermal dynamics:

dT+ _ TlCVOV+I nCIAHoAHg Pheat,OP}Teat
dt Tocpsorc  2FTocpsorc  ToCp,sorc
0,07 2CP,HZnclﬂcapl-lz,in.OPI:II-z,in

{ZCP,Hzonc“Tca + + ¢po,NclMan (101)

- +
4FTycp soEc P,0,in,0PH,0,in
+
CP,NZnclnanPNz,in,OPNz,in}

+
Po, ,in0Pg, in

The differential temperature ratio in terms of voltage and specific heat based on law of scaling ratios
is:

AB,T=< el ) Aay (102)
R

Tocp,soEC

The differential temperature ratio in terms of enthalpy change based on law of scaling ratios is:

AB,T = (

n IAH,

) Aua (103)
R

Tocp soEC
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The differential temperature ratio in terms of stack heater based on law of scaling ratios is:

p ea
N (104)

Tocp,soEc/ g

The differential temperature ratio in terms of differential hydrogen pressure based on law of scaling
ratios is:

_ CpH,NclTcaPH,,in,060
Apr = ( Aae (105)
R

Tocp,soECPH,0,in,0

The differential temperature ratio in terms of water-specific heat temperature difference based on law
of scaling ratios is:

Apr = (M)R Aao (106)

Tocp,soEC

The differential temperature ratio in terms of oxygen-specific heat temperature difference based on
law of scaling ratios is:

Apr = (M)R Ao (107)

Tocp,soEC

The differential temperature ratio in terms of nitrogen specific heat based on law of scaling ratios is:

c!tan in,06
Ay = (paiematipinote) 5 (108)
R

Tocp,soECP0,,in0

5.2.3.2 Preheater Thermal Dynamics

Non-dimensionlize the average stack temperature from Equation (71) by a certain reference value:

dTt P P, €recP,
i — heat,pre _ war,pre + rec’ war,pre (109)

dt CP,preTin,O CP,preTin,O CP,preTin,O
To consider electrolysis reaction power and steam warming power, plug in Equations (68) and (70):

dTin’r _ Pheat,pre (1 - 6) CP,HZOnc‘IT[ca CP,HanI”caPHZ,in
+ steam

dt CP,pre CP,pre 2F ZFPHZ 0O,in (1 10)
—9 b <CP,OZnCI7Tan + CP,NznclnanPNz,in>}
am
4F 4F Py, in
From Equation (109), non-dimensionalize the preheater thermal dynamics:
dTi-l{’—l — Pheat,pre,OP}Teat,pre
dt CP,preTin,O
(1 - 6) {9 9+ <CP,H20nCI7Tca + CP,HZnclncaPHZ,in,OPI:'i-z,in> (1 1 1)
- T t ,0Yst
CP,preTin,O steamBrsteam 2F 2FPHZO,in,OPI:ll-Zo,in
—0 b 09_,. b <CP,OchI7Tan CP,NZnclnanPNz,in,OPIdl-z,in>}
amb,
am 4F 4FP02.in,0P(;—2,in

The differential inlet temperature in terms of trim heater power based on law of scaled ratios is:

_ Pheat,pre,o
AB'Tin - ( R AArPheat,pre (1 12)

cpprelino
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The differential inlet temperature in terms of cathode Inlet-steam temperature difference with water-
specific heat based on law of scaled ratios is:

_ CP,HZOnc“Tcaesteam,o(1_6)
AB'Tin - ( cp,preTin,0 R 48steam (1 13)
The differential inlet temperature in terms of cathode inlet-steam temperature difference with
hydrogen-specific heat based on the law of scaled ratios is:
c Nnelmea Py, in6 1-€
AB,Tin — ( PHyp cC Tca ’Iljz.mp steafn,o( )) AA,Gsteam (1 14)
P,prefin,0'H70,in R
The differential inlet temperature in terms of anode Inlet-ambient temperature difference with
oxygen-specific heat based on law of scaled ratios is:
€p,0,NcITanBamp,0(1—€)
As,, = (22 2oC29) 115
BTin e preTimo o 48amp (115)

The differential inlet temperature in terms of anode Inlet-ambient temperature difference with
nitrogen specific heat based on law of scaled ratios is:

Cp N, cITanPH, inBamp,0(1—€)
Ap1in = ( ; o 28,8 0mp (116)
cp,preTin,0PH,0,in R

5.3 Hydrogen Electrolysis Hierarchal Two-Tiered Scaling

The content shown for this section will be a detailed description of the process to achieve the doubly
accelerated current conserved system based on previously run data.

5.3.1 Non-Dimensionalization of Hierarchal Two-Tiered Scaling Conservation
Laws

Similar to Section 4.3.1, the following steps are required complete the data projection: (1) non-
dimensionalize governing laws, (2) derive residence time and characteristic time ratio for each governing
law, (3) determine projected nominal conditions to keep scaled characteristic time ratio groups equivalent
to the base case, and (4) balance relations to ensure the projected residence time is half of the base case.
The reference point to normalize each parameter is the mode transition time point.

5.3.2  Electrical Dynamics

The following are the relations to normalize each parameter by the selected reference data point:

V= V + Veev A Vohm VE = Vact T+ = T
=17 rev — ’ ohm — ’ act — ’ - &
VO Vrev,O Vohm,O Vact,O TO
+ H,,in . $u, 1l+4sty, + Po, in
PHZ,IH P ’ fHZ = = 1 ’ POZ,in = P ’ (1 17)
H,,in,0 $H,,0 + STh,,0 0,,in,0
£t = $o, _ 1+ s79, Pty = Py,0,in £t = ¢H,0 _ 1+ sty,0
] ,in ]
> $o0,0 L+s70,0 2 Py,0,in,0 7 $uy00 1+ 5STH,00
From the differential form in Equation (73), normalize and reorganize terms:
vt _ Vibv aVJhm OVact 1 + ( —s aTact)
VO at Vrev,O ot + Vohm,o ot + act,0 5 1+STact + Vact,OVact (1+5Tact)? Ot (1 18)
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As will be shown in later sections, the SOEC fluid dynamics physics are embedded in the electric
dynamics, hence the header for this section. Each of the terms will be non-dimensionalized in the
following sections.

5.3.21 Reversible Overvoltage
Use Equation (81) from Section 5.2.2.1.

5.3.2.2 Ohmic Overvoltage
Use Equation (88) from Section 5.2.2.2.

5.3.2.3  Activation Overvoltage
Use Equation (93) from Section 5.2.2.3.

5.3.2.4 Overall Stack Voltage Residence Time and Characterized Time Ratio

The overall expression is:

—49.18 — 5.44 - 10737, aT+

(nca + 1 Tan + 1 ’1 1
1l Tca 1+ STHZ nan + Po2 in/ 1+s70,| |0T*
—In

\ (2= ] )"

VoF oV . (119)
_— = T
RT, ot +7[A+B—C]
IAF (0.409219 9T+ 103%0
i - e ToT
RT, T+ ot
LT
2 0t 1+ 8Tyt
Where:
1 aPI:'{-Zvin _|_ __15_;-{2
P}-;z,in ot fl:'i-z at
(-2 Po,inoPd, i) + A(1 = Po, inoPd, in) OPE 23\
B TH,,0 {( )(Tfan'i' 0,,in,0 Oz,in)+ ( 03,in,0 02'in) Oz'in+<_1 foZ)}
. T
2 (an + Po,in,0P3,in) P, in ot fo, Ot (120)
. 1 0Pq,0in N < -1 8€§20>
‘ Plji—zo,in at fl:ll-zo ot
D 'h_1< ! >+ 'h_1< ! )
: sin sin
2lex ca 2lex an
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_ _$ca
T0T+ - 21—‘ex,cafcae RT)

I — _San
TOT _Zrex,anfane RT
2
4 () 41

21ex,an

The stack voltage residence time is:
TRs,stack = TH, OF To, OF Th,0 (121)

As shown in Equation (120), the following are the choices available to set the stack voltage residence
time: hydrogen pressure inertia first-order delay, oxygen pressure inertia first-order delay, and water
pressure inertia first-order delay. The choice will depend on which process is dominant and is system
dependent.

The reversible overvoltage characterized time ratio is:

_

I, = TR (122)

The open-circuit standard condition voltage characterized time ratio is:

_ —49.18-5.44-1073.T,

1, = = (123)

The open-circuit pressure balance voltage characterized time ratio is:

2 A
(cha’rl) 1 Tan+1 1
Tca 1+STH2 7Tan+P02,in 1+ST02
(11(;,-31—1)/1 1
Tca 1+STH2 0

The ohmic overvoltage characterized time ratio is:

H3=ln

(124)

(125)
The activation overvoltage cathode characterized time ratio is:

$ca
- IFe RT
sinh ™ ———
RTTex,ca
Zca

+ —_ —
- 1+Sract,where Zca = Zeao Sca
' 1FeRTo

_ Zcap

5 (126)

sinh=1 —————
RTolex,ca

The activation overvoltage anode characterized time ratio is:

$an
- IFe RT
sinh | ==
RTTex,an
_ Zan _

+
T 1+sTact] where Zay = Zano San
' 1FeRTo

Zan,0

5 (127)

sinh=1[ ————
RTolex,an
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5.3.3 Thermal Dynamics

The thermal dynamics are divided into two sections: (1) SOEC thermal dynamics and 2) preheater
thermal dynamics. Together, both will characterize the full high-temperature hydrogen electrolysis
thermal dynamics and will be scaled separately.

5.3.3.1 Solid-Oxide Electrolysis Cell Thermal Dynamics

The following are the relations to normalize each parameter by the selected reference data point:

_ T V AH P
T+ =—, V+ =—, AH+ =—, P}-ll-eat= heat’
TO VO AHO Pheat,O
0 Tout — Ti Py, in Py,0,in
0t == Plhm=p = Phom=p (128)
0 (Tout Tin)O PHZ,in,O PHZO,in,O
pt Po,,in y _ Pryin
Oz'ln POz,in,O ' Nz’ln PNz,in,O

From the differential form in Equation (99), normalize and reorganize terms:
dT* _ chOV+I ncIAHOAHl: Pheat,OP}j—eat
dt Tocpsoec  2FTocpsoec  Tocpsokc
0,07
4FToCpsoEC

+
2CP,HZncIﬂ:caPHZ,in,OPI-Iz,in 129
+ ¢po,NclMan (129)

{ZCP,Hzonc“Tca + P pt
H,0,in,00'H,0,in
+
Cp,NznclnanPNz,in,OPNz,in}

+
Po, ,in,0Pg, in

The SOEC thermal hydraulic residence time is:

Trs,s0EC = —p "~

The voltage induced power characteristic time ratio is:

Tocp,soEC (130)

M, = ~<l (131)

Pheat,o

The enthalpy change induced power characteristic time ratio is:

I, = _NclAHy (132)

ZFPheat,O

The cathode water enthalpy change induced power characteristic time ratio is:

ns — OOCP,HZOnclT[ca (133)

4FPheat,0

The cathode hydrogen enthalpy change induced power characteristic time ratio is:

GOCP,H nelm P].[ ,in,0
l—[9 — 2'*C ca 2,1n (134)

4FPheat,0PH20,in,0

The anode oxygen enthalpy change induced power characteristic time ratio is:

9 (o} an
My = F0¢p,05Mc!Man (135)

4'FPheat,0
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The anode nitrogen enthalpy change induced power characteristic time ratio is:

00Cp N, NcITanPN,,in0
My = —22 2= (136)
4FPheat,OPOZ,in,o

5.3.3.2  Preheater Thermal Dynamics

The following are the relations to normalize each parameter by the selected reference data point:

Ti-rl-l _ E’ }Teat = Pheat ’ gs-lieam _ gsteam _ Tin — Tsteam
Tin P Pheat,O gsteam,o (Tl - Tsteam)O
g;mb — Gamb — Ti - Tamb ) ;{. o= PHZ,in ) P;f o = PHZO,in : (137)
Hamb,o (Ti - Tamb)o z PHz,in,O 2= PHZO,in,O
PIjI— in = POZIin i PIjI— in = PNZ,in
2' POZ,in,O 2' PNz,in,O
Non-dimensionalize the inlet temperature from Equation (71) by a certain reference value:
dLi; — Pheat,pre _ Pywar,pre €recPwar,pre (138)

dt cppreTino  CppreTino cppreTin,o

To consider electrolysis reaction power and steam warming power, plug in Equations (68) and (70):

dTin’r _ Pheat,pre (1 - 6) CP,HZOnc‘IT[ca CP,HanI”caPHZ,in
+ steam

dt CP,pre CP,pre 2F 2FPHZO,in (139)
—9 CP,OanIT[an + CP,NznclnanPNz,in
amb 4F 4FPg, in
From Equation (109), non-dimensionalize the preheater thermal dynamics:
+ +
dTin _ Pheat,pre,OPheat,pre
dt CP,preTin,O
+
(1 - E) {9 9_,_ <CP,H20nCI7Tca + CP.HZnclncaPHz,in,OPHz,in> (140)
7 )Ysteam,0Yst
CP,preTin,O steam 2F 2FPHZO,in,OPI:'I-z 0,in
+
9 9+ <CP,02nCI7Tan CP,NZnclﬂanPNz,in,OPNz,in>}
— Yamb,0Yamb +
4F 4F Po,,in0P0, in
The preheater thermal hydraulic residence time is:
Tin,oCpP pre
T = 141
RS,pre Pheat,pre,0 ( )
The cathode steam enthalpy change induced power characteristic time ratio is:
1-€)6 I
le — (1-¢) s;e;m,OCP,HZOnC Tca (142)
heat,pre,0
The cathode hydrogen enthalpy change induced power characteristic time ratio is:
ng — (1—6)‘95team,0CP,H2nC“TcaPHz,in (143)

FPheat,pre,OPHZO,in
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The anode oxygen enthalpy change induced power characteristic time ratio is:

(1—6)9amb,ocP,OzncI7Tan (144)

In,, =
14 FPheat,pre,O

The anode nitrogen enthalpy change induced power characteristic time ratio is:

(1-€)0amb.oCP.N,NcITanPN, i
n15 — amb,0¢P,N, "tc/tan "Ny in (145)
FPheat,pre,OPOZ,in

5.4 Hydrogen Electrolysis Scaling Summary

The DSS and H2TS scaling were conducted based on a theory developed by Jiangkai [21].
Unfortunately, due to issues with data availability, the data projection could not be demonstrated as was
shown for the TEDS case. For the DSS scaling, multiple scaling ratio relations were discovered in
Equations (73)—(115) that implicated two or more relations for the same scaling ratio pair. These are
products of the law of scaling ratios and can be explained by examining Equation (17). To give an
example, presume the effect parameter scaling ratio is about 4 agents of change:

ﬁ = Xlﬁl + Xzﬁz + Xgﬁ3 +X4ﬁ4 (146)
The effect parameter scaling ratio is:

Oy (XX 05+ X305+ X,0,),,

A ===— — — —
AT 0p T (K101 X,0,+X305+X,04),,

(147)

Although there may be numerous combinations to satisfy the designated 14 given the variation of
effect parameter values, the simplest and strictest method is to enforce each individual effect parameter
scaling ratio to be the global value:

Xy 18 Xy 20 Xy 3Q Xp4Q
Ay = M1 _ Xm2mz _ XmaOms _ Xmaluma (148)
Xp1Qpa Xp2Qp> Xp3Qp3 Xpaldpa

If applied, it is clear more than one relation can be determined. If w-strain or identity coordinate
transformation is not applied, then A4 value is possibly not predetermined. If this is the case, more than
one A, value exists depending on how the nominal values are chosen. It would be depend on any user or
project objectives whether or not to preserve the parameter of interest dynamically.

Identically, more than expression for stack voltage (AA,V), differential stack voltage (AB,V),
differential average stack temperature (AB,T), and differential inlet temperature (ABrTin) have been
derived with separate terms, allowing degrees of freedom to scale the SOEC system. One good aspect of
having multiple possible expressions is that it connects one phenomenon to another. For example, if the
cathode inlet-steam temperature difference with water-specific heat determined the differential inlet
temperature scaling ratio (ABvTin) as shown in Equation (112), other undetermined terms in Equation
(113) can be calculated. Once data are acquired, a demonstration of the developed theory will be
conducted.

For the H2TS, all residence times and characterized time ratios were derived and are ready for data
input. Depending on the system operations, it may be possible to satisfy all target residence times and
have near similarity for characterized time ratio values at the same time. If coupled fluid properties such
as temperature and specific heat are as restrictive as experienced with the TEDS case, it is predicted that
some conditions will have to be ignored to proceed.
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6. DATA PROJECTION ERROR DETERMINATION

One role of the projected data is to determine the valid range of values for each time step. Since the
data projection is based on previously generated data, it is anticipated that the error from experimental
measurements may propagate to the projected data. To explore this, the error propagation analysis has
been conducted for DSS from value normalization to separation calculation. The simplest form of error
propagation [23] can be expressed as the following:

Foru(x,y,..) = o2 = (2_1;) 2 +( ) op + - (149)

Where function u is about x, y, and other arbitrary parameters. The error propagation from normalization
is the following:

p=toop= (%) o2+ (L) oz, =2 (150)

The agents of change can be described as a second order central first derivative of the parameter of
interest:

_aB _ Bit1=PBi-1
W= A (151)

The agent of change error propagation is:

~.Bi+1_ﬁi—1_>o_ _ (aw )202 +(6w )202
At w 3Pi1 Bi+1 31 Bi—1

(152)
2 2
Ties + By
At?
The error propagation of the agent of change first derivative is identical to the agent of change:
P = 2B~ Bioa 2 dw\? , [ dw \?
-l ) (2
At 0,81+1 /31+1 ap; Bi 0B;_4 Bi-1
(153)
aﬁ+l+aﬁ +aﬁl )
At*

The error propagation of the process time is:

=L = [0+ () ot = ((R2) of + (32) 02 154

The temporal displacement rate first derivative is:

dD _ -ldw , 2Bdw pd?w

At @ dt | o dt o dt?

(155)
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The error propagation of the temporal displacement rate:

po_Bdw  __ aD\* , (dD\* ,  /dD\* |
o T (ﬁ) ”ﬁ+<%) 0“’+<6w’) %o

(10D)2 2+(1 E)D)Z 2+<1 OD)Z )
wot) B \war) T o o) o
The process action can be expressed in terms of the trapezoidal numerical integration:

1+D)j— 1+D
Tg = f(l + D) dt = 1]¥:1 [WAQC](]

The error propagation of the trapezoidal numerical integration error propagation is:

Axp)\ 2 - Axy\2
Opg = \/(TO) 04Dy, T Zh=1[(Axy + Axyyq)? 0] + (TN) Oi4D)y

Before proceeding to other terms, the process action is a scalar that represents the process time
elapsed. The derivative of a scalar is 0:

art
—S=0
dt

Now, consider the error propagation of the effect parameter (normalized agent of change):

~.2 ~.2
= aQ oQ 2
Q= Tsw — O0g = \](a—‘rs) 0'.[25 + (&) (A

The derivative is a term to track changes upon a certain measured length or duration. Since the
process action is a scalar, the error propagation contribution from the process action is negligible:

Og = Ts0,,

The error propagation of the normalized process time is:

T 3% \ 2 %\ 2 o
T = — > 0z = i 2 - 2 — T
T Ts Ot \/(61’5) Ots + (61’) o7 Ts

The projected data are:

/1A=%_A:—’QM=/1AQP

The error propagation of the projected data is:

~ 2 ~ 2
_ 5QM) 2 (aQM) 2
M _\/(61A %4 T \3a,) %6p

The parameter of interest scaling ratio is a scalar, thus:

om = A4a0g,
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The error propagation of the measured separation is in Equation (165) and is illustrated in Figure 29.
In that account, the existing errors in the base are propagated to the projected data and it is recommended
to determine the value. The user should consider that for the chosen confidence, the experimental or
simulated case of the propagated system should be within the error band provided all dominant physics
are included in the scaling analysis. If there are transients that exhibit disagreeing behavior, the issue is
not the projected case experiment data or simulation data failing to fit within the error bar but is possibly
caused by the lack of known physics, inappropriate assumptions, or using incorrect models.

an z an 2 an 2 an 2
O, = L 2 __r 2 _ g __r g
! (aﬁp) %p T (aDP) %, *\38,) %% T\aa,, ) om
(166)
o Otp\? on dtp\> on atp\’ on aty \’
() (O (MY (00 O
dtp 0Bp P \0tp dDp P dtp 0Qp P 0ty 00y, M
Bur + noyr =
Bur e i’
Bur — Nour P S It
Buy +noy, L --- -7
B -7 . Bpr +nopp
Bu,i — nom,s - - 8
S PF
- _ Bpr —Nnopf
- Bp, +nop;
A Bum.r
- Bpy —nap;
ty tr
Figure 29. Base (f8p) and projected (8),) data with random error variations.
The net standard error can be defined as the combined random systematic error [23]:
(167)

— 2 2
Onet = \/arandom + asystematic

While random errors are unavoidable, fluctuations or noise of measurement method may underpredict
or overpredict at any given time, while systematic errors are consistent behaviors that can be replicated by
experiment repetition. The error propagation analysis conducted for DSS is the assessment that quantifies
the amount error inherited from base data. Unless otherwise reported, the determined error propagation is
a form of random error estimation in separation measurements:

Orandom = Oy (168)
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Therefore, the projected data can be plotted with error bands for the chosen grade of confidence.
Interestingly, by assessing the full transient data via DSS, the standard error in respect to the transient
behavior is determined:

1 1
Nk = Bpir/EDp k (m - m) (169)

’1
Opss = ;Z’kV:l 7712c (170)

Where 1, is the measured local separation for every time stamp at k (k = 1, ..., N) and o is the standard
error considering each local separation as the deviation from ideal values. For a given experiment, it is
expected that the repetition of the same operational procedures would yield the same results. Thus, the
measured standard error via DSS for a data set in comparison to some ideal or desired data set will remain
constant unless settings are modified. The consistent behavior of the DSS measured standard error
suggests it is a form of systematic error:

Osystematic — 9DSS (171)

The net error of the measured separation is:

Onet = /01% + 0-555 (172)

The net error derived is defined in the -0 phase space and is helpful for determining and visualizing
the valid range. For users, the phase-space representation may be less useful due to the unique coordinate
system and difficult to associate the raw and postprocessed data. To provide a more helpful data
representation, the determined transient standard error can be reorganized in terms of the raw form data.
First, assume the net error is known, calculated by. Equation (171). Then, the margin of error for the
given confidence is:

Band = iz*% (173)
Where z* is the level of confidence. The confidence interval of the separation is:
T 1 )=y Tne
BoieDee (5 — ) = 2" 2 (174)

By reorganizing Equation (173), the possible lower and upper bound values of the projected effect
parameter if the given margin of errors are true is:

= BpQp,/eDp
Oy = — 175
M Bp\/ﬁ"rﬂpz* &"NEt ( )

When DSS scaling activitiy is concluded, the time ratio is either predetermined or derived. Using
Equation (14), the projected process action is:

Tm,s = Tpstr (176)
Using the projected process action from Equation (175) and the relation in Equation (8), the projected
agent of change is:

Wy = (177)
™,

Similarly, the projection process time can be determined from Equation (14):

TM = TptR (178)
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From Equation (5), the projected parameter of interest is:

Bu thpZeyeDr (179)

= wyTy = —
MM ﬁPW/SDP-I-QPZ*%
Given the projected parameter of interest, the projected confidence interval is:

_ ’i’ﬁp.ﬁp,/EDp
IBPTO - ﬁM + BP\/E$I~1PZ*U\7£t (180)

N

The distribution of the projected data is user and system dependent.

7. FUTURE WORK

The next steps going into FY2023 is to develop a three-part workflow in preparation for mock user
case demonstrations. First, scaling of other DETAIL facilities is required. To prepare for a fully
functioning IES network emulation, scaling will aid researchers in determining how signals should be
reconfigured. Second, similar to the data generation for the TTSS shown in Section 4.2, all systems
should project data and conduct the proposed experiment either physically or via simulation to validate
the developed theory. Last is the design and commencement of the full IES DETAIL network. The steps
laid out below are required before proceeding to user case scenarios.

This will be accomplished after the work is completed in FY2022. Although the partial scaling of
DETAIL facilities has been conducted for TEDS and HTHE, the scaling analyses of the coupled piping
and heat exchangers (HX) are necessary as well. When physically connected, the shared components (i.e.,
the HX for TEDS and HTHE) can be scaled on either end to act as the common denominator to associate
scaling ratios or characterized time ratios of one system to another. This would enable synchronized
transient interactions, which are virtually connected systems with sections that represent quantity in/out,
which will be scaled.

Once accomplished, the scaling and testing phases for the individual DETAIL facility scaling will
begin. The main motivation is to ensure the data projections are accurate enough for the cross-system
interactions phase. The demonstrated projections based on previous data alone do not prove the newly
calculated data to be true. There are cases where the modeled governing equations lack essential physics
to correctly capture the evolving phenomena or inappropriate assumptions that may have led to
discrepancies. To complete this task, two elements are required: the individual design and data of a
consistent experiment for each DETAIL facility and running the projected experiment design to measure
the scaling distortion. Other than TEDS and HTHE, coordination with the Microreactor Agile Non-
Nuclear Experimental Testbed (MAGNET) facility has been initiated and RELAP5-3D model
development is planned for next fiscal year to determine governing equations.

The design to create a DETAIL universal experiment will be pivotal to the success of demonstrating
the IES network emulation on the engineering scale. Communication on all sides is essential and any
facility changes will have to be conveyed promptly for scaling ratio-related adjustments. Although it is
undetermined on how to have systems work jointly from a technical standpoint, INL-developed tools such
as Deep-Lynx or future proposed IES work for real-time optimization are feasible options. However,
because data management tool development is currently outside the scope of this project, this should be
solved by the responsible research group. To test DETAIL network coordination with external facilities,
the MAGNET and Microreactor Applications Research Validation and Evaluation (MARVEL) projects
are an excellent pair as both are microreactor-related experimental facilities. As a preliminary study,
scaling of MARVEL will be considered and efforts to comprehend facility functions using open-source
information are pending future work.

One potential development is the research of structuring DSS code validation and verification (V&V)
and uncertainty quantification (UQ). Using the unique metrics provided by DSS, when and how much
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distortion can be measured for given systems can be detected. The metric should be capable of conducting
sensitivity analyses for various forms of perturbations applied to simulations and confirm applicable input
ranges for the code models. The proposed development will have to derive a DSS-specific acceptance
criteria based on statistics and/or differential geometry to determine the threshold of measured distortion
and uncertainty. Coupled with the Department of Energy’s INL-led IES program, this new capability
could be another service provided to future users.

8. CONCLUSION

The TTSS of TEDS and SOEC of HTHE were selected to represent cases of data extrapolation to
design facility tests based on the generated data. Based on flow conditions, geometry, materials, and
transient behavior, the fundamental equations were determined to include TTSS and SOEC fluid, thermal,
and unique physic parameters (porosity for TTSS and Gibbs free energy for SOEC). The equations were
non-dimensionalized according to the DSS and H2TS definitions, and scaled formats were derived for the
relevant phase-space coordination transformation methods (DSS). Characterized time ratios (H2TS) were
introduced in Table 1 and Equation (23). For the demonstration using past data, TTSS accelerated data
projection was the only case conducted due to limitations in acquiring SOEC experimental data.

To accelerate the given TTSS data in the DSS definition, static time-scaling methods, such as dilation
and identity, were excluded from the analysis. By setting the TTSS centerline mid-axial temperature as
the property to preserve, the phase-space scaling was further restricted to the w-strain method (i.e., the
normalized temperature scaling ratio was 4, = 1). This was done to maintain identical relative TTSS
temperature magnitudes when normalizing with the temperature recorded during the transition between
charging and discharging transients. To be capable of 14, # 1, the value used to normalize the TTSS
temperature either must be derived or be a constant that is shared between the original and accelerated test
cases. When attempting to make A4 equivalent to the time ratio (f-strain scaling method), it was
concluded that the goal time ratio could not be achieved due to the balance of the therminol fluid density,
therminol fluid specific heat, and the stainless-steel wall conductive heat transfer coefficient when the
TTSS fluid temperature was altered. For H2TS, the stored heat was preserved by ensuring the energy
residence time is half and each energy characteristic time is near prototypic values.

After setting the global time ratio to 0.5 (twice as fast) and following the w-strain scaling for DSS and
typical scaling for H2TS, the scaling ratios for the TTSS inlet, outlet, and wall parameters were calculated
and are shown in Table 3 and Table 5. As anticipated, the derived DSS twice-accelerated case showed
perfect scaling for the TTSS temperature $-Q distributions (overlapping of data is proof of ideal scaling)
and demonstrated the data drift in comparison to the original data set using f—time representation. On the
other hand, the other scaled parameters showed shifts toward the 8- distribution as well; however, when
dividing the scaling ratios into the corresponding parameters, the accelerated data overlapped to indicate
perfect scaling. The data extrapolation was successful and provided a TTSS test that achieved the same
energy charge and discharge in half the time. For the derived H2TS twice-accelerated case, although the
momentum residence time could not be half at the same chosen nominal time as the energy residence
time, the energy scaling distortion was minimized by parametrically determining the near-ideal conditions
to match prototypic characteristic momentum and energy time ratios as shown in Table 5. The momentum
residence time ratio suggests the momentum-related phenomena to be more than 6 times accelerated.
Considering flow conditions in the TTSS with porosity of 0.6, possible transitions to different flow
regimes may occur more prominently than the DSS momentum scaled equations.
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While abiding by scaling restrictions, such as unchanged geometry and materials, the accelerated test
was calculated by extrapolating the original data set using the DSS and H2TS methodology. One of the
unexpected yet significant findings of this scaling activity was that without the freedom to change the
geometry of the system, the scaling ratios were about system properties (e.g., fluid density). The
distribution of these properties varied from one to another and restricted the range of feasible scaling ratio
values. For future reference, if more dramatic test acceleration without varying geometry were desired, a
change in the fluid medium of the TTSS would have to be considered.

Similar scaling was done for the HTHE facility using the same procedures shown in Section 4. As
noted in Section 5.4, all DSS scaling ratios and H2TS characteristic time ratios were derived without base
data to project. Until further coordination with the HTHE group, this effort will be delayed to FY2023.

To explore error propagations in the projected data, the theory outlook was conducted, and new
content was discovered for DSS-related standard errors. The distinction between random and systematic
errors were considered, which led to the conclusion that DSS’s calculated transient standard error is
systematic and errors propagated from the measured data are random. For future work, the net error will
be used as the standard method to evaluate the similarity data geometry and determine the confidence
interval of the projected data.
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