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Section 1
Project Executive Summary

Motivation for Research

A major issue preventing the commercial use of Plts|ange Material (PCM)-based Thermal Energy
Storage (TES) is the difficulty of discharging th&ent heat stored in the PCM melt. This is beeaus
when heat is extracted, the melt solidifies ontat lexchanger surface decreasing the heat tranEfers,
to obtain consistently high heat rates salt museb®ved continuously from heat exchanger surface t
improve the heat transfer coefficient and reduce bechanger size to obtain the required high and o
demand heat rates in a solar power plant.

Proposed Technical Innovation

Our innovative approach to solve this problem igge inorganic salt mixtures that haveiraplephase
diagram and a mixture withdilute eutecticcomposition. A property of dilute eutectic is that when it
freezes, it has an equilibrium liquid associatethwti This solid with the associated liquid has th
consistency oé slurry, which can be pumped to an external heat exchatiger forcing the molten salt
over the heat exchanger tubes and causing tharfgegalid particles to remain in the molten sluifje
forced convection heat transfer due to flow velotsignificantly larger than conduction througtia.
In addition to this, a ‘salt-phobic’ coating on theat exchanger surface can further prevent théreai
sticking to the tubes and a nucleating agent amsdhatal added to the salt mixture that can help tigh
flow and heat transfer properties.

Objective & Technical Approach
A few of the key tasks conducted for this reseamncluded:

» Identify economical salt mixtures for use with C3&nts — Power Towers, Linear Fresnel
Reflectors and Parabolic Troughs

» Experiment with several different salt-phobic cogtcandidates

» Understand the morphology of the freezing dilutieetic salt consisting of 98% NaNO3 and 2%
NaOH. Other salt compositions were studied as.well

» TerrDesign a laboratory scale flow loop experimggihg a heat exchanger with coated-tubes
with salt flowing on the coated tube side and daatanside the tubes.

e Demonstrate

o Improved heat transfer by using a special saltun&composition calledilute eutectic
and by coating heat transfer tubes with materi ithhibits sticking.

o A freezing slurry of salt can be pumped over coatibeés without the salt sticking to the
tubes. The goal is to freeze 30% to 40% PCM.

! Concept of simple phase diagram and dilute eutectic is explained in Section 3

Terrafore Inc DOE-G0O18148
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Expected Benefits

The following benefits are expected from using PTEB, if at least 40% solidification can be achieved
with proposed active heat exchanger concept:

* About 20% reduction in amount of salt and 50% réidnan container size compared to
equivalent two-tank sensible heat TES.

» Improved overall CSP system efficiency by 1% to 2%

» Reduced TES costs by 30% over conventional twdc sansible heat TES resulting in a potential
reduction in life cycle cost of electricity (LCOEdsts by about 6%.

Accomplishments

The accomplishments for Phase 1 and Phase 2 gajectiucted during 2009, 2010 and 2011, included
the following:

e Selected salt mixtures suitable for commonly ugedrs cycles (6 MPa to 13 MPa steam
pressures and steam temperatures to 560 degréas}elith various CSP plants

» Identified and characterized two candidate coatapnologies for use with heat exchanger.

» Developed an experiment setup for qualifying caggtias ‘anti-stick’ to selected salt mixture. In
the experiment rig the salt mixture is pumped tgtoan external heat exchanger with partial
frozen salt slurry returning to tank.

» Developed a mathematical model of the PCM storggem and integrated with power tower
CSP plant simulation model

» Designed a shell and heat exchanger with coatexstaibd integrated it with molten salt flow
loop experiment setup. The laboratory prototypedul?000 Ibs of dilute eutectic NaNO3-NaOH
salt mixture with a storage capacity of about 18{hkt) to deliver heat rate up to 30 kWt

» Demonstrated 15% solidification with actively pumpifreezing salt over the coated heat
exchanger tubes.

» Conducted tests by pumping salt over a coatedehehtanger and collected data to quantify heat
transfer coefficient. The results compared wethwihe model.

» Estimated heat transfer coefficient of 600 W/m2-khvactive pumping of freezing salt.
Key Findings

» Dilute eutectic (hyper-eutectic) mixtures of inongasalts that form a simple eutectic phase
diagram exhibit slurry like properties. This pragyeran be taken advantage of to pump salt
mixtures over coated heat exchanger tubes and vegreat transfer when PCM is used for
storing thermal energy

» Successfully pumped a dilute eutectic molten satture near its freezing point over the
specially coated heat exchanger tubes and achpauédl solidification demonstrating use of
latent heat of fusion while increasing the heatdfar coefficient. The heat transfer coefficient
increased by ten-fold over a passive PCM-TES. Hawedhe solidification achieved was only
15% which is lower than the project milestone d#40

» Simulations show that the PCM-TES system can imptbe overall system efficiency of the
CSP plant by 0.8%, thus requiring about 8% lessigeofor same capacity factor. This is
because for a short period of time, the receivarteaoperated to collect energy at lower
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temperature to melt the salt, which reduces ramlidtisses from the solar receiver and increases
the collection efficiency. This in turn also allswseful energy to be collected during periods of
low insolation by running the receiver at lower psEratures.

» With the use of only 15% latent heat in PCM salg, met specific cost of PCM-TES using the
active heat exchanger described in this documerbjected to be only 9% when compared to a
two-tank conventional sensible storage systenreffiit is taken for the improvement in the
overall system efficiency, then these savings m®edo 17%. The project goal for cost reduction
was 30%.

» Even though, these savings are after paying foatlied cost of coated tube heat exchanger,
there is uncertainty in our estimate of the coghefparasitic energy for pumping. In addition,
since we are pumping molten salt at freezing peetexpect significant issues with designing
and operating with heat tracing system to prevexgzing inside piping. Any incident with
freeze-up during operation will reduce the savings.

» Significant lessons were learnt when pumping saltures near freezing temperatures through
pipe fittings, valves, bends, and pumps. Heatriggdbcation and prevention of solidification and
high pressures in unwanted areas require spedatesaring design and care. The failure mode
effect analysis, the experienced gained and thigrmedeveloped can be used for any sensible or
latent heat system where high temperature moltéisgaumped.

Project Team

US Department of Energy Project Officers — Briamtéw, Joe Stekli, Tommy Rueckert
Terrafore Inc., MN (Lead)

University of California at Riverside, CA (UCR)

Pratt & Whitney Rocketdyne, CA (PWR)

Jet Propulsion Labs, CA (JPL)

H.V. Setty Enterprises, MN

Report

The report documents the specialty coatings, theposition and morphology of hypereutectic
salt mixtures and the results from the experimentiacted with the active heat exchanger along
with the lessons learnt during experimentation.
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Section 2
Background and Introduction

A key technological issue facing the success afr&iConcentrating Solar Thermal Power (CSP) pliants
creating an economical Thermal Energy Storage (BgSem. Current TES systems use either sensible
heat in fluids such as oil, or molten salts, or thegmal stratification in a dual-media consistoi@ solid
and a heat-transfer fluid. However, utilizing theat of fusion in inorganic molten salt mixtures in
addition to sensible heat , as in a PCM-based T&S$significantly increase the energy density ofagie
(by about 45%) requiring less salt and smaller @ioets.

A major issue that is preventing the commercialaf¥eCM-based TES is that it is difficult to discha

the latent heat stored in the PCM melt. This abise when heat is extracted, the melt solidifige the
heat exchanger surface decreasing the heat trarisfen a few millimeters of thickness of solid erél

on heat transfer surface results in a large drdyeat transfer due to the low thermal conductigitgolid
PCM. Thus, to maintain the desired heat rate, &z &xchange area must be large which increases cos
Another issue is finding low cost salt mixtureshwggood thermal properties and high heat of fusion.

Our innovative approach to solve this is to useganic salt mixtures that havesiample phase diagram
and the mixture is dilute eutectic compositionThese two new termsdiute eutectic and simple phase
diagram— are explained later. A property of dilute etiteis that when it freezes, it has an equilibrium
liquid associated with it. This solid with the asisded liquid has the consistency of a slurry, Whian

be pumped to an external heat exchanger, thusiwtptbe molten salt over the coated heat exchanger
tubes and causing the freezing solid particlegmoain in the molten slurry. The forced convectieath
transfer due to flow velocity is significantly langthan conduction through solid. In additionhista
‘salt-phobic’ coatingon the heat exchanger surface can cause the salhere to the tubes lightly, so
that it can be easily removed by the flowing salt.

Thus, two key considerations for designing a susfaé®CM storage system would be:

» Selecting a storage media in the approximate teatyper range of 275 C to 350 C with the
following desired properties :

- High energy density. This requires less TES mdtarid hence smaller tanks, lower cost, and
lower thermal loss during storage.
- High chemical and thermal cycling stability
- Complete reversibility for a large number of chaagel discharge cycles
- Low specific cost
- Readily available and easy to handle with low titiand low corrosivity
» Designing a heat exchange mechanism that minintieesost of the heat exchanger. To
discharge heat from a PCM-based TES, a good heharger should have the following
properties:

- have a high heat transfer coefficient throughoatdischarge

- use low parasitic power for pumping, if using ativecheat exchanger

- use common heat exchanger designs, such as stelilaa that can be manufactured using
state-of-the-art techniques

Terrafore, Inc. Page 4 DOE-G018148
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In the following sections we describe a baselin® @&nt, prior art in designing active heat excleaag
for PCM-TES and our approach of a shell and cottled heat exchanger.

Baseline CSP Plant with PCM-TES

Te

HX-2: Hot Molten Salt to

Solar Central Receiver
e HX-3: Hot receiver Sreatesuperheated steam

fluid to heat salt

Steam Turbin
Generator

Extraction

g 2
2 1000F A& 5 Steam to Feed
= (ER Heat
= Thermal Storage Fluid ;,% Ll
5 & :
o 1025F 2 ( Condenser
o : 1025F = LEL
% Gl e Hot Molten Salt >—HX-
T (25% energy) l
PCM Melt
Salt at Melt Temp
B3 (75% energy)
: ) e
-
HX-4
Tsaltnselt F
Ter F Freezing Salt Slurry
Cold Receiver Fluid HX-4: Hot receiver fluid HX-1:Salt melt to

vaporize feed water
to saturated steam

to melt solid in tank

Figure 1.1. PCM-based TES design offers a low cost approach by
reducing the TES system size by 37% to 56%

A baseline system using power tower is shown imféd.1. This figure shows a PCM-based TES
system with a single tank, in a power-tower cornfagion. In this configuration, thermal energy isrsd
as a combination of latent heat and sensible heat inorganic molten salt mixture. In the figute
fluid at the bottom of the tank labeledEM Melt- stores up to 75% of the total heat at a constetit
temperature of 3¢ (590 F) as heat of fusion in an inorganic saktune consisting of a large
percentage by weight of sodium nitrate and a samfunt of sodium hydroxide (this proprietary
composition is described later as thikeite eutectiy. The fluid labeled Hot Molten Salt- stores the
remainder 30% of heat as sensible heat in saltaeatyres between the melt temperature and up to
565°C (1025 F). The ratio of latent heat stored to kd@$ieat depends on the latent heat of fusion of
selected salt mixture and the high and the lowaipey temperatures (the low operating temperature i
typically the melting point of the salt.)

Starting from the right of the tank in Figure 1gthipressure 8.6 MPa (1250 psia) feed water from the
condenser is vaporized into a saturated steamO&€C30 a steam generator heat excharhtjél.
Superheat is added to the saturated steam in plegl®at heat exchangdK-2. This superheated steam
at 540C (1000 F) is delivered to the Steam Turbine Geaner@he heat for superheating steam and
vaporizing feed water is provided by pumping therholten salt from top of tank, first tdX-2 and then
to HX-1 as shown in the figure. The salt is cooled tofteezing or melting point of salt in HX-1 causing
some salt to solidify. The partially-frozen salinsy fromHX-1is returned to the tank.

Terrafore, Inc. Page 5 DOE-G018148
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On the left of the tank in Figure 1, the hot reeeifluid from the Solar Central Receiver (power ¢oWw
transfers heat to the molten salt in the tank nea@t exchanger label&tX-3. Then the fluid is directed to
the heat exchangers labelklX-4 to melt the salt in the tank. The cold receiveidf from HX-4 is
returned to the Solar Central Receiver to colletarsheat. (The return temperature of the coldivece
fluid is at 318C (600 F) slightly higher than the melt temperatafe810C . The heat transfer fluid
(HTF) in the receiver can be any advanced heasfieafiuid such as another thermally-stable mo#talt
mixture or liquid sodium or oil.

In state-of-the-art CSP systems which use a twk-gansible TES, the HTF is same as the storage flui
and since large volumes of this fluid are requited,HTF selected must be economical. Howeveh wit
PCM-TES shown, an HTF can be chosen independehedfES storage salt. Since the fluid required to
collect energy in the receiver fluid is independafit ES salt, an efficient HTF which can operate at
higher temperatures can be selected. For exampiés temperature can be increased to’60QL110F),
then the hot molten salt temperature in the TEE ¢am be raised to 580 (1075F) instead of the 1025F
and the steam delivered to turbine can be raisachigher temperature which will increase the heat
electrical conversion efficiency in the turbine geator.

Designing an Active Heat Exchanger

There are many types of heat exchangers u:
in the industry for transferring heat during L ;T .
phase change from liquid to solid. Some of ﬁ : S\%
the active (not passive) heat exchange desic 3
include shell and coated tubes; others use
mechanical scrapers, ultrasonic vibrations o
flexing to free the tubes of freezing salts.
Other active heat exchanger designs include
microencapsulating the salt and pumping it
carrier fluid or by simply having water in A Q
direct contact with the molten salt to generat

steam. Some of these designs were built an N —
tested for PCM-TES systems in the early i g
1980s. However, the research was
incomplete due to change in US DOE energy
focus in 1981.

Figure 2.Low adhesion surfaces and shell and

tube heat exchangers offer economical

design options

Our preliminary analysis and experience,
based on this past research, indicated that aameiube type of heat exchangers, with the salhen
shell side and the two-phase steam water insideutiee(Figure 1.2), can potentially be successheénv
discharging heat from the PCM melt. Furthermonegesithis is a commonly used design in the industry
is also the most economical to use.

Our baseline approach was to simulate and testusdonfigurations of the shell-and-tube exchanger
and by coating the tubes with a material to rentd@nooth to prevent freezing PCM solids from adiger
to it during heat transfer through the tube surface

Terrafore, Inc. Page 6 DOE-G018148
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Research on Additives and Coatings

A major drawback of using phase change moltemsaiderials is their poor thermal conductivity and th
fact that clumping occurs during freezing thatkgtito the walls of the storage tank and heat exgdran
surfaces. Using our proposed storage media ofeddutectic would alleviate this problem. To further
improve the flow properties and improve the connhitgt we proposed to investigate use of additives
such as graphite, nano-carbonaceous materialspaicdiquids. Since coatings also alleviate the
problem of the phase change materials stickingeontalls, we proposed to investigate heat exchanger
coating materials such as graphite, metallic resiend carbides, and high temperature polymers @ssic
imides, poly benzo-oxy imidazole). We propose theaterials because of their high thermal stability,
and chemical stability, good heat transfer properéind good non-wetting characteristics with molten
salts.

Research Tasks

The research conducted over the two years incltietbllowing and is discussed in sections listed
below:

» Selecting a salt mixture for use with various C8Bighs (Section 3)

» Conducting research to select a salt-phobic codtinthe selected salt mixture (a dilute eutectic
of sodium nitrate and sodium hydroxide) (Section 4)

» Characterizing the morphology of dilute eutectixtmie (Section 5)

» Designing a heat exchanger and PCM-TES laboratatptype(Section 6)

» Conducting experiments by pumping freezing salttamexusing the heat exchanger (Section 7)

* Model and economic analysis (Section 8)

* Lessons learned from the research (Section 9).

Terrafore, Inc. Page 7 DOE-G018148
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Section 3
Selecting Salt Mixtures for Latent Heat Thermal Enegy Storage for
Concentrating Solar Power Plant (CSP)

Focus of this Section
This section discusses the selection of salt mestfior storing thermal energy as latent heat abfu
mixtures of inorganic salts that melt in the ranf§@75°C to 350°C.

This melting temperature range is chosen to métetsteam vaporization temperatures that are typical
used in power generation cycles using Rankine Tiesi The concentrating solar thermal power (CSTP
or CSP) plants are being designed to heat fluioh f4©0°C to 565°C to provide heat for vaporizing and
superheating steam at steam pressure from 5.9 888gpia, saturated steam temperature of2y4o
12.4 Mpa (1800 psia , saturated steam temperaf@27§C). The salt melting point should be a little
higher than the selected saturated steam temper&uwiure systems can go up in steam pressurés3o 1
MPa (2400 psia, 35{C saturated steam temperature) or even supertriicge (>22.1MPa or >3207

psia).
Melting Point of Salts Required for CSP

The melting point of salt should be higher thanwthporization temperature of steam at the selected
steam conditions for the Rankine power cycle. {Emeperature difference is determined by the optimum
approach temperature for heat transfer from frepzéait to boil steam. Typically this is betweenCL¥o

25 C depending on the cost of the coated tuberbigat exchanger).

The following Table 2.1 gives the required meltpaints of salts for Concentrating Solar Thermal
Power (CSP) systems which include: Solar Centealeiver (Power Tower), Parabolic Trough, and
Linear Fresnel Reflectors. For utility scale pogeneration generating electrical power between 50
MW(e) to 100 MW(e), these use Rankine steam tughiriehe steam pressures and temperatures to these
turbine range from 5.9 MPa to 22.1 MPa with supatdw steam of 40 to 565°C. Table 1 shows the
typical steam conditions for the various CSP tetdgies. A large of the heat is required to vapmriz
steam at constant saturated steam temperature shdlentable. Thus for generating power through
storage, a large fraction of heat must be storedathe saturation steam temperatures (for exaatple
8.6 MPa and 56&C turbine conditions, the heat of vaporization@ % is 70% and the sensible heat
between saturated temperature of 300C and supechteahperature of 56& is 30%). The desired salt
melting temperature should be 5 C to 10 C highan the saturated steam temperature, as shown in
Table-1. Next generation power tower systems ape&rd to use supercritical pressures of 22.1 MPa.
The higher pressure steam turbine cycles are nfficeert and will significantly improve the overall
plant efficiency and hence the economics. Theegfiorthis report we considered salts for steantesyc
up to 16.5 MPa.

Terrafore, Inc. Page 8 DOE-G018148
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Table 1 Salt Melting Temperatures Required for Varbus Power Plant Cycles

Next generation Power Tower CSP

Next generation Troughs & Fresnel CSP

CSP Technology vs. SOA Power Tower CSP

Steam Conditions SOA Fresnel CSP

SOA Parabolic Trough CSP

Steam Pressure, MPa 59 8.6 10.0 12.4 16.5 221
(psia) (850) (1250) (1450) (1800) (2400) (3200)

Saturated Steam Temperatur

deq C (deg F) 274 (527) | 300 (572)| 311(599) 327 (61F) 350 (65B73 (705)

Desired Salt Melting Point,

deg C (deg F) 285 (545) | 310 (590)| 320 (608) 340 (644) 360 (680)00 (752)

Concept of Simple Phase Diagram and Dilute Eutectic

In adilute eutectiamixture 96% to 98% by weight is of the major comegnt of the salt mixture and
remainder is a selected minor component salt mextdihe salts in Table 3 can be used as a major
component in combination with a salt that can fareutectic with a minor component (2% to 4% of the
mixture weight). For example, there are 29 difféigalt systems with NaOH, 123 salt systems with
KNO3, 117 salt systems with NaNO3 and so on. @pr@ach requires us to select the minor component
that forms asimple phase diagramr no solid solutions as the mixture solidifiéhis is because we
require the solid that crystallizes out during dification should be in equilibrium with a liquidn the

phase diagram, shown in Figure 3 and discusseavlihle is the region between the melting point of
major component and the eutectic point of the méxtu

An example of a simple phase diagram and diluteatist composition is described below using a
NaNO3-NaOH system.

Figure 1 shows aimple phase diagramf a NaNO3-NaOH system. Insémple phase diagrathere are

no solid solutions as is shown on the right orNla®&O3 side of the figure. The eutectic composit®n
83.2% NaNO3 and 16.8% NaOH and eutectic temper&#46°C. The selected composition of 97%
NaNO3 and 3% NaOH for TES has much larger perceraaflaNO3 than the eutectic composition and
hence the terrdilute eutectic compositiom NaNO3. The storage temperature at the staatdi$charge
cycle is closer to the melting point of NaNO3 whish310°C. As heat is extracted, only NaNO3
component crystallizes out (since there are na saliutions on this side) leaving an equilibriuguid
composition along the liquidus curve.

For example, for the selected dilute eutectic &686 of the NaNO3 freezes out, the equilibriumiliqu
will contain 47 units of NaNO3 and the original Sittof NaOH. This calculates to a liquidus of 94%
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NaNO3 and 6% of NaOH. From the curve we can sddhbdreezing temperature for 94% NaNO3 and
6% NaOH is 305C. Thus, after 50% of heat is removed from thettieé temperature only drops from
the initial 310°C to 305°C, which is not a significant drop in temperatutgle/the latent heat is stored at
near constant temperature. This is the reasoreta ddute eutectic as a starting mixture. We must
ensure that the heat exchanger tube temperatkeptisabove the eutectic temperature of 2460 that

the solid on the tubes has a liquid in equilibriwith it. To ensure this we require that the saitegn
should not have any solid solutions between itsainnelting temperature and eutectic point.

DILUTE
EUTECTIC
0 o e COMPOSITION
o TRANSITION POEITIO
; LIQUIDUS
2004
& CONGRUENT SO E
& MELTING COMPOSITION |
= 280 QeomposITIoN, |
% | | cooranT
,ﬁ B0 _.__L_TLL“EFEE.FLTURI
2 i
I
2404 I |
| SOEIDUS , i
| |
Za04 I :
] T T T T T 'I r T 1
1] 83,2 a0 1040
Haon ‘
PERCENT (WEIGHT) NaNO, NaNo,

Figure 1: Phase Diagram of NaNO3-NaOH system

There are numerous salts and salt mixtures that mmalting points within the range of the CSP
application. In addition to melting point and least per unit weight the selected salt must haveraé
desirable properties. Figure 2.1 shows a proagssefecting salts.

Ideally the selected salt must:

* be easily available
be thermally stable and withstand multiple fredmat (>5000) cycles

« have high specific heat of fusion (kJ per kg angéwn?),

» should be less corrosive to commonly used contsifesy, steels). Since the salts will be of
commercial grade, the levels of impurities, pattady such as chloride and moisture are
important as they affect corrosion to containeramals

« have a low vapor pressure at temperature (up t6Gg0

* be non-hygroscopic, reactive or non-toxic so it barhandled and stored easily,

» has good thermal properties such as thermal conityct
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Most salts are hygroscopic and in addition to intfrsr, moisture should be avoided as they affext th
corrosion properties as well as heat of fusionattSg3). During thermal cycling process, therd bd
interactions between the molten eutectic mixtui thie surface of the container, and the resulting
impurity is likely to increase and however smallcamt it may be, compared to the eutectic mixtune, a
likely to affect the rate of nucleation and cryttakion during phase-change.

Appendix 2.1 lists all the salt mixtures that hédeen studied and have melting points within theeaof
275°C to 375°C. We first screen salt mixtures from the listjmpendix A by using the criteria in Table

2 which is a qualitative evaluation of inorganitt saixtures by category. In the Terrafore condept
thermal storage, the salt mixture is a ‘dilute etitésalt mixture consisting of a major componémhich

is typically much greater than the compositiorhateutectic) in the salt mixture and a minor congon
which is the remainder. The ‘yes’ in Table 2.2igades the salt is acceptable and ‘no’ indicatésribt
acceptable. Some salts which may not be accepaabt®jor component may qualify for use as a minor
component.

Based on this, salts containing chlorides, nitrates hydroxides may be selected as a major componen
Next, salts that contain exotic or uncommon mededsrejected. For example, salts containing noble
metals such gold, silver, platinum, tungsten, catimétc are expensive, and are not readily available
very large quantities. These are not selected agsaninor components. Since Lithium salts have ve
high heat of fusion, we kept this in the shortilisTable 2.3, which lists the major componentheaf alt
mixture suitable for CSP applications. This (Tab)es a short list of thirty one salts and salkimies

that have melting points within the 2% to 375°C range, have many desired properties such asaherm
stability and availability for use in TES applicats. The rightmost column in the table shows tharst
cycle for which the salt can be used. Salts ssddaNO3, NaOH, KNO3 and KOH are highlighted as
selected major component. Next we use the simmsgdiagram criteria (discussed later) with any of
these four major components. When alternativensiiiures that have simple eutectic diagram are
available within the steam cycle, we reject salttaries that contain component(s) that are either
corrosive or are expensive. For example, the itiesror the chromate or zinc chloride in the Tabke
even in small quantities can be problematic. df¢his an alternative to any of these we selettstia
mixture as the major component

Terrafore, Inc. Page 11 DOE-G018148



Heat Transfer and Latent Heat Storage in Inorgiftuiten Salts for Concentrating Solar Power Plants

Table 2. Various categories of salts and their chacteristics

Major Minor
Salt Category Qualitative Characteristic of Salt Component | Component
Low cost, good thermal properties, readily avagahbl
large quantities. Corrosion is an issue and must be
Chlorides addressed (*) Yes Yes
Hydroxides same as above Yes (?) Yes
Nitrates same as above Yes Yes
same as above but oxidizes easily, low vapor pressu
Nitrites not very stable No Maybe
Carbonates applicable temperature range high; gdddives No Yes
Sulfates Corrosive No Yes
Oxides Corrosive No No
Fluorides not available in large quantities. Most
Flouride salts that melt below desired temperature
Fluorides range contain expensive Li or alkali metal No Yes

(*) Chlorides, sulfates, phosphates are presesinialler quantities in most salts obtained in bulé a
corrosion has to be addressed in selecting anynssitire.
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Figure 2. Method for Selecting Salt Mixtures for C® Application
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Table 3. Candidate Salt & Salt Mixtures for use wih CSP- TES as a Major Component

System Eute(;:(taic Temp, compostton Formula Wt | kJ/kg Steam

gC (mole percent) Cycle

1 Nas:;’s";jc" 278 C 86.3-8.4-5.3 85.79 19022 1
2 | LICI-LIOH-KCI 280 C 45-43.5-11.5 27.66 76333 1
3 NZNa?I\ng‘;‘g - 280 C 86.2 -7.9-5.8 93.02 17590 1
4 NaNO3-NaCl 281C 98.9-1.1 84.71 17559 1
5 |NaOH-NaCI-Na2CO{ _ 282 C 85.8-7.8-6.4 45.66 20662 1
6 ZnCi2 (™) 283C 100 136.00 75.37 1
7 | NaOH-Na2CO3 283C 92.87.2 45.42 19995 1
8 |NaOH-NaCI-Na2CO{ _ 291 C 87.36-6.6 45.42 19995 1
9 | NaNO3-NaBr (™) 293 C 90.59.5 86.71 18232 1
10 | NaOH-Na2S04 293 C 95.34.7 44.79 160109 1
11 NaNOif)a(NO?’)Z 294 C 93.6-6.4 96.26 15089 1
12 | KCI-ZnSO4 (%) 295 C 66.6-33.4 103.46 | 20346 1
13 NaNO3-NaCl 297 C 93.56.5 83.27 187.02 1
14 KNO3-KF 298 C 91-9 97.13 13598 1
15 |  NaNO3 - NaCl 298 C 955 83.67 18395 1
16 | NaNO3-Na2SO4 | 300C 95.5-4.5 87.57 17281 1
17 NaNO3-NaF 304 C 96.53.5 83.50 18430 1
18 NaNO3 310C 100 85.00 17327 1,2
19 NaOH - NaCl 314C 93.7 6.3 41.16 18762 2
20 NaOH 318C 100 40.00 158.99 2,3

Salt System Deg C Mole% Formula Wt kJ/kg Cycle
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21 KI:I((;?(;—;SEN((ZC?)Z- 319C 99.18-0.12-0.70 100.37 118.59 2,3

22 KNO3 - KCI 320C 94-6 99.42 126.78 2,3

23 Na2C0O3-Na2504 330C 66.5-33.5 56.00 474.81 3

24 KNO3-K2S04 334 C 98.8-1.2 99.79 120.95 3

25 KNO3 — KBr (**) 336 C 99-1 101.18 117.15 3

26 KNO3 337C 100 101.00 115.99 3

27 LiCI-KCI-LiF 346 C 56-40.5-3.5 56.16 408.93 4

28 LiCI-KCI-NaCl 346 C 55-36-9 55.43 415.33 4

29 LiCI-KCI 348 C 58-42 55.92 405.7|7 4

30 Lioﬂ;ézggo?" 350 C 59.1-28.2-12.7 48.31 534.76 4

31 KOH 360 C 100 56.00 167.3p 5

Steam Cycle: 1=5.9 MPa, 2=8.8 MPa, 3=10.0 MPa,214 MPa, 5=16.5 MPa
** Avoid if alternate salts are available. Bromsdand chromates are toxic and for large scale
Noteg Systems cannot be used even in small quantitighiuin salts are included because of their high

heat of fusion. Lithium salts are expensive angrbgcopic and require special handling. LINO3
is perhaps the only exception that may be usethallgjuantities. Thus from practical standpojnt
there are very few salts that qualify for use aMRQr TES application.

Recommended Salts for CSP Applications

We studied phase diagrams for several mixtures thélsalts listed in Table 3 and used a combination
criteria discussed earlier (see Figure 2) in thiessdection method such as the simple phase diagoav
cost, low corrosivity, high heat fusion, availatyiliand experience. Based on this, we selectedate
listed in Table 5 as recommended salt mixtureshfedifferent steam cycles. The percentage byhteig
of the major component is much higher than thahefcomposition of this component at the eutectic
point. In case of three salt mixtures, the mimmmponent may be a eutectic of two components and th
major component is the third salt. Alternativetye major component may be a eutectic of two
components (example, NaNO3-NacCl in the table) ardhtinor is the third component.

Nitrate salts have been used extensively in thesind and are readily available in large quantities
Stainless steel is preferred as containment matexvan though mild steel can be used, the incréahen
cost of stainless steel over mild steel relativéheooverall cost of system is small and stainséssl| has
better corrosion resistance to most salts and iitiggir The impurities alter the system propertéied the
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corrosion properties of the mixture. An assay thitlough analysis of the effect of these impurities
required before specifying and procuring salt nmesu

For experiments in Phase 2 and Phase 3 of thegimoge selected dilute eutectiomixture of NaNO3 as
the major component and NaOH as the minor component

Table 4. Selected Salts for Typical Steam Power RiaCycles

Major Component

Steam Pressure for CS

I(:I)r(;iitri]z':l)l Melting Minor Component / Rankine cycle
gi’:gii"(\gi' o | NeoH 5.9 MPa
NaNO3 (310 C) NaOH 8.8 MPa
NaOH (318 C) NaNO3 10 MPa
KNO3 (337 C) KOH 12.4 MPa
KOH (360 C) KNO3 16.5 MPa

P
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Section 4
Characterization of Anti-stick Coating using Differential Scanning
Calorimeter

Differential scanning calorimeter (DSC) measuretmevere used to examine the effects of
1)composition, 2) surface roughness, and 3) cody®y, on the solidification temperature of thés
The cooling rate was also varied (10, 50,°0Jfin). A TA instruments DSC was used in this study

Effects of salt composition

In order to examine the dependence of the meltingsalidification events on of salt composition,
different compositions of salt (NaOH/NaNO3) ratwsre weighed and mixed for DSC analysis. The
salts were transferred to as-received stainless B®C pans. In the course of our experimentssatid
salts were heated from room temperature t6G%hd subsequently cooled and repeated; each run
comprised 10 different heating-cooling cycles. gl has the DSC results showing the heat flow vs.
temperature for varying compositions of salt. Thevadward trend of the curve corresponds to the salt
melting and the upward trend (peak) correspondsaaolidification event. The results demonstragd t
both the melting and solidification temperatures @mposition dependent. We also see that for some
compositions the curves (different heating-cooliggles) do not overlap. This is an indication @ thck
of repeatability of the melting/cooling. The onlgraposition for which the curves overlap is the 100%
NaNO3 sample.

We attribute the lack of repeatability of the sagsptontaining NaOH to corrosion of the stainlesslst
by NaOH. Corrosion changes the SS surface andladsglobal composition of the salts and thus the
solidification/melting temperatures. These findispow that identifying a coating that minimizes
corrosion is crucial.

100% NaOH

90% NaNO3-10% NaOH

% 92% NaNO3-8% NaOH

g 50
E A Al 94% NaNO3-6% NaOH
B — — 96% NaN03-4% NaOH
98% NaN0O3-2% NaOH
—= 100% NaNO3
-10200 ' ' ' Zé[] ' ‘ ‘ 360 ' ‘ ‘ 350
Exo Up Temperature (°C) Universal VA.7A TA Inst
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Effects of surface roughness

In order to examine the effects of surface roughmesthe solidification event, we systematicallyieg
the surface roughness of the DSC pans by electishpay. Figure 2 a and 2 b are pictures of théesar
of DSC pans before and after polishing.

Fig. ' ptlcal mlcrosce picture of DSC pan beforara) after b) electro-polishing

DSC heating/cooling runs were conducted using D& pvith various surface roughness using pure
NaNO3. Figures 3,4,5 show the results of the festgarying root means square (RMS) surface
roughness with a cooling rate of 10, 50 and°@3thin respectively.

wl Yy 1380 nm RMS P —— |
v 2100 |
204 1875 Jeme -
A 1300 nm RMS - ————

1

Heat Flow (W/g)
Heat Flow (Wig)
2

M e ® O 813 nm RMS . e
57\/—\\/ .
300
’_/___/‘7 93 nm RMS ors ———
u—w—__\—/ ..
600
250 300 350 0 201 %2 % 04 208
L Temperature (°C) Umve«:l\/AMYAInsla) Gy Temperature (°C) Unversal VA A u...b)

Fig. 3 DSC results for NaNO3 samples with varying surfaeeghness using IC/min cooling
rate. a) entire temperature range b) narrow tenmperaange emphasizing solidification event
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Fig. 4 DSC results for NaNO3 samples with varying surfaeehness using 5C/min cooling
rate. a) entire temperature range b) narrow tenyreraange emphasizing solidification event
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Fig. 5 DSC results for NaNO3 samples with varying surfaeeghness using 10C/min cooling
rate. a) entire temperature range b) narrow tenyreraange emphasizing solidification event

Salidification Temperature vs. Surface Roughness
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Figure 6 Effect of surface roughness on Solidification temapure for 3 different heating rates
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The results show that decreased surface roughaase<sa significant shift of solidification towdosver
temperatures for all of the heating rates. Thé shinore pronounced at higher heating rates. il
caused by surface roughness is more appreciablgume 6.

Effects of surface composition (coating material)

In order to examine the effects of surface coatimghe solidification event, we coated the DSC ywih
different materials: Cu, Ag, Ni, Cr, and TiN. Figur are the results of the DSC tests.
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Figure 7 DSC plots for various coatings for $0/min (a,b), 56C/min (c,d), 100C/min
(e.f).

The results show that all of the coating mategalsse a shift in the solidification temperature. Ag
actually has a negative effect (shifts the solidifion temperature to higher temperatures). Theofdhe
materials decreases the solidification temperaine.shift is largest for the Cr coating.
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Solidification Shift versus Cooling Rate for Different Coating
Materials
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Figure 8 Shift of solidification temperature for differendatings at 3
different cooling rates.

Selected Coating for Experiments with the NaNO3-Na@ Dilute Eutectic Mixture

Seamless heat exchanger tubes were first elecisbpdland then coated with chromium. The
electropolishing solution and method is descrileAppendix 2. The morphology of the
chrome coating is important.
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Section 5
Morphology of Freezing Salt Mixture

According to previous studies, the best binary sgtem is NaOH-NaNO3. Fig 1 shows the binary phase
diagram for this system. Three different binary positions were selected for the primary studiehis
system. These three compositions are as below:

1- NaNO3 (100%)

2- NaOH (10wt%) — NaNO3 (90wt%)
3- Eutectic composition of: 15.8wt% NaOH-84.2wt% N2

Fig 2 shows the cooling curves for pure sodiumatétwvith different amount of purity. In fig 2A,

B and C cooling curves are related to sodium mtvéith 98% purity and in all of them transformation
temperature is about 3Wwith 0.5C accuracy (table 1). Supercooling howeragies from 0.1C to 0.4

C. For the 99.999% grade sodium nitrate the freppoint is accurately 308C due to the phase diagram
(fig 1). The supercooling however is 0.8C, whiclthis highest supercooling obtained among all. Tais
be due to the high purity of NaNO3 and also higteeling rate. Note that the temperature accuracy is
less than 0.07C with the instruments used.

'“_lU T 2 4 Y T Y L4
ECaltliquid .
r e ESat-liquid » NaOMH 3 20
KEU-A'IWH NaNOJ s D) — ‘___"1
300 |t NENOSED 09537 4
~7 ' 2 > ° g7
- 27701 272" _ose 23 el
~ §Salthguid « NaNOTEIQ 285 S50 néa — L
E - ESakiquid « NaOH(Y
]
E z A
G 200 ¢ Q = 1
e & -
: -
.H -
1 UO 3 <
n PUIPPU WP WSSy GRS~ Anmn o a Sttt ettt et ettt ettt
ou IR U.d J 3 04 us ub J.J J o 04 10

mole NaOH/(NaNO,+NaOH)
Fig 1 NaOH-NaNO3 binary system phase diagram [1]
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Fig 2 Cooling curves A, B and C: NaNO3(98%), D: N&®(99.999%)
Table 1 Data extracted from fig 2 {A, B and C: NaB{@8%), D: NaNO3 (99.999%)}

Fig 3A shows the as cast patterns of ingot for ginmaetals and alloys. Grains in the as cast ings
generally 3 types: equiaxed, columnar and zonéseirchill zone which are forming first on the mald’
wall. In each metal and alloy depending on thed#adation condition and also the composition ayykt
of metal or alloy each zone can be changes or jgésap. Our observations on the selected salt system
using different ingots such as aluminum, steeipaha, quartz, and pyrex shows the model in fig. 3B,
which means the equiaxed and chill zone are natappy in the as cast ingot microstructure. However
structure of the as cast salt can be dendrititggag $hows, in the as cast sodium nitrate with @&fity.
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Fig 3 A: General Ingot as cast pattern, B: Saltsass$ pattern
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Composition Cooling rate| Transformation Super cooling (C
P (°C/min) | Temperature®C) b 9
NaNO3 (A) 7.6 299.9 0.16
NaNO3 (B) 6.7 299.6 0.103
NaNO3 (C)| 74 300.6 0.4
NaNO3 (D) 04 308 0.84

Fig 4 Ingot as cast pattern for NahN@ith 98% purity

B
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00 pm

C D

Fig 5 Magnified images of as cast NaNO3 ingot, énter of the ingot with cavity, B: bottom left difet
ingot, C:Top of the ingot, D: Top right of the irtgo

Fig 5 shows the magnified cross section of asNablO3 with 98% purity. As it can be seen the
columnar zone has occupied the microstructure, thigiprimary columns elongated from wall
to the center and secondary dendritic arms. Thislgic microstructure is because of the
presence of 2% impurities. Fig 6 shows the sameosticicture but polished from the top of the
ingot. In this image different dendritic colonieencbe observed with a better contrast.

Fig 6 Microstructure of NaNO3 from top of the indBolished structure)

Fig 7 shows the cooling curves for eutectic compmsiof NaNO3-NaOH with different amount of
purity. In fig 7A, B and C cooling curves are reldto sodium nitrate and sodium hydroxide with 98%
purity and as indicated in table 2, the transforomatemperature for these curves is less thandheah
eutectic temperature according to fig 1 becaugkeoimpurities. In fig 7 D the cooling curve isatdd to
the eutectic composition using sodium nitrate aydisn hydroxide with 99.999% purity, and as table 2
shows the transformation temperature is about ®Aich is near to the reported eutectic temperature
fig 1 (250°C). Table 2 shows good supercooling temperaturethéC and D compositions. However
the amount of supercooling for the A and B compois# is relatively low, and based on the coolirng ra
it should be higher. The reason can be a non-aecarperiment or problem with thermocouple and
those experiments should be repeated.
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Fig 7 Cooling curves for Eutectic composition ofNNa3-NaOH A, B and C: NaNO3 and NaOH with
98% purity D: NaNO3 and NaOH with 99.999% purity

. Cooling rate Transformation :

Composition (°C/min) Temperature’C) Super cooling (C)
NaNO3-NaOH 12

(15.6%) (A) 27.8 219.5 '
NaNO3-NaOH 0

(15.6%) (B) 23.4 219
NaNO3-NaOH 6.8

(15.6%) (C) 5.5 207 '
NaNO3-NaOH

(15.6%) (D) 6.5 247 5.9

Table 2 Data extracted from fig 7 {NaNO3-NaOH AaBd C: NaNO3 and NaOH with 98% purity D:
NaNO3 and NaOH with 99.999% purity}

Fig 8 shows the cooling curves for hypo eutectimposition of NaNO3- 10wt%NaOH with different
amounts of purity. In fig 8A, B and C cooling cusvare related to sodium nitrate and sodium hydeoxid
with 98% purity and the transformation temperatdoeshese curves are shown in table 3. It is etqubc
for this composition to have two transformation pematures.

The first transformation happens when the firsiwmadhitrate solidifies and the second transfornratio
when the eutectic transformation happens. As iteaseen in the cooling curves, eutectic transfooma
for all cooling curves A,B and C cooling curvesess than 256C between 230-23% and this
temperature off-set is due to the impurities. Hosvete primary solidification of sodium nitrate can

be detected in these curves. The reason can Isenddeamount of latent heat of fusion release, Wisc
not sufficient to make a change on temperatureeate supercool. In fig 8 D the cooling curve iated
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to the hypo eutectic composition using sodium tetemd sodium hydroxide with 99.999% purity, and as
table 3 shows the transformation temperature of@5@hich is exact reported eutectic temperatufegin

1. Also table 2 shows supercooling temperatureghfoA and B compositions more than C and D and the
reason is because of the higher cooling rate.

Fig 9 A, B and C: Dendritic structure of NabM@Owt%NaOH, D: microstructure change from sharp
dendrites to fine rounded dendrites when Na&l@ NaOH used in the NaNO3-10%NaOH composition
are pure (99.999%)
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Fig 8 Cooling curves for NaNO3-10wt%NaOH compositad NaNO3-NaOH A, B and C: NaNO3 and
NaOH with 98% purity D: NaNO3 and NaOH with 99.999Urity

Composition C(()"%”/rr:?ir:? te Tzr;nggtrggig Super cooling (C)
N"’E'l‘g,/::’)"\(‘z)o H 35.9 230 1.6
N?’I‘g}%’\(‘g)o H 44.5 233 1.5
Nez';‘g,/?;'\(‘g)OH 5.6 235 0.6
N?’I‘gz)"\(lgg) H 7.4 250 0.3

Table 3 Data extracted from fig 8 { NaNO3-NaOH AaBd C: NaNO3 and NaOH with 98% purity D:
NaNO3 and NaOH with 99.999% purity}
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B
C D

Fig 9 A, B and C: Dendritic structure of NabM@Owt%NaOH, D: microstructure change from sharp
dendrites to fine rounded dendrites when Na&l@ NaOH used in the NaNO3-10%NaOH composition
are pure (99.999%)

It was pointed out in background studies thatéfliquid is at a lower temperature than the intafa
dendritic growth is observed. This implies thairtially smooth interface is unstable in the prese of

a temperature inversion. In a smooth interface vad#nary growth conditions and supercooled
interface a ribbon shaped crystal with its two flatfaces parallel to a closely packed plane otaire
may forms [34]. Fig 9 shows the different structubased on the cooling curves in fig 8. As it can b
seen the morphology of the primary dendrites forinettie microstructure of the hypo eutectic
composition changes with the amount of impuritrethie microstructure. Figure 9 A, B and C show the
same needle type dendrites but different sizesaarplrity of the composition increases the morminol
of the dendrites totally changes to a more roupé tyendritic structure in fig 9-D. The supercool
temperatures and cooling rates does not have &t eh the shape of primary dendrites but chatiges
size of the dendrites. As it can be seen in figutlege higher the rate, results to a finer dendsitiacture.
The type of dendrite structure in fig 9 A, B and&h be what reported in aluminum alloys [2-3], eall
as feather crystals and feather growth. The ciystabwn in this figure appear to resemble ribbgstais
in that they always contain twin planes, but m@t obvious why a twin mechanism should come into
play in a material in which the interface is bedidvto be diffuse. It is possible that the feathgstals
grow only when the supercooling at the interfacgoismall that the diffuseness of the interface is
insufficient to allow new layers to form. This eaphtion is not supported by the observation thathfs
crystals do not occur unless the conditions aré thet growth is fast. Although the significancelus
research is based on the primary formed dendnitegteeir morphology, since in solar power plantthea
exchanger the solidification only happens partialiyl never reaches to the eutectic point, recayndf
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the eutectic structure is important in order toensthnd the difference between the primary dergaitel
dendrites lie in the eutectic structure. As diseddsefore the smooth interface is caused becaube of
completion of the atomic layers, and in this typstoucture eutectic structure is irregular anddhar
detect. Also because of the supercooling formatiativorced eutectic happens as it is indicatefigin
10.

D

NaNO3 Na20HNO3
Fig 10. NaNO3-NaOH Phase Diagram

Fig 11 shows a microstructure of a divorce eutantibie composition of NaNO3-10%NaOH with purity

of 99.999%. The dark parts are sodium hydroxideiboan be seen they have absorbed some moisture
due to the nature of being so hygroscopic.

Fig 11 Divorced Eutectic structure in the compositof NaNO3-10wt%NaOH with purity of 99.999%

e
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Appendix 1 discusses viscosity of salt mixtureedmireezing temperature. There is very scantaata
viscosity of salt near melting and freezing, beeatss difficult to measure. Fig 12 and 13 shaw o
initial attempt to measure viscosity of a euteatid a hypo eutectic composition of NaNO3-
10wt%NaOH. In fig 12 viscosity has been measurdtientemperature range right above the freezing
point. The freezing point for the first solidifieditectic is 260C according to phase diagram iA figt
because of the supercooling and also temperatadénige off-set in this chart no solidification has
occurred. The tread line shows the linear viscadignge with temperature change. As it can be seen
viscosity of the molten salt changes between 1-Bgpncreasing the temperature the viscosity desge
as in fig 13 and gets more near to 1 cp. The beha¥imolten salt’s viscosity is what expected adow
to [4](see Appendix 1) .

0.016 0.025
0.014
0.02
& 0012 7 =
o o
g 0017 2 0015
= >
> 0.008 A < y|= -5E-05x + 0.0287
£ y|= -9E-06x + 0.0144 £ oo
o 0.006 S
2 2
> 0.004 1 s
0.005
0.002 +
0 + T T - - 5 0
320 340 360 380 400 420 200 220 240 260 280 300 320 340
Temperature C Temperature C

Fig 12 and 13 Viscosity-Temperature chart of theeetic and hypo eutectic composition of NaNO3-
10wt%NaOH in the temperature range of right abbeefteezing point

Measuring viscosity at or near freezing or meltexgperature is challenging. Figure 14 shows the
viscosity of sodium nitrate salt near melting temgtures (300 to 308 C). These measurements were a
conducted at NREL by Dr. Anne Starace.

10 - erin .
|1 by
8- {HE &
¥ v 'l'
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Figure 14. Measurement of viscosity near freezimijrmelting temperatures for NaNO3
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Section 6
Design of Laboratory Scale Prototype

Focus of this Section

This section focuses on the design of the expetirygparatus for studying the heat transfer
performance in latent heat storage systems. Thetrbpgins with a baseline analysis balancing jtedi
overall heat transfer coefficient and solidificativith heat exchanger area. After this, more dedail
analysis is presented to analyze the effects @& side on Reynolds number, pressure drop, %
solidification, etc. The purpose of this is to &fith a baseline of calculations for further detaitiesign
to follow. The analysis assumes cross flow, whithusd be analogous to a baffled shell and tube heat
exchanger.

Introductory Analysis

To begin our analysis we will present a baselirergynbalance calculation. We balance the
overall heat transfer rate with the energy it takelsring the salt down to melting temperature and
achieve a solid fraction of 20%. For the purpoddhie calculation we assume tubes of 0.375” ORI an
channel cross section of 10 diameters square3i&b; x 3.75"). We account for 50% of this aresny
blocked by tubes giving us a cross sectional agayf .009 ni*50%. We also assume an oveusll of
15 degrees Celsius between salt and tube wallsandet superheat of 5 degrees Celsius.

Q = hAAT = Th{cstu'parhaﬂt + Hf pr‘ = (pﬂcv}{c'stu'pa rhear T Hf‘ﬂj

h (W/m"2K) 500
AT (C) 15
C, (k/kgK) 1.821
Tsuperhea(c) 5
Hr (kJ/kg) 174
¢ (% Solid) 20%
p (kg/m"3) 2260
Ac(M™2) .009*50%

From this we are left two independent variablest lexchanger surface aregahd salt velocity V. If
we assume a velocity of 1 m/s @&300), Q works out to 450 kW, which leads us heat exchanger
area of 60 m"2. This means for an array of 40exbtlbes we would need over 525 passes to acliieve t
desired solid fraction. Alternatively, we coulchave the desired 20% solid fraction at only 14 KWe
decreased the salt velocity to 0.03 m/s; howevérigcase the salt-side Reynolds number wouldnbe o
250.

Importance of Reynolds Number

The capability of operating at high Reynolds numben important functionality for this
apparatus for two major reasons:
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() To ensure that we can produce the hydrodyndonaes that will be necessary to achieve “flakiong”
the salt off of the tube. The larger the rangReynolds numbers we can test, the larger the rahge
coatings we will be able to test. Even if our cogsi fail to flake at industrially viable Reynoldsmbers,
if we can prove that flaking will occur at higheeyholds numbers this will be proof that our condspt
viable. From a scientific perspective if we couitlehhigh enough Reynolds number to flake off lain
or coated steel tube, we could begin to perforhmeough study in which we could possibly come up a
with a formula to relate coating surface energrRéynolds number necessary for flaking. This would
make heat exchanger design for the full scale systry simple. On the other end, if we don't give
ourselves the capability of high Reynolds humbegsway fail to create the flaking phenomenon at all.

(i) Scaling to match full-size heat exchangersis&d on initial familiarity with typical full-scaleeat
exchangers involving molten salt, we expect thgp#cal Reynolds number is in the range of 20,000.
Also, typical convection design curves for stagddtde banks and shell & tube heat exchangers show
transition in behavior at around fe 1,000, in terms of both pressure drop and heasfea [ref.Perry’s
ChemE HandbogkZukauskas in Hartnett & Irvin&dv. Heat Tran$f Therefore, to be able to match the
approximate operating conditions of a full-scalathexchanger, it is important for this apparatulseo
capable of operating in the ReD range of sevefdl(Lat the very least, and with a strong preferémce
reach the range of 20,000+.

Heat Exchanger Design

The main goal of the system is to determine thtesgbe convection coefficient. Figure 1 shows a
schematic of the thermal resistance network ohtreg exchanger during solidification. The salt side
convection coefficient contains two terms, the mdéconvection as well as conduction through any
solid salt on the surface. As shown in equatioweassume the contribution of the solid salt cotidac
is negligible, as well as conduction through tha #tainless steel tube. Effects of any solid lsgkrs
forming will be captured in the;fimeasured and the stainless steel tube is toodlptay a significant
role in the measurement. That leaves oglyfrand h, as contributors to the overall heat transfer
coefficient. Assuming we can makgdun.>>hsa, @ measurement of the overall heat transfer aieffi
will give us a measure of how effectively the alh transfer heat under real heat exchanger congliti
By measuring the flow rates and inlet and outletgeratures of each system, we can determine the Log
Mean Temperature Difference and calculate the dvesat transfer coefficient.

To determine how to scale the system down, we firgstook at the configuration of the full scale

system. In the full scale system hot salt will cdinoen the superheat heat exchanger slightly abose t
melting point of the salt. This salt will be pumpiadough a shell and tube heat exchanger wheredae
from the salt will boil steam on the inside of thbes. This steam will be diverted to a turbineichiwill

then produce electrical power. System calculatfmrformed by Anoop Mathur show that a potential

heat exchanger design would utilize 1" diameteesjlwith a salt velocity of approximately 3 feet pe
second. We scaled these conditions to dimensioRlegsolds and Nusselt numbers to help determine the
sizing requirements for our scaled system.
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Figure 1: Schematic of Heat Transfer during Solidifcation on Heat Exchanger Tube
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In the scaled system, it is highly beneficial toigvsteam generation as the pressure of saturegach st
the melting point of the salt is approximately 1280 This creates a highly hazardous situatiothas
system would have be extremely meticulously designerder to avoid a high pressure leak of steam
that could create extreme hazards when combinddtiét molten salt. Therefore it is highly preferaint
to find another heat transfer fluid that will prdei effective heat transfer under safer conditions.

Heat Transfer Fluid Selection

Five different heat transfer fluids were analyzeder sample conditions to analyze their effectigsras
a heat transfer medium. A ¥4 tube with an L/D ratfi0 was utilized for this analysis. Compressed a
and helium were analyzed at a pressure of 60 jagiré2 shows the pressure drop versus convection
coefficient for each fluid and Figure 3 shows tluevfrate versus convection coefficient for eacldflu
From these graphs it was determined that Thermimol®compressed helium were the most effective
solutions.
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Figure 2: Sample System Pressure Drop vs. Conveati€€oefficient for Different Heat Transfer Fluids
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Figure 3: Sample System Flow Rate vs. Convection €Efficient for Different Heat Transfer Fluids

From here, a basic design for each system wasldidnd the pros and cons of each system analyzed.
Compressed helium is good because it is easy th with, simple to implement (no special research
required), leaks are easy to deal with and toleeatd the overall system complexity is reduced.
However, it is not normally used in industry, ismm@xpensive, and is still a pressurized system.
Therminol is beneficial due to fact that the systivas not have to be pressurized, higher heatiérans
rates are more easily achievable, it is less expersnd it is widely accepted in industry. The firhimol
system is much more complicated though, more s&gsties are involved in the design, leaks are more
difficult to tolerate, and a good amount of reshascnecessary to ensure proper implementatiotien
end Therminol was chosen because of its acceptanedustry, and how much cheaper the system is.
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Figure 4 shows the pump work required versus aaster coefficient for each fluid. The helium
compressor requires significantly more power amdetfore the ratio of helium compressor to Therminol
pump cost is approximately 8:1 ($10,000 vs. $80,000

e=pm»Therminol

Pump Work (kW)

Comp. Helium

._q___‘g‘

h (W/m2K)

Figure 4: Pump Work vs. Convection Coefficient forTherminol and Compressed Helium

Heat Exchanger Design

Once a heat transfer fluid was selected, it wasssary to perform detailed scaling calculations to
maximize the effectiveness of the system whilgziniy as small a scale as possible. In order fer th
system to perform effectively there are a numbdaciors that must be carefully balanced. The f#st
high oil heat transfer. The higher this is, theieas will be to isolate the actual salt heat stem
coefficient. Next is a low pressure drop, whicloa# us to utilize smaller pumps. A high Reynolds
number on the salt side is beneficial as it wilquce larger hydrodynamic forces that may helpeflsélt
off of the tube. Another very important factor lietchange in solid fraction that can be achievealtih
the heat exchanger. The higher the change in Balition that we can achieve, the better the irrchlst
readiness of the system being tested.

A staggered tube bank was chosen as the bestphgiesign due to the fact that the geometry is
well understood, and heat transfer modeling becompssimple. This geometry is very true to indystr
practice and also maintains the external cross-fioentation that an industrial shell and tube heat
exchanger would have. All calculations assume ®4tdggered tube bank. Equations 2-4 show some of
the general equations used in these calculatiomg ather equations used can be found in Incropeda a
Dewitt’s Introduction to Heat Transfer [6].
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_ P¥maxD
JTREE T i (3)
WhereRep 4y is the maximum Reynolds number through the tulpé lais the density of the fluid,

Vmax 1S the maximum velocity through the tube bankshie diameter of the tubes, anis the dynamic
viscosity of the fluid.

Nty = 1.13C; ReTonqsPr (4)
N, = 10
2000 < Rep,,.. = 40,000
Pr=.7
. v FEVELLY .
ap=Npx\—— 7 %)

The length of tube to tube diameter ratio was bela constant value of 10. Pitch between the
tubes in both the longitudinal and transverse tivacvas twice the diameter. All values shown areo

per pass basis, once calculations were finalizaskqs were added where necessary to generate the
desired results.

A series of figures is presented, followed bylddaummarizing the calculations. The salt side of
the loop was analyzed first. Figure 5 shows theguee drop through the heat exchanger on theidalt s
As the tube size decreases, the pressure droagegasignificantly. Figure 6 shows the maximum
Reynolds number achievable at 140 GPM (this wad ase design point because it is the maximum
achievable flow rate achievable by an older pungp wWe had.) Figure 7 shows the salt solid fraction
achievable per pass versus flow rate in GPM. Figusbows the cooling rate required to balance the
solidification and cooling versus tube diametensias an extremely important design point asaypla
large role in determining the steady-state loatherheating system.

/

‘.’5
£ /
&
= === 125" Dia.
= . 25" Dia,
[72]
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&
s 1" Dia.
Salt

Salt ReDmax

Figure 5: Salt Pressure Drop vs. ReDmax for Diffenst Tube Sizes
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Figure 6: Salt ReDmax at 140 GPM Flow Rate vs. TubBiameter
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Figure 7: Salt Solid Fraction per Pass vs. Flow Rat
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Figure 8: Cooling Rate Required Per Pass vs. Tubei@

The Therminol Side shows similar trends. Figuré®sss the Therminol pressure drop per pass versus
Reynolds number for various tube sizes. The pressuap increases with decreasing tube size at
equivalent Reynolds Numbers. Figure 10 shows flae vs. Reynolds number for various tube sizes.
Lower Reynolds numbers are associated with the flameate as tube diameter increases. Figure 11
shows the oil temperature rise versus Reynolds pufiolb various tube sizes. The differences here are
minor, but smaller tube sizes will develop larganperature gradients and will be more easily measur
Figure 12 shows the heat transfer ratio vs. Reymolomber for various tube sizes. As tube size dsee
the heat transfer ratio increases, allowing folearter salt side heat transfer calculation. Fididshows
heat transfer ratio vs. flow rate for various tdi@meters at maximum power condition from the pump
curves for three different prospective pumps. tidmes even more apparent in this figure thatrtush
easier to achieve high heat transfer ratios witalemtube diameters than with larger ones. Fidure
shows the maximum achievable Reynolds number wtikring the smallest chosen pump vs. tube
diameter.
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Figure 9: Therminol Pressure Drop per Pass vs. Refdr Different Tube Sizes
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Figure 11: Therminol Temperature Rise vs. ReD for [fferent Tube Diameters
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Figure 12: Heat Transfer Ratio vs. ReD for Differen Tube Diameters
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Figure 13: Heat Transfer Ratio vs. Flow Rate for Diferent Pumps and Different Tube Sizes
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Figure 14: Therminol ReDmax Achievable With SmallesPump vs. Tube Diameter

Table 1 shows a summary of these calculationsgfecific design points. The salt calculations
show how the properties vary under a constant 120 @ow rate through the heat exchanger. For the
Therminol calculations the heat transfer ratio Welsl to a constant of 10, and the other values were
analyzed accordingly. Finally, the cooling rate andoverview of the pump calculations are tabulated
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Table 1: Tube Diameter down Selection Table

Tube Diameter

Pressure Drop
Per Pass (psi)

Salt ReDmax at
(140 GPM) 140 GPM

ASolid Fraction
Per Pass at 140GPM

Pressure Drop
Per Pass (psi)

Therminol h/u=10 GPM
AT per pass
Overall QA_(I_szl/())/ Iz’gss
8" Volute 2HP
10" Volute 2HP h/u Max
8" Volute 5HP

From this information, it was decided that 3/8” vtlas optimum diameter to be utilized for this syste
Figure 15 shows a CAD rendering of the final deslgrorder to get high signal to noise ratio aslasl
allowing for higher solid fractions, a six passigason the salt side was chosen. A single pasgudesi

the oil side was chosen to simplify design andewiothe oil from overheating.

Figure 15: Rendering of Heat Exchanger CAD Design
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Once the heat exchanger was designed, the rdst sf/fstem was developed to supply it. A 20
horsepower molten salt pump was purchased fronefef@a a 2 horsepower magnetic drive hot oil pump
was purchased from Dickow pumps, and Reflexx Desigas commissioned to oversee the construction
of the apparatus. Figure 16 shows a renderingeo€#D model that was developed. Detailed heat loss
calculations were performed in order to properiggshe heating and cooling systems for the appsratu
Once the losses were determined, a much largenbeztpacity was installed on the system to allogv f
more dynamic operation. The final system utiliz2k®/ of heaters for the salt tank and 12 kW of aesat
for the ail recirculation system. Figure 17 showscure of the final assembled system before final
wiring and insulation. Much care had to be pubirhsure proper insulation and heating of the salt
recirculation system. If the entire system is naintained above the melting point of the salt #iesan
solidify and cause blockages in the pipes. Thisavamjor practical hurdle in the construction @ th
system and led to many of the delays in systemabiper To monitor system readiness for operation as
well as to perform the heat transfer measuremantextensive instrument and control system was
developed. Figure 18 shows a schematic of theuim&ntation that was installed on the system. Figyure
19 and 20 show schematics of the oil and salt systadividually. A pair of RTD’s was utilized at@a
inlet and outlet of both recirculation systems ¢biave higher accuracy at these critical measuremen
points. Where measurements were not as criticatbeouples were utilized due to their lower cost. A
total of 19 thermocouples, 8 RTD'’s, and 2 flow metsere installed on the system to monitor system
operation and perform heat transfer measurementsrtax shedding flow meter from Sierra Instruments
was utilized on the salt system due to its highperature resistance and relative insensitivityul f
properties. On the oil system a high temperatwstopistyle flow meter was utilized on the oil sfdeam
Lake Flow Meters.

Once the apparatus was finished, the individuaksycomponents were tested and optimized to ensure
optimum performance during testing. This was aneswély intensive process due to the unpredictable
nature of the system as the system undergoes theyoiing. Many of the initial heaters failed due t
warping of the salt tank, and new immersion hedtatsto be retrofitted on the system to enhance the
heating capacity of the system. Similarly, the Thieol system required much more heat than antiegpat
and therefore required an additional circulatioatbeto be retrofitted on the system. Furthermibve,
vapor pressure of Therminol is positive at highgenmature and created more fumes than anticipated.
Therefore a recovery/venting system was implemetatedduce the fumes created and vent any fumes
that were generated away from workers.
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Figure 17: Image of Built System with Components Lbeled
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Figure 18: Instrumentation Schematic for Flow Loop
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Figure 19: Therminol Loop Schematic
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Figure 20: Salt Loop Schematic
Heat Exchanger Issues

The heat exchanger that was built per design cetionls experienced many practical problems in
experimentation. Tubes were initially furnace bohirgo the heat exchanger, and later welded, but
differential thermal expansion during the preheatpss created huge thermal stresses that craoisel t
joints. Furthermore, melting blockages in the systan lead to huge increases in pressure, which
destroyed a bellows on the system as well as ogasiditional failure in the heat exchanger. Becaise
this, a new, simpler heat exchanger was construottabt the heat transfer properties. A CAD reimder
as well as a picture of the final heat exchangatrwmas utilized in the system is shown in figure 21

Figure 21. CAD rendering and picture of final heatexchanger utilized for experimentation.

The heat exchanger consists of a single pass @athside, and 13 passes on the oil side. Two BTD’
were placed at both the inlet and outlet of theasad oil in the heat exchanger. This heat exchange
design is more robust, utilizing Swagelok and vadaekings to allow for more accommodation of
thermal stresses. The system also allows for a rbetter signal to noise ratio on the oil side & bieat
exchanger, allowing for better accuracy in heaigfer coefficient measurement. The heat exchariger a
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has a high solid tolerance due to 84% open cragibral area. It does suffer in terms of Reynold’s

number as well as maximum achievable solid fraction is still an excellent test bed to determime t
effectiveness of the coatings utilized on the heatsfer coefficient that can be achieved.
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Section 7
Experiment Results with the Laboratory Scale Protoype

Experiment Plan
* Conduct set 1 and set 2 of the planned three setgperiments
— Set 1 (Oil temp >salt melting point (MPt)
— Set 2 (HX wall temp <salt MPt but salt temp > MPt)
— Set 3 (oil temp < salt MPt and salt Temp at MPt)

Study Parameters

Temperature of oil various
Temperature of salt high, medium, low
Flow rate of salt high, low

Flow Rate of Qil high, medium, low

Expected Outputs

Heat transfer coefficient (Ufreezesalt) as a fuorcbfsolidification at near solification temperagur
Heat transfer coefficient (Ufreezesalt) as a fuorctf salt flow and heat transfer temperature diffiee
Heat transfer coeffieicent correlation from liqublten salt

Pumpability of freezing mixture
Experience with handling high temperature moltdts s@ar freezing point

Results of Experiments
Melting of Salt

Experiments were conducted through all threedgtsoposed experiments successfully. Figure
31 shows the heat exchanger outlet salt temperasutbe elapsed experiment time. Experiments began
with an initial salt temperature of ~345 C and djodecreased to ~302 C as the heat was extraaigd fr
the salt by the oil system (heat was utilized tp Iséow this process). Figure 32 shows the salt flate
vs. the elapsed experiment time. The flow rate mvadulated between 50 and 230 gallons per minute of
flow rate in order to investigate the dependendh®heat transfer coefficient on the fluid velpand
reynold’s number. Figure 33 shows the oil flow rateelapsed experiment time. The oil flow was
modulated from .6 to 1.4 gallons per minute to ldermine the dependence of the overall heatfenans
coefficient on the internal oil convection coefént. Figure 34 shows the oil heat rate vs. elapsed
experiment time. This varies from about 5 kW dowabout 1kW as the oil and salt flow rates are
varied, as well as the fact that tN€ between the salt and oil decreases as the exgatrgoes on. Figure
35 shows the percent solid salt in salt tank s efapsed experiment

time and figure 36 shows the percent solid sadgibhtank vs. temperature. This was calculated tayla
heat balance between heat gained from heater®asels to the heat exchanger and environment.
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Salt
Oil Flow temperature
Rate, above freeze
Oil Temperature,| high=20gpm, | point
C (320C, medium=15 | (high=40C, | Salt Flow rate
311,280,270,260} gpm, low=10| med=20C, | (high=40gpm,
Output 250) gpm low=1C) low=20 gpm)
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Figure 31: Heat Exchanger Outlet Salt Temperature 8. Elapsed Experiment Time
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Figure 32: Salt Flow Rate vs. Elapsed Experiment Tiie
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Figure 33: Oil Flow Rate vs. Elapsed Experiment Tira
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Figure 34: Oil Heat Rate vs. Elapsed Experiment Tira
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Figure 35: Percent Solid Salt in Salt Tank vs. Elaged Experiment Time
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Figure 36: Percent Solid Salt in Salt Tank vs. Saltemperature

Figure 37 shows the overall heat transfer coefiicig, vs. salt temperature. It ranges from vakghigh
as 2400 W/m"2K above the melting point at high #ai rates, to around 500 W/m”2 K at the salt
melting point. Figure 38 shows the predicted $adtkness on the heat exchanger tubes vs. temperatur
This was calculated utilizing the math model tqpbesented later, but is a calculated measure of how
thick the salt layer on the surface should be tmlpce a given heat transfer coefficient. Using, tifis

salt thickness on the tubes was calculated fogithen heat transfer properties from the experinienta
data. Figure 39 shows the calculated salt thicknaghe heat exchanger tubes vs. temperature guncfi
40 shows shows the calculated salt thickness ohdhtexchanger tubes vs. elapsed experiment time.
This data can be summarized in figures 41 and ig2iré& 41 shows the overall heat transfer coefficien
vs. temperature at different salt flow rates. \de see that for temperatures above the melting poin
(~308-316C) we achieve very high heat transfer rates ared@®0 W/m”2 K. This number drops
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dramatically as we near the solidification tempamei{~303C) to ~1050 W/m"2 K. Figure 42 shows the
overall heat transfer coefficient vs. salt flowerat different temperatures. This graph showsthwheat
transfer coefficient is relatively unaffected bgwl rate at these low Reynold’s numbers, and is datad
more by temperature.
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Figure 37: Overall Heat Transfer Coefficient vs. S Temperature
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Figure 38: Calculated Salt Thickness vs. Salt Tempature by Math Model
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Figure 38: Calculated Salt Thickness vs. Salt Tempature by Experimental Data
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Figure 40: Calculated Salt Thickness vs. Elapsed periment Time
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Figure 41: Overall Heat Transfer Coefficient vs. Tenperature at Different Flow Rates
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Heat Transfer coefficientvs. Salt Flow Rate at Different Temperatures
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Figure 42: Overall Heat Transfer Coefficient vslt Féow Rate at Different Temperatures
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Section 8.
Economic Analysis of PCM-TES with CSP

The LCOE objective can be achieved by the followtimge factors:

» Technical Improvements from efficient and optimizgdtems
e Economy of Scale cost reduction due to increasad si

» Volume Production discounts resulting from congiarcof multiple plants, or from procurement
of multiple subcomponent parts.

The primary reduction in LCOE of this project wikk due to the first bullet: technical improvement
resulting from reduced use of salt, smaller comtagize and from improved turbine efficiency.

Figure 8-1 illustrates the impact of heat of fusaoml salt costs on total TES cost. The total TESS iso
sum of capacity cost and rate-related costs. THf® dost shown in Figure 8-1 is relative cost and is
based on assumed data on costs of heat exchatagdrsnd balance of plant.

Capacity Costs ~ 1/Heat of fusion of salt

Rate-Related Cost ~ 1/\/_(Thermal conductivity X Heat of Fusion)

The capacity-related costs are inversely propaatibmthe heat of fusion while the rate-relatedsos
depends on the heat exchanger area required aneisely proportional to the square root of refat
fusion multiplied by the thermal conductivity ofetlselected salt.
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Figure 8-1

The economic analysis uses a nitrate as the bassdihfor calculations.
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Benefits of active heat exchange PCM TES
When compared to a two-tank conventional sensieé MES, the PCM —TES:

* Reduces the amount of salt required by 8% for au8 htorage

* Improves CSP plant system efficiency by 0.9% beedlsS can be charged with lower receiver
temperature (45C instead of 551C) during periods of low solar flux. The heat s&d to melt
the salt and bypass the high temperature heat rgehgsee figure 8-2)

e Simulations using power tower model (PWR) calcuateverall improvement in annual
system efficiency of 0.88% or a reduction of 0.88%ystem cost for same annual
energy. Since TES costs are 10% of the systemtbastepresents 8.8% reduction in
equivalent costs assignable to TES.

e Uses a single container with actively managed taéstnatification to provide for superheat and
vaporization of water. This eliminates the neade lower cost carbon steel tank.

Additional costs of active heat exchange TES
» Custom design of heat exchanger using coated tubes.

* Additional molten salt pump to pump fluid from sage tank through the high temperature heat
exchanger during charge

» Additional charge cycle heat exchanger to traniséett from receiver heat transfer fluid to storage
fluid.

Solar Central Receiver
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HX-3: Hot receiver
fluid to heat salt
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/ Thermal Storage Fluid
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Figure 8-2. Heat transfer fluid temperature faargiing TES need not be constant

Table 8-1 shows the estimates of dollar savingk thi¢ active heat exchange PCM-TES when compared
to a two-tank sensible heat exchange system fodtfferent solidification percentages (even though
used absolute costs, the table should be usedifigparing costs between systems). Our goal was to
achieve 40% solidification. However, we project@em achievel5%. The table shows costs for both
these cases.The conventional sensible heat steyatgem is a two-tank TES using molten salt as heat
transfer and storage fluid, storing heat betwedh’65and 330C. The heat exchangers are sized to
provide heat rate to generate100MWe during dis&hdrge additional cost due to lower heat transfer
coefficient and special coating for the steam gativeg power block heat exchangers, is includethén t
PCM-TES columns. The cost of the heat exchangessamed to be 25% more for PCM-TES than the
nominal cost for a shell and tube heat exchang2fTiank system. AlsdPCM-TES system requires
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additional heat tracing on piping to and from tieathexchangers, which is assumed to be 5% of

the total cost of the system.

The TES cost savings with 15% solidification is @#tereas for 40% solidification, the net benefit ban
up to 21%. However, including the credit for impedvsystem efficiency assignable to PCM-TES the
expected savings are 30% and 17% over the twoTt&skfor the 40% and 15% solidification

respectively.

Even though, we demonstrated that solidifyandilute eutectic over coated tubesn improve heat
transfer and reduce the amount of salt usedsaiengs for the 15% solidification PCM-TES are at
best marginal. This is because there are uncadsiimt the additional parasitic energy for
pumping the high viscosity salt slurry and parastiergy for additional heat tracing which will
increase the operational cost.

Table 8-1 Comparison of Benefits and Costs with PCMES and 2- Tank Sensible TES

Solidification % % 0% 40% 15%
S/kWht S 28.20 $ 22.35 S 25.79
2-Tank Sensible | 1- Tank Active HX | 1- Tank Active HX
287C to 550C TES 300 C to 550C | TES 300 C to 550 C
263 250 250
Qsto MWHt 2000 2000 2000
DeltaT degF 473.4 450 450
Latent Heat Btu/lb 0 34 12.75
% volume solid % 0% 0% 0%
% available volume % 90% 95% 95%
Specific heat Btu/ft3/F 45.6 45.6 45.6
Specific heat Btu/Ib/F 0.380 0.380 0.380
Specific store capacity Btu/ft3 19428 23574 21024
Specific store capacity Btu/lb 161.9 194.8 174.6
Effective Specific heat Btu/Ib/F 0.34 0.43 0.39
Lbs of Media lbs 42,148,746 35,039,795 39,092,016
Vol of Media ft3 351,240 289,471 324,581
No. of tanks 2 1 1
H/D 0.5 0.5 0.5
Diameter (Max=150) ft 76 94 99
Height (Max=42) ft 38 42 42
Foundation area ft2 9107 6892 7728
Surface area ft2 18213 19253 20817
Pressure at tank bottom psi 32 35 35
thickness avg ft 0.334 0.382 0.393
2 tank or 1 tank cost factor (1
for SS tank, 1.65 for SS+Carbon
steel tank est 1.65 1 1
Lbs of steel Ibs 8,034,791 3,996,485 4,485,876
Learning factor 0.81 0.81 0.81
Storage Tank cost S 16,968,323 S 8,440,002 S 9,473,526
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Insulation Cost S/ft2 30| S 546,403 S 577,577 S 624,500
Surge Tanks % of tank 3% | S 509,050 S 253,200 S 284,206
Foundation costs S/ft2 350 | § 3,187,351 S 2,412,262 S 2,704,845
Pumps est 25% | S 4,242,081 S 4,242,081 S 4,242,081
Interconnection pipes 10% | § 1,696,832 S 844,000 S 947,353
Instrumentation & Controls 2% | S 543,001 S 335,382 S 365,530
Total $ $ 27,693,041 | $ 17,104,505 | $ 18,642,040
Coated tube HX, Additional

charge HX est _ S 3,600,000 S 6,100,000
Salt S/lb S 053 | $ 22,338,835 S 18,410,384 S 20,643,379
Other Misc (Contingency) % total 5% | § 1,384,652 S 855,225 S 932,102
additional for heat tracing 5% total 5% | $ - S 855,225 S 932,102
Direct Total $ 51,416,528 | $ 40,825340 | $ 47,249,623
Indirect

Sales Tax (8.75% on material) 8.75% | $ 3,447,632 S 2,644,895 S 2,918,162
Engineering - (3% of direct) 3% | S 1,542,496 S 1,224,760 S 1,417,489
Total Cost of TES $ 56,406,656 S 44,694,995 $ 51,585,274
Specific Costs S/kWht S 28.20 S 22.35 S 25.79
Relative Cost 100% 79% 91%
Savings 21% 9%
0.88% improvement in System

Efficiency credit for lower temp

charging 8.80% 8.80%
Expected Total Savings 29.6% 17.3%
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Section 9.
Lessons Learned
Design Considerations for Molten Salt Thermal Storge

Several lessons were learnt in the design, builditdjoperating of the two flow loop systems. That fa
that these systems were operating close to thé&rsa#ting point presented some foreseen and urenes
challenges.

Lessons learnt from Phase 1 Flow Loop:

» First melt of salt in granular form versus subsedjueelts when it is a solid mass have to be
handled entirely differently. The first time mekeds to be managed to account for inefficient
heat transfer from heating surfaces to salt, endiating time as a result and gradual charging of
salt to avoid air pockets and ensure homogeneoltemiauid formation.

* Once the required quantity of salt is melted, itasy important to keep the salt in the molten
state for the longest duration possible, preferablyl the series of experiments is completed, so
as to avoid the complications mentioned below.

» Subsequent melts have to be handled with extrenee \d&hen frozen salt in a tank and pipes is
required to be melted, the process of melting needtart from the salt surfaces exposed to the
atmosphere. In other words, the surface of theskalild be melted first and proceeding
gradually to the inside. Due to practical consitlers of heater placement this is not always
possible. Typically heaters are attached to thiaserof the tank and pipes and heating starts at
those surfaces. As the salt melts at these surfisceslume expands and pressure pockets are
created leading to explosions. There were two dlmivouts in the Phase 1 Flow Loop. Safety
precautions prevented any damage to property sopeel.

* Inthe event that it becomes necessary to shut diog/flow loop prior to the completion of
experiments, a salt drainage system is necessargah quickly drain the molten salt from the
system prior to shut down.

* ltisimportant to drain all pipes and fittingsrablten salt after each experiment to prevent
solidification. Any solid salt formation in pipes@fittings presents serious challenges to safe re-
melting.

Lessons learnt from Phase 2 Flow Loop:

e Salt Melting System for first time melting of satiould be designed to ensure easy flow of
melted salt into the molten salt tank. The entadée flow path should be adequately heated to
prevent any freeze ups. The heating system shomuttesigned for maximum hot surface area to
be in contact with salt. Heaters should be chts@emsure best possible contact with the pre-melt
tank and be able to withstand hot spots that develo

» Heat exchangers and all other salt flow paths shbeldesigned to safely withstand the
maximum system pressures that might develop in@Bieeze ups in the salt flow path.

* Since the salt flow path is designed to automdyichhin the salt into the tank at the end of each
experiment, there may be a possibility of air lobkgding up. A suitable vent system should be
in place to take care of such a possibility.
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* Immersion Heaters are preferred over tank surfaagelns.
» Heater placement should be designed for easy eplaat in case of failures.
» The system should be designed to keep the salemfult the entire duration of operation.

* In case of unscheduled system shut downs, salfi@ege and it may become necessary to re-
melt the frozen salt in the tank. To facilitatemnelting, immersion heaters should be placed so as
to heat the salt so that the salt at the top rfiedts This will prevent excessive pressure build-
ups.

e Care should be taken to ensure that temperatutesabér surfaces not immersed in salt do not
exceed safe levels and also levels that might dposensalt.

» Significant conduction losses occur through theybaitthe salt pump and the discharge and
return pipes. Sufficient trace heating should tlided as close to salt level as safely possible t
account for such heat losses and prevent freeze ups

* Temperatures of salt should be monitored in as n@oations in the tank as possible.

» A stirring should be considered for periodic sldwsg of salt in the tank to ensure uniform
temperature.

» All piping should be adequately heat traced. Thisxtremely important if pipes with a low
thermal conductivity material such as stainless|stee used.

» Temperatures of the entire salt flow path shouldhbeitored at as many points as possible.

» Prior to starting the salt flow, every time, thét law path should be checked to ensure that there
are no freeze ups or blockages. This can be daheavdiimple pressure test using air.

* Emergency procedures to shutdown the system sibeuid place. Asingle emergency shutdown
actuator (button) that will simultaneously shutafimps, close or open relevant valves, turn on or
off heaters etc should be provided at multiple fioees in the plant.

» Salt re-melt procedures in case of unforeseendshwibs should be in place. Due consideration
should be given to salt melt process so that itsrisdm the top and no pressure pockets are
formed inside the frozen salt block.

» Safety procedures for operation of the system shbelin place. All system conditions should be
foreseen and accounted for to the extent possibliorough Failure Mode Effect Analysis
(FMEA) must be conducted with all operating persarin attendance.
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Appendix 1
Eutectic Phase Diagrams

By
Mehrnoush Zare

Phase Diagram and Heat of Fusion Calculations

In Table 3, we list the heat of fusion of eutestidt mixtures that are major components. The phaee
described below is used to calculate the heatsibfuand freezing point depression for the salttumnéx
consisting of the major and minor components. AipeC shows the procedure for calculating the heat
of fusion and freezing point depression for a felested salt mixtures. The phase diagrams for sate
systems are available in literature (ref : Tohoktatlase). Appendix D shows some of the phase
diagrams and calculation procedure.

In order to obtain the maximum mass percentagheofitst solidified salt which can be released nigri
the solidification process at any temperature raoge can take advantage of the lever rule. Thisatso
be used to determine the amount of latent heatsibh by multiplying the percentage of solidificati
with the latent heat of the solidified salt, andiad the sensible heat due to the freezing poiptession
to the final solidification point.

The best binary would have a small liquidus slap@ solute rich- side of the diagram. This can be
determined by simply determining the slope fromARB diagram. We introduce a term callefflectivity
indexto compare different salt systems with each other:

ef fective latent heat
slope of the liquidus line in phase diagram

ef fectivity index =

Therefore the higher the effectivity index, thetbethe salt mixture as a PCM, since it storesrat@hses
more latent heat and its liquidus slope is rel&il@wver.

Another approach would be to calculate the fregpioint depression of the solvent A by the additd
the solute B. Freezing-point depression descriftephenomenon that tfreezing pointof aliquid (a
solven} is depressed when another compound is added imgetfuat asolutionhas a lower freezing point
than a pureolvent This happens whenever a solute is added to asplrent. The freezing point
depression is aolligative propertywhich means that it is dependent on the presehdissolved
particles and their number, but not their identitys an effect of the dilution of the solventthre
presence of a solute. It is a phenomenon that Imsgipe all solutes in all solutions, even in ideal
solutions, and does not depend on any specifidessllvent interactions.

The extent of freezing-point depression can beutatied by applyin@Clausius-Clapeyron relaticend
Raoult's lawtogether with the assumption of the non-solubiityhe solute in the solid solvent. The
equation isAT = R (T, )X, /L , where X% is mole fraction and L is the heat of fusion. Thi#l give us a
guantitative selection parameter that approximédtalgws the calculated slope values.

The equation can also be showmds= K. X,, where K= R (T, )L is called the cryoscopic constant.
The technique for determining the molecular weigftd solute by dissolving a known quantity of itan
solvent and recording the amount by which the fregpoint of the solvent drops, is called cryoscopy
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Therefore the phase diagram calculations were ftloreach 10 systems in table 1. First the amount of
molar solidification percentage was calculated wtewsling down from 35T to 270C. Then the same
thing was calculated while cooling down from 20@o 270C in order to obtain the amount of
solidification with approximately 2 temperature depression. Mass percentage offsmiithn was
determined using the below equation:

If the initial composition of the salt is xAO an8@, then the composition of the salt after mass% of
solidification is:

Xa x mI'VA

Mass% =
: JJEI Xa X mI'VA =+ Xg X mI'VB

Where % and % are the molar percentages of A and B aiid,and mWy are molar masses of A and B
respectively. The effective latent heat, slopehefliquidus line, effectivity index, cryoscopic cwant
and sensible heat release were also calculatezhtdr system.

For the ternary systems one can assume a binggtieucomposition as a single salt phase with the
melting temperature of the eutectic point and #terit heat obtained by the rule of mixture. By addi
small amount of the third salt, the amount of terapge depression will be calculated like the bjnar
systems from the equatioAT = R (T, )°X, /L

Therefore, for the ternary systems melting tempeeatvill be the eutectic temperature for the major
binary salts and latent heat is obtained by the olimixture at the eutectic composition. The coysc
constant was also calculated for the ternary system

Viscosity of the semi-solid salt mixtures

The rheological behavior of partially solidifiedtsaixtures to be used in solar power plants is our
interest. It is known that in the early stagesabidification, shrinkage is compensated for the
simultaneous movement of liquid and solid. This barcalled mass feeding. At later stages of
solidification the growing dendrites form a contimg skeleton within the liquid-solid zone. As cagli
continues, this skeleton is subjected to straimftbermal contraction and this strain can be highly
localized. Within local regions of high strain, lolsrbetween dendrites and dendrite arms are braickn a
dendrites separate.

Vigorous agitation of a molten salt mixture howepestpones the formation of a continuous solid
network to much higher fraction solid. With thigtagion we can make the mixture to behave as
thixotropic slurry to fractions of solid up to 50%eing thixotropic means to become as less visasse
the fluid itself when stirred or shaken and retngiio a semi-solid state when allowed to stand.

Apparent viscosity of slurries increases with isiag solid concentration. Therefore solid fractpbeys
an important role in semi-solid. Cooling rate i®#drer important factor. By decreasing temperatine,
viscosity of the semi-solid will increase fasteeridrite network will be formed faster in this stioa in
absence of a stirring system.

In the presence of the stirring system the belowaggn in introduced for simple Newtonian fluids:

Shear Stress

Viscosity = Shear Rate
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In rheocasting or simply stirring the melt, thesaifixed amount of force applied, therefore whesas
rate increases, the viscosity decreases. Thigndfisant in the current research for the easeunfiing
the semi-solid salt mixture through the heat exgkatubes and pumping the high fraction semi-salid

of the heat exchanger tubes to the main tank.

Collected data for a variety of dispersed Newtosiaspensions are shown in figure 1. As it can ba se
the apparent viscosity between “0.4 to 0.6” oféélaction, increases to very high values. Wheittgdb
as relative viscosity versus fraction solid, a# thata fall on the same general curve regardless of
material. If we assume that our solid particlesami-solid salt mixture are also spherical in shaitle
the range of diameter between 0.099 to 435 Micras#, is for the particles in the figure 4, we cee
the same values to estimate a bulk figure for Hanging of the viscosity in salt mixture by soliddtion.
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Figure 1. Collected viscosity data of dispersespsusions of uniform spherical particles. The prti
materials included polystyrene, rubber latex, glassl methyl methacrylates is the viscosity of the
slurry whilen, is the viscosity of the suspending medium [D.Beigger, et al, MMT, vol.3 (1973)]

Temperature change is also another factor to bgidered. Let us assume a binary salt system A-B
which by decreasing the temperature below thediggiline, salt B starts to solidify first. Becausgehe
temperature depression, there will be an increagbeviscosity of the liquid phase itself ignoritig
solid fraction. So there will be a relationshipveeén temperature and viscosity. Also by increatiieg
solid particles there will be a relationship betwselid fraction and viscosity, which is indicaied

figure 1. Because the solid fraction is also r@ldtetemperature according to the binary systerasp
diagram, therefore by combining these two relatigpss we can better determine the viscosity chafge

the salt mixture during the solidification.

It is also to be mentioned that the liquid phasg msolten salt mixture. Therefore by decreasing the
temperature the percentage of the saluted sadttiedsing in the liquid phase, and this will caase
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deviation from the viscosity data in the liquid peaSo for accurate viscosity data experimentahaookt
seem to be necessary. However we could estimatshtmge of the viscosity by temperature decrease
and solute increase by doing some simple calculsitibhese calculations are done for each binary
system below, and the results are compared betieesgystems at the end. The relative viscosity data

figure 4 assumed to be increasing exponentiallinbseasing the solute as solid particles, as itman
seen in the below equation:

1 =1, exp(s%) [CP]
Measuring viscosity at or near freezing or meltexgperature is challenging. Figure 2 shows the

viscosity of sodium nitrate salt near melting temgtures (300 to 308 C). These measurements Wwere a
conducted at NREL by Dr. Anne Starace.
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Figure 2. Measurement of viscosity near freezindjmelting temperatures for NaNO3
(courtesy Dr. Anne Starace Scientist NREL)
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Considerations in Selecting Salt Mixtures

Dr. H. Venkatasetty

Nucleation and Crystallization

Super-cooling of melts, which precludes crystatlmaand heat release, is one of the problemsdn th
selection of suitable thermal energy storage malte©Our experience shows that the phase—change
processes (heating and cooling) do not occur itest@ously as expected. However, the process can be
hastened by using suitable nucleating agents. ievbehat in large storage systems we are corisigler
for this project, it becomes even more importantémtify suitable nucleating agents and conduct
preliminary experiments.

Although this problem is well documented in therigture, not much is known on promising nucleating
agents for accelerating nucleation and crystal gramwphase-change materials. An understandirigeof
process involved has direct influence on the hreatster rate as well as the removal of solidifieatenal
from the heat transfer surface. Ideally, the besteating agent for salt mixture(s) considerecuho
have similar crystal structure and chemically irzerdl have high melting point. Understanding the
interrelationship between the critical size of thester (nucleating agent) and the energy of atitimeor
crystal formation is helpful (1, 2).

Therefore, it is desirable to identify a small nanbf promising salts that can be studied as deiiatd
compatible nucleating agents to the eutectic médurThese materials should be potentially inethet
temperatures of interest. A few are being reconttedras potential materials for early experimentatio
in the laboratory. Some of these are:

Calcium nitrate Ca (NO3) 2 which has high meltimgnp of 561 C, has cubic crystalline structure, but
hygroscopic. Small amount of anhydrous reagentegsatt can be obtained. Another compound is
Tungsten oxide (WO3) with high melting point of BOC and has orthorhombic structure. Low cost
Potassium carbonate K2 CO3 with the melting padif@31.0C with monoclinic structure is a candidate
material. The disadvantage of these materialsaisthey are not inert and they can interact withdne
or more of the components of the eutectic.

Therefore, two inert compounds are suggested: dDtteem is Titanium Oxide (TiO2).

It has very high melting point (1840°C) and has thermal expansion coefficient and has been used in
certain glass ceramics as a nucleating agent.

Another potential nucleating agent is Zirconia (ZjyCa refractory material that has a very high mglt
point of 2700°C and low thermal expansion coeffitie

Corrosion Rates

Table 4 lists some of the corrosion rates withssaftd containment.

Table 4. Corrosion Data for selected component$ chemicals in salt mixtures for some container
materials
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Chemical in the eutectic mixture Container Materials
Cast Iron Mild Steel Stainless steels
NaOH >50 Mil/lyear’ >50 Millyear < 2to <20 Mil/year
NaCl 20 to 50 Mil/year
NaNO; <2Millyear *  >50 Millyear (SS 347,
SS302) ***
Na,SO, > 50 Mil/year
Na,CO4 > 50 Mil/lyear**
KOH > 50 Mil/year
KNO; < 2 Millyear

* stress, @300C  **decarburize

*** @ 450C with SS 347 has 0.08 % carbon, 18% Cr, 11% Ni and 0.8% Nb. Widely used SS 304 & SS 316 have
0.08% carbon, 19%Cr for 304 and 17%Cr for 316, and 12% Ni for 304 and 11% Ni for 316 and 2.5% Mo for
316.

Majority of eutectic mixtures with useful meltingipts in the range of 275 to 350 C, and relativegh
heat of fusion, contain anions such as nitratedrdxyydes, sulfates and carbonates with cationsastin
sodium and in some cases potassium partly duesitability and cost. These salts, even in modérate
pure state and particularly of commercial gradetaia small amounts of impurities such as chlorides
0.001 to .005%), sulfates<(.003%), carbonates (1%) and Fe< 0.001%) that aggravate corrosion to
common container materials. Potentially attracit@age container materials are mild-steels, carbo
steels and cast-irons. Mild-steels contain 0.15.386 Carbon. Carbon-steels contain up to~2 %
carbon and may also contain other elements, suiliesn (maximum0.6%), Copper (up to 0.6%) and
Manganese (up to 1.65%). Cast-irons are Fe-Csalloptaining 2 to 4% Carbon. (1). Stainless steels
such as 304 and other types contain carbon, chrmrand nickel and other metals. For example,
Stainless steel 304 has 0.08% carbon, 19% Cr aitdNiQstainless steel 304L has 0.03% Carbon,
19%Cr and 10%Ni and Stainless steel 316 has 0.08%0@G, 17%Cr, 12%Ni and 2.5% Mo. Stainless
steel 347 has 0.08%Carbon, 18% Cr, 11%Ni and 0.8%ANb

Physical stability and the composition of the car@amaterial in contact with the molten salt mhetsl
are affected by the corrosive properties of madi@lh component of the eutectics and some specific
impurities present in them by two types of corragimocesses (2). These are chemical corrosion and
electrochemical corrosion. The corrosion datssédected container materials in presence of some
common molten salt components are listed in Tal{® 4

Table 6 shows that pressure has little effect erptioperties of molten NaNO3 and NaOH. Details of
these calculations are shown in Appendix E.
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Selected Properties of NaNO3 mixtures

Properties of NaNO3, NaO3

Dilute
Property Units NaNO3 | NaOH Eutectic | Eutectic
Molecular Weight 85 40 71.5 83
Melting Point Deg C 310 318
Lig Density kg/m3 1910 1785 1929 1930
Solid Density kg/m3
Heat of Fusion kCal/mole 3.52 1.52 2.92 3.47
Viscosity cP 2.89 5.15 3.33 2.9
Heat Capacity kJ/kg-K 1.84 2.0724
Thermal Conductivity W/m-K 0.57 0.8302
Prandtl Number 9.3 12.9

Properties of NaNO3 as function of pressure

Property Units P=1 atm | P=100 atm
Density kg/m3 1910 1913
Viscosity cP 3.062 3.068
Thermal Conductivity W/m-K 0.57 0.5702
Heat Capacity kJ/kg-K 1.84 1.832
Isothermal Compressibility cm2/dyne 17.8 e-[12

velocity of sound m/s 1704
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Appendix 2 .
Selection of ‘Salt-Phobic’ Coatings

This section discusses the methods used to sal#cistick’ coating materials to be used on heat
exchangers for storing thermal energy as latertdfdasion in mixtures of inorganic salts. To anke
heat transfer from freezing salt mixtures heat arger tubes are coated so that the force of mséittrat
near freezing point pumped from a tank and flowpagt the tubes can remove the solid material. The
resulting solid slurry is returned to the tank.eTeat transfer coefficient is expected to be niigher
than passive solidification on tubes.

Statement of the Heat Transfer Problem and Approacho Solution

A major drawback of using phase change moltemsaiterials is their poor thermal conductivity and th
fact that clumping occurs during freezing thatkstito the walls of the storage tank and heat exgdran
surfaces. Using our storage media of dilute ewteetiuld alleviate this problem. As discussed irorép
on Salt Selection, when a dilute eutectic mixtgregh as with a large fraction of NaNO3 in a NaNO3-
NaOH mixture, freezes, there is always liquid acbtire freezing NaNO3. The freezing material is
‘mushy’ and even though highly viscous, can be pednje an external heat exchanger. (Note: This is
similar to what happens in an ice-cream planthésé plants, additives such as polysaccharidesdaie
to the ice cream so that it can be easily pumped.)

In addition to taking advantage of the liquid irugprium in freezing solid, we are investigatingating
materials that can apply to heat exchanger
tubes. The coating materials are referred to a
‘anti-stick’ because the freezing material can t : ==
easily removed from it. This is similar to S Z
‘Teflon’ used in common kitchenware. The " T4, ,
coating material should be ‘non-stick’ to
freezing material and have high thermal
conductivity. In this report we present results
with coating materials such as graphite, metal
nitrides and carbides, and high temperature A y
polymers (such as imides, poly benzo-oxy

imidazole). These coatings are deposited on -

POLISHED

heat exchanger tubes. PLATED OR COATED

There are many types of heat exchangers usec Figure 1. Low adhesion surfaces and shell

in the industry for transferring heat during phas and tube heat exchangers offer

change from liquid to solid. Some of the active

(not passive) heat exchange designs include sielt@ated tubes; others use mechanical scrapers,
ultrasonic vibrations or flexing to free the tulsdgreezing salts. Three methods show promise:

» use of coated heat exchanger tubes (researchiid jprbject)
* encapsulation of salt in suitable shell material
» direct contact of salt with heat transfer mediurchsas bubbling water through molten salt.

Our preliminary analysis, based on past reseanibdtes that the shell and tube type of heat exgdran
with the salt on the shell side and the two-phésans water inside the tube can potentially be ssfak
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when discharging heat from the PCM melt. Furtheamsince this is a commonly used design in the
industry it is also the most economical to use.

In addition to the two methods — dilute eutectixtunie and ‘anti-stick’ coating - , we will investite a
third way to further improve the flow propertiesdamprove the conductivity. We are investigatinghgs
additives such as graphite, Nano-carbonaceous ialateand ionic liquids. . We propose these materi
because of their high thermal stability, and chairstability, good heat transfer properties anddgoon-
wetting characteristics with molten salts. We pilksent the results of this later in another repor

Candidate Coatings

Our approach to selecting and testing coatingsistausof the following steps:

» Use scientific expertise to select a subset oficgatandidates

* Use qualitativedip-testmethod to screen and select at least three caadidatings

+ Examine the interface between the solid and subaising Scanning Electron Microscopy and
Optical Microscopy to characterize the morphologfreezing crystals

» Procure tubes coated with the selected coatingsestthem on a ‘flow rig’ specifically designed
to freeze salt on the tubes and remove it by usyalgodynamic forces from a flowing salt.

The results from these steps are described belte.tests provide a comparative and qualitative
evaluation of selected coatings. A few coatingseHzeen tested. We are discussing with coating
vendors for providing samples for a few other auggi We will continue these tests in Phase Il in
parallel with the heat exchanger tests planned.

Selection Criteria of Coatings

The strategy for choosing a coating was relatigéigight forward. We surveyed the coatings avélab
and chose those that could handle 4000C or gre@ece we had a collection of such coatings, we
further selected from this group coatings which taslirable surface properties. These properties we
low roughness, and a hydrophobic nature. A hydsbhsurface is considered desirable because @& has
low surface energy. This means that intermolecittaaction between the surface and a crystallitle w

be limited. As a result “stickiness” of the cryita should be should be minimized.

A smooth surface is also highly advantageous formeasons. First of all, lock and key bindinglod t
crystallite to the surface is minimized, secondusstl contact surface area minimizes the effedief t
intermolecular forces. In effect, the smooth stefanhances its already hydrophobic nature. Apgehdi
further describes a scientific basis for selectiogtings.

Table 1 is an initial selection of coatings basedh® collective scientific thought process whigh i
discussed in the following paragraphs.

Generally speaking, the best coatings are cregt@thysical vapor deposition (PVD), chemical vapor
deposition (CVD), and other surface modifying psses carried out in vacuum systems. These coatings
are thin, and smooth. Because they are thingijiected that heat transfer through them willbeot
significantly inhibited. The benefit of a smoothatiog has already been addressed.
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We did not consider using any coating that is aalliy flame spraying or similar process because the
coatings tend to be porous. This is in line witih desire to maintain a smooth surface. For gason
we did not use Alumina, Chromium Carbide, and Tteg€arbide.

Boron Nitride was not tested in our first set opesments. Boron Nitride is generally used in
applications were it s not firmly bonded to theface. For this reason, the common coatings do not
firmly adhere to the substrate. An example isi#s as a mold release agent. Additionally, Boriiridé
in its most common (hexagonal) form is quite sdfhese properties make it less than ideal dedpate t
fact that it is an extremely hydrophobic materialless common form of Boron Nitride is the cubic
variety. In this form, its crystal structure isadiond like, and it is very hard. This form carelpplied so
that it is very thin. The cubic form is probabljitable for our application and will be a candidfe
future experiments once we find a vendor who wipls this coating.

Titanium Carbide is known to have non stick progsrin molten salt baths. It surface is extremely
smooth and can be made quite thin. It is an excedandidate.

Titanium Nitride and Chromium Nitride can both lgpked in a very thin smooth layer. Both are also
known to be hydrophobic. The vendor also supgliesore hydrophobic silicate based coating that can
be applied over either nitride and is also extrgnti@h. This overcoat is said to bond more effeadti to
the nitride surface than the steel substrate alttrie.subject to a lower maximum temperature timi

Porcelain is very smooth and would be expectectimly cost because it is a commercial product @ith
variety of applications. It is not as thin as soapplied using PVD or CVD. It is also not quite as
hydrophobic because it contains a substantial atrafugiass.

Diamond-like coatings are thin, hydrophobic, ang/\eard. They are potentially ideal candidatesstC
was a concern, but one type is actually used toreaar blades. We plan to look into whether gpetof
diamond like coating we would need is equally irengive for future experiments.

Two proprietary coatings of unknown compaosition raigo be very suitable. These are Cerablak and
FGI-400HR. The latter has been used on heat exelnsangoated samples may be available pending
special arrangements.
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*Indicates the material was tested in this repgrperiod

Table 1 CANDIDATE COATINGS

—

COATING SOURCE COMMENTS MAX HYDROPHOB | SURFACE
TEMP IC ROUGHNESS
*Mild Steel CONTROL N/A No Fine Sanding
*Porcelain SH502 Ferro Somewhat Very Smoot
*Titanium Carbide | Solar Temperature >400 Yes Very Smooth
on graphite Atmospheres| limited by graphite
substrate and
presence of air
Titanium Carbide | Ultramet and| CVD coating on
on Steel others steel also possible
*Titanium Nitride BryCoat PVD coating 680 in air | Yes Smooth
*Chromium Nitride | BryCoat ! 105 Yes Smooth
*Brycoat HTS over | Brycoat Proprietary silicate| 400°C Yes
*Titanium Nitride based overcoat Smooth
*Brycoat HTS over| Brycoat ; 400C Yes Smooth
*Chromium Nitride
Cubic Boron Ceratizit PVD 297%C Yes Smooth
Nitride
(Diamond Like)
Alumina Brycoat (and| Flame sprayed 1760 No Porous when
others) flame sprayed
Chromium Carbide | Pacific There are several | 1250C - Probably Porous when
Particulate | chromium carbides| 1895C flame sprayed
Materials with different
among others melting points
Tungsten Carbide CCl Flame sprayed 2870 Probably Porous when
(Canada) flame sprayed
FGI-400HR FGI Used on heat 98dC No data No Data
Ceramic Thermal | International | exchangers yet yet
Transfer Coating
Diamond like Morgan lon Beam and RF | 1200C Yes Smooth
Carbon Advanced plasma deposition
Ceramics
Cerablak Applied Thin No data 140%C Yes Smooth
Films Inc.

Dip Testing Method for Selecting the Coatings

The test we devised is intended as a preliminagidrscreening test. The idea is to determine if
crystallites formed in the molten salt were lik&dystick to the surface of the heat exchanger. t&€beas
devised does not duplicate all the conditions withie molten flow loop. As a result, the screeragis
will not necessarily duplicate what will be seerthie field. Despite this limitation, it should bieleto
allow the qualitative comparison of one coatinght® other. In certain respects, the test as dedign
represents a more severe test of crystallite adhigicumulation than might be expected in actual

operation.
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For the purpose of the test, a furnace is equigpied 3 and Fig. 4) with a stainless steel potdotain
the salt. In the pot are a stirrer and thermoaaufilhe stirrer is driven by an air motor which tanset
to spin very slowly. The stirrer passes throughwiall of the furnace through a stainless steelvsle
This was necessary to eliminate the grinding ofirebrick insulation by the rotating shaft. The
thermocouple is connected to a digital temperatargroller that replaces the older malfunctioning
analog temperature controller originally built inttee furnace. The new controller is more reliable,
accurate, and easy to read.

The furnace is also provided with an Argon gas.p®he purpose is to prevent oxidation of samples
where this is an issue and to insure that the malédt is not affected by GOCQ, is an issue when the
salt contains NaOH. The NaOH can react with thg ©®@orm carbonates, thus changing the melt
composition.

In order to evaluate the performance of differamatings we used a “dip” test. This test was cotetlin
the following manner.

First, the salt is prepared. We used a propridiargry salt mixture with a dilute eutectic meltiaout
300C. The salt is placed in a 316 stainless stewhier. The thermocouple and stirrer are temjiprar
suspended above the salt. The Argon is turnechdrhee furnace is closed. The temperature contrislle
set to 508C. This high temperature is needed because thedmponents are not mixed initially and the
salt melting point is higher. Once the melting hagun, the stirrer and thermocouple is lowereal tin¢
salt bath. When the bath is completely liqueftb@, stirrer is turned on, and the temperaturevigted to
400°C. Now that the binary mixture is completely mixgdemains liquid at a lower temperature. The
sample is lowered into the bath suspended on @esaisteel wire. After the sample is immersed, the
temperature controller is set to 260 The door of the furnace is now cracked opeailtav for cooling.
When the solution cools to the point that it id il crystallites, but not fully solidified, the swle is
withdrawn. Generally, this occurs at about®00ALt this time the sample is briefly inspected to
determine if some crystallites are present. Assdmaple cools off, more crystals form. The foriype

of crystal sticks out of the surface. The onemfmt as a result of cooling in air are relativet.fl They
are formed from the adherent film of salt thaigsiid at the time of sample withdrawal.
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Air Powered Stirrer

New Digital
Temperature 316 Stainless Steel
Controller Salt Pot

Disconnected

Figures3 & 4. Dip Test Furnace

Results of Dip Tests

Samples were not characterized quantitatively asntoothness, but all the samples were very smooth
with the possible exception of the mild steel cohtiThis sample was sanded and had obvious marking
The first 3 samples in Table 2 below were of vesisizes, the ones after were standardized to 22m x
cm. The mild steel coupon was prepared under Agganblanket to prevent oxidation. The porcelain
and Titanium Carbide samples were prepared inedgrb it was recognized that the bath could degrade
as the result of a reaction between NaOH angl O®e remaining samples were prepared from a new
bath and under an Argon blanket.

The samples were checked for crystallite adhesioernveool. We were looking for very large
differences in adhesion so we employed a very sirtgst. We scraped the surface of the sample with a
finger nail. If a crystal could not be removedsthiay, we considered the surface unsuitable. Those
samples were crystals could be removed in this mrawere classified as mild or moderate adhesion.
Photographs of most of the samples are shown bsltwexplanations. For TiN and CrN (without
Brycoat HTS), the adhesion declined after seveagsd
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Table 2. Qualitative Evaluation of Coatings

Material Adhesion
Mild Steel Strong
Ferro SH502 Porcelain on Steel Strong
Solar Atmospheres TiC on Graphite Mild ***
Brycoat TiN on Mild Steel Moderate ***
Brycoat CrN on Mild Steel Mild/Moderate

Presumed Surface Damage

Brycoat HTS over Brycoat TiN on mild steel Strong
Brycoat HTS over Brycoat CrN on mild steel Strong

***Recommended for Further Testing
Discussion of Results

The sample below shown in Fig. 5 is mild steel withcoating. The bottom accumulation is caused by
surface tension effects. Liquid accumulates therend cooling and then freezes. The top accumuldso
the liquid line. This sample was tall enough totprde beyond the liquid level. Crystal accumuolati
between those lines formed in the pot. The vexydiystals are generated from the liquid film that
remained on the sample when it was removed fronpaihe All of these crystals were strongly attached

Mild Steel Uncoated

Figure 5. Photograph of salt on uncoated mild steel surface

The porcelain sample below (Figures 6 & 7) was nmarohller. It did not stick out of the melt. The
crystals stuck on to the porcelain very stronglygite the shiny surface of the material. This maltés
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only somewhat hydrophobic, and it might be getgtched by the NaOH. It does not appear to be a
candidate choice.

Coupon Before Immersionin Molten Salt Coupon After Immersion

Figures6 & 7. Ferro SH 502 Porcelain

The TiC shown in Figures 8 & 9 is grown in situagraphite substrate. It is a mirror finish. Tikis
shown by the reflection of a paper clip on to thdace.

Coupon Before Immersion Cross Section Showing Graphite Substrate

Figures.
Figures 8 & 9. Photographs of TiC coupon before immersion

The crystal formed on this surface were easy tawem Figure 10 shows a patch that peeled off bygus
fingernail pressure. The very smooth deposit sugdghat most crystals did not attach while the damp
was immersed in the salt. The crystals showingterdype associated with the liquid film that rémseo
the sample after it is removed from the bath.
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Titanium Carbide on Graphite
Vendor: Solar Atmospheres

Figures. 10 &11. TiC on Graphite samples

The TiN samples shown in Figure 12 and Figure 18vbare before and after photographs respectively.
The surface of the TiN was very smooth, althougheais not mirror like. The salt did not stick very
strongly to this surface. The photo in Figure ight) shows a small area where the salt peeled#
result of applying fingernail pressure. After avfdays storage in air, the salt came off more yathe
surface did not appear harmed in any way fromesgdbsure.

Titanium Nitride on Steel
Vendor: BryCoat

Coupon Before Immersion Coupon After Immersion

Figures 12 & 13. Photographs of TiN on Steel

The CrN samples both before and after are showaiginl4 and 15. The adhesion to this surface was a
bit less than the TiN but it was obvious that tample was damaged in some way because of the
discoloration after treatment.
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Chromium Nitride on Steel
Vendor: BryCoat

Coupon Before Immersion Coupon After Immersion

Note color change — suggests surface damage
Figure 14 & 15. Photographs of Chromium Nitride coating

Both of the same types of samples were also cadtedBrycoat HTS. This silicate based
coating is extremely hydrophobic. The coatingasgood above 40C normally, but we chose
to try it anyway because the temperature limit feagxposure to air and because our operating
temperature would normally be lower. Our systers mare or less free of air so it seemed
worth a try. The coating degraded and changed @oloatches. Our salt stuck to it very
strongly. This proved not to be a good candidatdurther screening.

We will continue to test and screen more coatimgas in Phase 1. The next section describes
and discusses the results from the scanning eteotroroscopy of some of thedg-coated
samples.

Interface Properties during Freezing of Salt on Coted Tubes
Scanning Electron Microscopy images and discudsiodifferent coatings
Samples from dip tests in salt with the dilute etitecomposition of NaNO3 and NaOH, described

earlier, were observed in a Scanning Electron Micope (SEM) to study the interface properties
between the salt and metal surface.

All samples are properly prepared and polisheddeioto minimize the damage to the surface sadéirlay
and are coated by Au-Pd to become conductive fod 8croscopy.

The aim of this study is first to measure the thiss of the surface salt layer accurately to coentter
different coatings and next to study the surfaceptmalogy. The thickness can give us a value for
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measuring the stickiness of a certain salt comjoosib a certain surface and the morphology will
provide the types of crystals adhering to the sarfa

Figures 16 to 20 show the images of scanning electicroscopy for five different samples: mild $tee

without coating, mild steel with Porcelain coating|d steel with CrN coating, mild steel with TiN
coating, and graphite with TiC coating in two mdigaitions.

AcoV Magn WD ————— | 500;m
100KV 107x 108 Mild Steel ! :

Fig 16 SEM image of the mild steel dipped into the NaNo3(98%)-NaOH (2%) molten salt. The
solidified salt layer can be seen in two different magnifications.

AGBY Magn WO ; : e [ T 50 um
150KV 214x 104 ; B o . 5

Porcelain

Fig 17 SEM image of the mild steel coated by Porcelain and dipped into the NaNo03(98%)-NaOH (2%)
molten salt. The solidified salt layer can be seen in two different magnifications.
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A fSpcitMagn ‘ﬁ’_et WD - Exj
3.0!1'563%'_'.“ SE 114 0
< o)

Fig 18 SEM image of the mild steel coated by CrN and dipped into the NaN03(98%)-NaOH (2%)
molten salt. The solidified salt layer can be seen in two different magnifications.

{ " A AceV SpotMagn® " Det
7x SE 1050 TiN 4 10.0 KV 3.0  860x

Fig 19 SEM image of the mild steel coated by TiN and dipped into the NaN03(98%)-NaOH (2%)
molten salt. The solidified salt layer can be seen in two different magnifications.

TiC

gt Ly Spot Magn~ Det Wi E

100KV 30 224x, SE- 97 04 4TC 7
Eo bk LBy b

s

Fig 20 SEM image of the Graphite coated by TiC and dipped into the NaNo03(98%)-NaOH (2%) molten
salt. The solidified salt layer can be seen in two different magnifications.
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Table 1 Comparing different samples salt layers

Coatings Mild St/non | Mild St/Porcelain  Mild St/CrN Mild St/TIN | Graphite/TiC
Sample 1.25 mm 0.7 mm 1.5 mm 1.5 mm 10 mm
thickness
Salt layer
thickness 187 pm 200 pm 333 um 125 pm 57 pm
4x4 Cooled

Others are dead

Table 1 above, shows the measured thickness dagalton each of the surfaces. According to the
results on table 1, TiC coating has the lowestlagér thickness while the mild steel surface Ias t
highest. The lower thickness of salt may indigitieer the salt removal when material was stirned o
could be due to the amount salt held by surfacgidgarforces when the sample was retrieved or coeld
due to cooling and exposure time. The TiC coatiray be a promising candidate based on the visual
observation of the surface and surface finish aeddwer thickness of the coating which may indicat
salt removed during stirring.

In addition to salt layer thickness, solidificatiorphology on different samples was studied. Hig 2
shows the main observed ones.

The bottom right coating with dendrite salt crystaday be better for removal with fluid flow force.
However, if this grows uncontrolled and we are uaab break the structure in the early stages of
formation, then it can form a strong mesh structlitee space between the dendrite may have been the
equilibrium liquid which froze when the sample weomled down. We will continue to study these
morphologies using controlled and re-producibleegixpents.

Terrafore, Inc. Page 81 DOE-GO18148



Heat Transfer and Latent Heat Storage in Inorgiftuiten Salts for Concentrating Solar Power Plants

Candidate Coatings for Tests with ‘Flow-Rig’ Heat Exchanger

Based on tests and our interpretation of the reéudin these tests, we selected the following three
coatings for further evaluation with the ‘flow-rigkperiment.

« Titanium Carbide Coating on Stainless Steel
e Titanium Nitride on Stainless Steel
¢ Chromium Nitride on Stainless Steel

Stainless is recommended for the flow-rig experintemprevent or reduce corrosion. The entire flogv-
is constructed using stainless steel. We will icaa to investigate by dip tests the following dogs:

» Cubic Boron Nitride Coatings on graphite or stasslsteel
* Cerablack TM coating (proprietary to vendor)
* SGI 400 HR another vendor proprietary hydrophabiating used on heat exchangers

If any of these show promise we will evaluate thesimg the flow-rig. The flow-rig is designed to
replace tubes easily to conduct qualitative coatsgs and measure temperature rise in the flgidén
the coated tube. The temperature rise will progidelative quantitative measure stitkability of salt.

For the final selected coating, we will determihe best thickness of coating, method for deposttieg
coating and the substrate finish required to meeeperformance objective. This will be done ptr
building the Phase lll engineering model design.

A Note on Candidate Coatings for the Dilute Eutebixture:

It was deemed necessary to investigate furthenvatidmore detailed experimentation than the initial
results provided by JPL with the dip tests. Tifereincluded electropolishing the samples, settip
the vacuum chamber, making the coatings (evaporatnm/or sputtering), testing them with DSC, and
analyzing the surfaces and samples by optical rma@mpy, SEM, and profilometry.

The coating experiments were conducted with putd®& Even though these coatings performed well
with sodium nitrate, adding a small amount of sadlwydroxide caused pitting and the coatings did not
survive the attack.

Additional tests were carried out using differehiaanning calorimeter to screen coatings for use t
dilute eutectic mixture. As discussed in SectiahBmium coatings were selected as preferred ngati

Seamless stainless steel tubes were first eledisbpd and chromium is deposited on the tubes. The
method and amount of chromium made a differencisasissed in Section 3.

Terrafore, Inc. Page 82 DOE-G018148



Heat Transfer and Latent Heat Storage in Inorgitatten Salts for Concentrating Solar Power Plants

/ P
AccV Mgt WD ———— | 5um
10.0 kv 13660x 10.8

Figure 21. Main salt solidification morphologies observed by SEM
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Surface Physical Chemistry — Properties of Coatingkikely to Influence Stickiness of
Crystallizing Molten Salt on Heat Exchanger Tubes

Andrew Kindler, JPL

When a crystallizing molten salt is in contacthwdt heat exchanger tube, there are gradual
accumulations of crystals that stick to the outatipn of the tube and impede heat transfer. teoto
prevent accumulation of these crystals, both tiniase (physical) chemistry and the surface morpiplo
of the tube and crystals must be taken into acc@etow the influence of two surface properties on
adhesion of crystallites is summarized and reltdgtle choice of material screening test for thet he
exchanger.

There are two properties that are likely to infloerrystal adhesion: 1) Surface energy of the argstd
heat exchanger surface, and 2) Presence of defett® heat exchanger surface that are likely to
precipitate nucleation there. A simple contact angbt may be insufficient to determine a suithielat
exchanger material.

Surface Energy

The surface energy is the property that deterntimesurface tension. High surface energy
materials like clean metal surfaces have high sarfansion. Practically, this means that the attenic
forces of attraction within the metal are relatiwkigh. It also means that the attractive foradative to
anything in contact with it will also be high. Bakon this characteristic alone, one might prefema
energy surface to discourage adhesion. A good ebeanfi such a surface is Teflon. Although it i4 no
useful at our operating temperature, it is a loergp surface, and is known for its non stick prapsr
Such surfaces can be characterized by the contgld af a liquid on the surface to be tested. dghhi
contact angle (beading up) of a liquid drop ongblid surface is generally indicative of low sudac
energy of the solid. To be more precise, the serfansion of the solid is low relative to the lgjulf
both liquid and solid have the same surface tensiamne will be no beading. In our system, we righ
look for a solid that has low surface tension re¢ato the molten salt and characterize it by thetact
angle of the molten salt on the surface of thedsolihis characterization may not be sufficient.

It is not, after all, the molten salt that is sirgkto the heat exchanger it is the crystal. Tiystal
is irregularly shaped, so it is unlikely to haveelient contact with the heat exchanger surfacenbf
the crystal has the same surface energy as thid (igocertain) its effective surface tension is éow
because only a small part of the crystal may hatmnate contact with the surface. In other woths,
stickiness of the crystals relative to the heaharger may be not play as great a role as one lireagilf
such is the case, an interesting outcome is paessidbu might actually find that a high surfacergye
surface (as well as a low one) discourages theséathef crystals! The reason for this is thatligeid
will make more intimate contact with the heat exaexr surface. The intermolecular forces bindirgy th
liquid to that surface are greater than that bigdire crystal. This means that the crystals véll b
displaced by the liquid. In this scenario, theatge the attractive intermolecular forces emandtiog
the heat exchanger made of high surface energyiadatee more likely it is to physically bond withe
liquid rather at the expense of the solid. Frois tliscussion, you could conclude that both vewy lo
energy surfaces and very high energy surfaces @altent adhesion of crystals. In such a case, you
would look for both beading of the molten salt ba surface, or complete wetting. In view of this
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conclusion, a contact angle test might not be ceffitly definitive to select a material. Additiohalthere
is another issue discussed below.

Morphology

Surfaces can be smooth, rough, or even porous.miphology of the surface is very important.
The reason is, rough or porous surfaces offer atiole sites for the growth of crystals. If a cryssa
nucleated on the surface, it is likely to stickudiation sites can be regarded a “sticky” bec#usyge
allow the forming crystal to drop to a lower enesgigte than in other locations. If this is the cioanit
mode of accretion, preparing the surface so thataktremely smooth is advantageous. Additionally
low energy surface would be the best choice beddaseucleation sites remaining would be far less
effective.

Observations

Although both low and high energy surfaces may@ng crystals in the molten salt from
depositing on the heat exchanger, preventing ntiofes best accomplished with a very smooth low
energy surface. Because it is not known, whetheleation at the surface is a dominant mode,ribis
entirely clear whether we want a low or high enesgsface. A contact angle measurement to scraen fo
low energy surfaces may overlook useful high ensrgyaces that do not accumulate crystals. A more
reliable test for heat exchanger coatings is toéns® a coupon in the crystallizing molten salt and
actually test how effective a coating it is. Amatipossible approach is to correlate the immernssn
with the contact angle test for both high and lonfece energy surfaces to see which one works best.
After this determination, contact angle can be wsed more rapid screening method.
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Electrochemical Polishing Parameters for StainlesSteel Tubes

Dr. H. Venkatasetty

316 Stainless tube materials are attractive fat transfer in high temperature thermal energyagi®r
systems. However, most metals and alloys (incydtainless steels), have many surface impurities
and/or defects such as metal oxides, foreign pestend stress points which result in poor thermal
conductivity and are to prone to corrosion. Eledtemical polishing of surfaces is a well establishe
technique used in industry to produce bright andyssurfaces suitable for commercial applicatiohrs.
the case of stainless steel, electrochemical potidhas the potential to provide passive surfath wi
improved corrosion resistance and enhanced theromaluctivity.

With a view to develop suitable electrolyte sola@and experimental parameters for obtaining optimu
surface characteristics for 316 stainless steepnpared several electrolyte solutions using fuléuric
acid and Phosphoric acid and their mixtures withiahized water as shown in Table 1.

Table 1. Electrolyte solutions with de-ionized wateand Electropolishing parameters

Electrolyte Solution Composition Electropolishimgée
1.Sulfuric acid 68% by volume 10 & 20 mins
2.Sulfuric acid 40% by volume 3,5, 10 and 15 mins$

3.Phosphoric acid 5% volume 10 and 20 mins

4.Phosphoric acid 50% by volume 10 and 20 mins
5.Phosphoric and Sulfuric acid 60% and 20% vol 12 20 mins
6.Phosphoric and Sulfuric acid 40% and 40% vol (8,2D, 25 and 30 ming

316 stainless steel substrates were obtained aidstirfaces were cleaned with distilled water and
isopropyl alcohol and dried. Digital images of wfaces were obtained. The cleaned substrate was
made the working electrode (anode), the countetrelge (cathode) was a larger size stainless steel
substrate and the reference electrode was a SatuCalomel Electrode (SCE). The electrodes were
placed in a suitable container with the electrobgkition. Using the laboratory Electrochemical
Instrumentation, the voltage on the working elettravas slowly increased while monitoring the cell
current till the current showed a rapid increase the voltage was set at a known value and the
electrochemical polishing continued for known pdsi@f time. The experiments were conducted at
different voltages namely 1.4 V, 1,53V, 1.6 V &l V at room temperature. The experiment was
stopped at known time interval and the samples wlegned and dried and the surfaces were examined
in the microscope and the digital images were takee compositions of the electrolyte solutions and
electrochemical polishing parameters are showrainidl1. Digital images of 316 stainless steeliahi
and electrochemically polished for different tine$Sulfuric, Phosphoric acid and their mixtures are
shown in Figures 22 to 31.

The results of these experiments show considemaipieovements of the surface characteristics of
substrates after electropolishing in many of tleeteblyte solutions particularly from 8 to 30 miestin
sulfuric acid solutions at 40, 50 and 68% by volurSémilarly, Phosphoric acid at 50 % by volume and
Phosphoric acid and Sulfuric acid and the mixté@$8o and 20 % by Volume respectively for 10 and 20
minutes shows promising results. However, it veaml that the electrolyte solution with 40% volume
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Phosphoric acid and 40% volume Sulfuric acid ontedgolishing at 2.1 V for 8 minutes shows much
better surface characteristics such as shiny andtnsurface (Figures 9,10).

Figure 22. Initial surface characteristics af th Figure 23. Electropolishing in 40% Sulfuric acid
Sample . 100X for 5 minutes, center of Sample. 100X

Figure 24. Electropolishing in 40% Sulfuric aciigure 25. Electropolishing in 68% Sulfuric gcid
for 10 minutes. 100X for 10 minutes. 100X
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ectropoli Phosphoric Figure 27 Electropolishing in 50% Phosphoric
acid for 20 minutes. 100X acid for 20 minutes. 100X

Figure 28. Electropolishing in 60% Phosphoric Figure 29. Electropolishing in 60% Sulfuric acid
acid and 20% Sulfuric acid for 15 min. 100X  and 20% Phoshoric acid for 30 minutes. 100X

Figure 30. Electropolishing at 2.1 V in Figure 31. Electropolishing at 2.1 V in
Phosphoric/Sulfuric acid 40/40/20 for 8 minutes. Phosphoric/Sulfuric acid 40/40/20 for 8 minutes.
100X 500X
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Appendix 3
Design of Laboratory Scale Prototype

By Corey Hardin

This section focuses on the design of the expetirygparatus for studying the heat transfer
performance in latent heat storage systems. Thetrbpgins with a baseline analysis balancing jtedi
overall heat transfer coefficient and solidificativith heat exchanger area. After this, more dedail
analysis is presented to analyze the effects @& side on Reynolds number, pressure drop, %
solidification, etc. The purpose of this is to &ditth a baseline of calculations for further de¢aildesign
to follow. The analysis assumes cross flow, whiciukl be analogous to a baffled shell and tube heat
exchanger.

Introductory Analysis

To begin our analysis we will present a baselirergynbalance calculation. We balance the
overall heat transfer rate with the energy it takelsring the salt down to melting temperature and
achieve a solid fraction of 20%. For the purpoddhie calculation we assume tubes of 0.375” ORI an
channel cross section of 10 diameters square3i&b; x 3.75"). We account for 50% of this aresny
blocked by tubes giving us a cross sectional agayf .009 ni*50%. We also assume an oveusll of
15 degrees Celsius between salt and tube wallsandet superheat of 5 degrees Celsius.

Q = hAAT = Th{cstu'parhaﬂt + Hf pr‘ = (pﬂcv}{c'stu'pa rhear T Hf‘ﬂj

h (W/m"2K) 500
AT (C) 15
C, (k/kgK) 1.821
Tsuperhea(c) 5
Hr (kJ/kg) 174
¢ (% Solid) 20%
p (kg/m"3) 2260
Ac(M™2) .009*50%

From this we are left two independent variablest lexchanger surface aregaahd salt velocity V. If
we assume a velocity of 1 m/s @&300), Q works out to 450 kW, which leads us heat exchanger
area of 60 m"2. This means for an array of 40exbtlbes we would need over 525 passes to acliieve t
desired solid fraction. Alternatively, we coulchave the desired 20% solid fraction at only 14 KWe
decreased the salt velocity to 0.03 m/s; howevérigcase the salt-side Reynolds number wouldnbe o
250.

Importance of Reynolds Number

The capability of operating at high Reynolds numben important functionality for this
apparatus for two major reasons:

Terrafore, Inc. Page 89 DOE-G018148



Heat Transfer and Latent Heat Storage in Inorgiftuiten Salts for Concentrating Solar Power Plants

() To ensure that we can produce the hydrodyndonaes that will be necessary to achieve “flakiog”
the salt off of the tube. The larger the rangReynolds numbers we can test, the larger the rahge
coatings we will be able to test. Even if our cogsi fail to flake at industrially viable Reynoldsmbers,
if we can prove that flaking will occur at higheeyholds numbers this will be proof that our condspt
viable. From a scientific perspective if we couitlehhigh enough Reynolds number to flake off lain
or coated steel tube, we could begin to perforhmeough study in which we could possibly come up a
with a formula to relate coating surface energRéynolds number necessary for flaking. This would
make heat exchanger design for the full scale sysgry simple. On the other end, if we don't give
ourselves the capability of high Reynolds humbegsmway fail to create the flaking phenomenon at all.

(i) Scaling to match full-size heat exchangerssiB on initial familiarity with typical full-scaleeat
exchangers involving molten salt, we expect thgp#cal Reynolds number is in the range of 20,000.
Also, typical convection design curves for stagddtde banks and shell & tube heat exchangers show
transition in behavior at around fe 1,000, in terms of both pressure drop and heasfea [ref.Perry’s
ChemE HandbogkZukauskas in Hartnett & Irvin&dv. Heat Tran$f Therefore, to be able to match the
approximate operating conditions of a full-scalathexchanger, it is important for this apparatulseo
capable of operating in the ReD range of sevefdl(Lat the very least, and with a strong prefer¢mce
reach the range of 20,000+.

Heat Transfer Fluid Selection

We first performed a study to analyze the affe€tssing various different heat transfer fluids to
determine which would be most effective for uséhm phase 2 apparatus. The fluids analyzed were air
helium, compressed air, compressed helium, andiiihet 66. Of these, Therminol 66 and compressed
helium both showed excellent heat transfer charatitss while having distinct advantages and
disadvantages in other areas. Compressed heliunfem@asable due to its ease of implementation,
without any design research necessary to implerheaks are also much easier to deal with, and the
system overall would be far less complicated th&aherminol system. It does however suffer fromwa fe
drawbacks. The first is that it is not a curreapt in power generation, although it has been ased
heat transfer fluid elsewhere. The helium compnessoessary was also considerably more expensive
than a heat transfer equivalent Therminol pumpvae@aavould have to deal with greater pressures.
Therminol has a few drawbacks in that it does megaigood amount of research to implement properly,
there are more safety issues in design, leaksaateds tolerable, and the system must be much more
complex in order to operate safely. In the end firtireol won out over helium due to the fact thatdtgy
higher heat transfer at less cost, is widely useddustry, and works at significantly lower pressu

Scaling Rules

Before more detailed analysis could be performeshdard scaling parameters had to be established
to allow for fair comparison between different tudiges. A preliminary analysis was performed to
determine the best tube arrangement to produesadtobserved that higher tube pitches allowed for
higher heat transfer rates with much smaller presgdrops and similar flow rates. It was therefore
decided to pick a fairly high pitch to diameteigatf 2 (table values for heat transfer correlagioange
from 1.25 to 3). In Incropera and Dewittigroduction to Heat and Mass Transféstates that heat
transfer conditions do not fully develop until tieeirth tube in a bank, therefore it was decidedléme 3
dead columns of tubes on each side of the cooldrelf more cooling is required, there are
correlations that take into account this entraeggon, but they are only valid if you have a minimaf
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10 columns. It was therefore decided to do anatysidx10 banks of tubes with only the center 4kt
being cooled. Figures 1 and 2 show schematicseo$iting parameters utilized. An overall heat tians
coefficient of 500 W/m”2*k was assumed in all cases

Although it is understood that the standard coti@la may not apply to tubes with a heavy salt
coating, we expect that many of the test runsheille a relatively thin salt coating -- ideally radtayer
in the best case -- and thus may be fairly welraximated by the standard correlations.

4x4

Figure 19: Side View Sizing Schematic
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Figure 20: Front View Sizing Schematics and Rendang of Example Heat Exchanger (3 passes shown). In
the case of multiple passes, the length allowed ftive 18C turns has not been optimized in this schematic.

Salt Flow Analysis
We then went on to analyze the salt flow and treatsfer conditions. A parametric study was
performed to study various tube sizes under eqeitalimensionless parameters (Re, Nu, Pr, etc.)
The effect of tube size was analyzed versus preskop, maximum achievable Reynolds number
with current salt pump, change in solid fraction pass, and overall heat requirement to achieve
solid fraction. Plots of all of this analysis camflound in the appendix.
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From a pressure drop perspective on the saltisidas found that a 2" tube is marginally
acceptable with a pressure drop of 12 psi per @iaReD of 20,000. Larger tube sizes decrease the
pressure drop, but increase flow rate requireméintsn this perspective it was determined that %2"
was the largest tolerable tube size with a maxirkeD of 10,000 with our current pump. If we want
Reynolds numbers in the 20,000-30,000 range weneéld to get a new pump with either better
pressure or flow performance as the %" tube baxetyjeves 20,000 ReD which will most likely be
diminished by the large pressure drop.

Solid fractions achievable are fairly small at Idelta T and high flow rate. In order to achieve
large solid fractions we must do one of 4 strategie

() The first strategy is to use large numbersaxges. This can quickly become impractical however,
and in general the number of passes should be&eptinimum with a maximum of ~5-7.

(i) The second strategy is to increase delta Ts €an be accomplished fairly easily, but produces
problems in modeling and solidification conditions.

(i) The next strategy is to decrease salt floverd his decreases the amount of mass that has to b
cooled, but also decreases the hydrodynamic fa@reaitable to break the salt free from the tube
surface, and decreases the salt-sidevigech is undesirable for reasons of scaling.

(iv) The final strategy would be to rely on incregsthe solid fraction a small amount on each pass
until the entire system was in slurry form. ThisuMbrequire us to develop a pumpable slurry
however that we may not need otherwise.

It must also be taken into account that largeddoéictions require higher heating rates. As tube
diameter, and therefore the cross sectional fl@a,ancreases the mass flow rate increases and
therefore the more heat it required to achievestilee solid fraction.

Therminol Flow Analysis

On the Therminol side pressure drop was only sueisvith 1/8” and smaller diameter tubes.
Regarding the flow rate, the smallest pump quotefdswill still perform well in a 4x4 array of 1”
tubes. If we decide to cool all 10, we should stayp” or smaller in order to maintain a ratio of
Therminol convection to overall heat transfer ciogdht (h/U) of 10 or greater. Having a high h/U
will allow us to better control the wall temperaof the tube, and make it easier to get accurate
measurements of the salt side convection coefti¢gerd solid formation conduction). Temperature
rise of the Therminol per pass changes with Reymoldnber and tube diameter. The higher the flow
rate and the smaller the tube size, the smalledelfta T will be. This creates similar problemgte
overall delta T mentioned earlier as well as thatdverall delta T will vary as the salt passes ove
different areas of the tube array which can adoréorheat transfer calculations.

Next three different pump curves were obtainedhfidagnatex Inc. for their three smallest mag-
drive high temperature pumps. From the curves tve@mum Reynolds number and h/U ratio were
calculated. The 1/8” tube produced the highestratids, but is slightly inefficient in that flow is
pressure limited, not flow limited. The ¥4” tube aadabve were flow limited, and with the exception
of the 1” tube produced an h/U greater than 10 éwethe smallest pump. Below we present more
details of the actual design and hardware beirtgllied.
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Tank assembly (Solidworks). The brown rectangieslae numerous strip heaters.

Electrical Heaters

One of the lessons from the Phase 1 design wathéhaieater capacity should be increased
significantly, and include immersion heaters ad aglexternal heaters mounted to the outside afatiie
and flow sections. This extra heater capacity hisfve time when charging and discharging the tank,
and allows us to withstand the occasional faildra few heater elements. Therefore one of the majo
features of this Phase 2 design is a large amdureaier capacity, exceeding 60 kW, as summarized i
the table below.

Type of Heater Location Quantity Capacity (Watts) Subtotal (Watt:
Immersion heaters  Main salt tank 5 1,000 5,000
Strip heaters Various, mainly tank exterior 42 625 26,250
Strip heaters Heat exchanger 4 625 2,500
Cartridge heaters Therminol rig 6 1000 6,000
Tape heaters Flow sections 4 840 3,360
Band heater Salt drain 1 2000 2,000
Band heaters Salt melt tower 8 2300 18,400
Band heaters Salt melt tower 2 350 700
TOTALS 72 64,210

elements Wattage

Specifying the immersion heaters took considertive, and we explored various commercial
products from companies including Watlow, Tempew Blampton Controls. Finally, for reasons of
price and availability we elected to have own imsi@n heaters fabricated based around commercial
cartridge heaters using a common specialty maadhiteiohnique known as gun drilling.

Electrical Infrastructure

Because of the demands of the pump, the desitarfge heating capacity described above, and
because some of the heaters require 480 V, wechadite than triple the electrical capacity at the
experimental working area:

New / Existing Phase # of Circuits Volts Amps Watts

Existing 1 3 240 40 28,800
Existing 3 1 240 30 7,200
New 1 4 480 40 76,800
New 3 1 480 30 14,400

TOTAI 127,200
Wattage

Terrafore, Inc. Page 94 DOE-G018148



Heat Transfer and Latent Heat Storage in Inorgifttten Salts for Concentrating Solar Power Plants

This required running new conduit from a CE-CERAngformer to the lab, into a new breaker
box and control box, and then on to the experimiestétion. The previously existing control systemas
updated to accommodate all of the new heating zones

Salt Pump

After a time consuming search among possible venidatuding Friatech, Lawrence, and
Wenesco (lower cost solder pumps), we procuredramfrom Friatech that was specifically designed
for molten salts. The pump has salt lubricatedibga and a 20 HP motor. We expect it to provitiBG-
GPM at the actual HX head loss. The pump has installed at CE-CERT and tested with water, and
provided over 400 GPM at 60% drive through a tgs gection (not the actual HX).

Friatec Salt Pump. Left: Overview. Right: Det#ilflange assembly.

Therminol Pump

The flow loop uses Therminol 66 to on the cold siflthe molten salt heat exchanger. The
design includes a Therminol reservoir of capaciyallons. The Therminol pump was purchased from
Dickow. Itis 2 HP with a magnetic drive, and dhte a flowrate of 30 GPM and a maximum
temperature of 300C. The Therminol pump has been tested succegsfull
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Recommendations and Discussion

From these calculations a tube size of ¥4" to %2" iecommended A ¥4” tube size gives a good
range of salt Reynolds number, but is limiting be pressure drop side, and therefore is not
recommended for large numbers of passes. A ¥2"sidgeis not nearly as limiting on pressure, but the
range of Reynolds number available with our curpamhp is limited. Therefore from a salt flow
perspective, .375” diameter tubes should be optififa# Therminol flow conditions are adequate over
most of the entire size range, so this is not anfagtor in the decision.

Table 2: Sizing Calculations Overview

Tube Diameter 1/8” 7 3/8" | 1/2" 1"
Pressure Drop Per Pass (psi)740 18 8 5 2
ReDmax at 140 GPM | 43000| 22000| 16000| 11000| 5500
Salt ASolid Fraction Per Pass
@100GPM 0.02 | 0.04 .06 0.08 | 0.17
Therminol Pressure Drop Per Pass (psi) 1.2 0.25 A2 0.05 | 0.01
h/U=10 GPM 8 20 30 40 80
AT per pass 52 35 34 33 32
Q (kW)/Pass
Overall AT=15 (C) 150 300 450 600 | 1600
$=20%
8" Volute 2HP _ 40 28 22 15 7
10" VoIt (Therminol h)/
ZH?D” € (Salt-Side U), 43 | 33 | 25 | 17 9
Max
8" Volute SHP (higher is better) 49 | 62 | 47 | 31 | 17

In the endhe heating rate is the largest limiting factor Also, there is an important
competition between the desire for large chang®iid fraction (e.g. input of 5 C superheat angatiof
20% solids fraction) and the desire for a high Rdég® number (for reasons of shear stress and gcalin
similitude). The scientific goals could still lalg be studied even in the absence of significalid s
fraction. Specifically, for a pure liquid salt aadub-cooled wall temperature, can we ensurdhbat
solids do NOT nucleate (or build up) on the tubd?awe do require the high solid fraction, wille
rely on pumpable slurry or will we sacrifice Rey®ihumber? Figure 31 shows how high of a solid
fraction we can achieve at Reynolds number foediffit heating rates for a 0.375” diameter tube. Our
system is currently outfitted with approximately & of heating. We need to decide how much we will
need to increase this, taking into account we meating and cooling on the Therminol loop as well.
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Overview (Solidworks rendering)

Overview (Dec. 2010).
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Heat exchanger overview, including inlet and oytiee runs and flow meter.

Heat exchanger detail. Left Image: The two latgedes are the inlet and exit for the salt sidackvis 6
pass. Only four of the 80 tubes (3/8") are shobnawn cylinders). Right Image: Welding part of the
flow section.
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Figure 21: Salt Pressure Drop vs. Reynolds Number
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Heat Rate vs. Tube Dia at ReDmax

1.40E+06
1.20E+06 /Aﬁ

< 1.00E+06 ~

8.00E+05

—4—ReD=5000
6.00E+05

Heat Rate (W

4.00E+05 —#=ReD=7500

2.00E+05 ~=ReD=10000

0.00E+00

0 0.2 0.4 0.6 0.8
Tube Dia. (in)

Figure 24: Cooling Rate Required to achieve sahdtfon with different tube sizes at different Relgs
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Figure 26: Therminol Flow Rate in GPM vs. Reyndldsmber and Tube Size
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Appendix 4.
Experiments with Laboratory Scale Prototype

Expected Outputs

Heat transfer coefficient (Ufreezesalt) as a fuorctfsolidification at near solification temperagur
Heat transfer coefficient (Ufreezesalt) as a fuorctf salt flow and heat transfer temperature
difference

Heat transfer coeffieicent correlation from liquithlten salt

Pumpability of freezing mixture
Experience with handling high temperature moltdts seear freezing point

Study Parameters
Temperature of oll various
high, medium,
Temperature of salt low
Flow rate of salt high, low
high, medium,
Flow Rate of QOil low
Design of Experiment
Salt
Qil temperature
Temperature, | Oil Flow above freeze | Salt Flow
Output C Rate point rate
lig to lig heat transfer coeff 320high high high
lig to lig heat transfer coeff 32Pmedium high high
lig to lig heat transfer coeff 320low high high
lig to liq heat transfer coeff 32Pmedium high low
lig to lig heat transfer coeff 31{llow high low
solidification heat transfer coeff 31Imedium medium low
solidification heat transfer coeff 305medium medium low
solidification heat transfer coeff 300medium medium low
solidification heat transfer coeff 280medium medium low
solidification heat transfer coeff 270medium medium low
solidification heat transfer coeff 260medium medium low
solidification heat transfer coeff 260medium low low
solidification heat transfer coeff 250medium low high
solidification heat transfer coeff 250medium medium low
solidification heat transfer coeff 340medium high low
shut down mode 320medium heaters off pump off
shut down mode fan on pump off heaters off pump off
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Label

What should be

. expt observed and what Experiment
(activity no. What / Why How data should be Parameters
date)
recorded Data
Shakedown Tests
Time for initial melt of
Pre- 1 Melting of Add using premelter Zzlginprsgl?ulgg?; ;:ilrrlng Salt addition rate.
20110202 Salt and direct to tank adading . Mixing of salt.
incidents. Record all
temperatures
Salt pump ON. Record flow rate, pump
Bypass heat
speed, salt
Salt Loop exchanger. Pump
o . temperaturesand loop
fidelity test salt through the loop;
Pre- 2 and pump/ keep all heaters on salt temps every 2 Vary pump speed
201102xx pump P " minutes. Record visual y pump sp
flow Salt temperature :
- observations and
characteristics should be at least . . .
) interpretations in data
25C above melting
) book
point
Salt pump ON. Heat Record flow rate, pump
Salt Loo exchanger in loop.  speed, salt
fidelit tepst Pump salt through  temperaturesand loop
Pre- 3 and B(Jm / the loop; keep all salt temps every 2 Vary pumo speed
201102xx rowp P heaters on. Salt minutes. Record visual y pump sp
characteristics temperature should observations and
be 25C above interpretations in data
melting point book
Therminol Therminol pump Test for leaks and flow
Pre- 4 loop fidelit ON. By pass heat rate / pressure
201102xx P y - BY P characteristics without
tests exchanger.
Heat Exchanger
Pre- Therminol Therminol pump -rraetzt /fc;rrézzlljfeand flow
201102xx 5 loop fidelity ON' Salt Pump OFF characteristics without
tests With heat exchanger.
Heat Exchanger
Check heat exchanger
. for leaks or reactions  Keep temperatures of
Pre- Experiment Both pumps ON . . .
201102Xx 6 loop fidelity with heat exchanger with salt and oil (hope salt and therminol same

not). Confirm flow
rates.

about 350C or greater
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Liquid Molten Salt (~350C) Heat Transfer Tests

Heat transfer

Iégllsl—OZxx 7xfor MOLTEN
salt (liquid).
Heat transfer
for MOLTEN
LMS- 8-x salt (liquid).
201102xx Repeat 7 with
different salt
temp
Gradually drop
tmperatures
Discover everywhere till
LMS- 9 melting the salt
201102xx

temperature  temperature
drops to near
melting.

Record flow rates,
temperature, pump
power, pump speed,
all data whatever
available every
minute. Observation
records in excel
notebook every 5
minutes.

Record flow rates,
temperature, pump
power, pump speed,
all data whatever
available every
minute. Observation
records in excel
notebook every 5
minutes.

Observe pump flow
charactierstics, heat
transfer rates (coeff).
(note: when you
begin to see
noticeable change
then some freezing
may be happening!)

Fixed salt temperature.
pick 3 delta T and four
flow rates for salt with
therminol at ~90%but
constant therminol flow.
Vary delta T between
therminol and salt
temperature starting at ex
6 conditions and gradually
reducing Temp. Vary salt
flow rates

Approximately fixed salt
temperature. pick 3 delta 1
and four flow rates for salt
with therminol at ~90%but
constant therminol flow.
Vary delta T between
therminol and salt
temperature starting at ex
6 conditions and gradually
reducing Temp. Vary salt
flow rates

-1
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Appendix 5.
State-of-the-Art Power Tower System Analysis

Simulation Results for a Central Receiver and Energ Storage System

Gyan Hajela,
Pratt & Whitney Rocketdyne (PWR)

In order to properly perform system analyses armktéorm trade studies, a computer program is
developed to model the central receiver includimgfteld of heliostats, the molten salt coolingddo
transfer energy from the receiver to the thernaiagie tank and the phase change circulating loop.

A concentrated solar power (CSP) computer progeanséd to model the details of the field of hetitst
and the central receiver. This includes the sfzbefield, number and size of heliostats, hetibsptical
properties, heliostat locations, location of thedi(latitude and longitude), field slope (if anlgight of
the receiver tower, diameter and the length oféeeiver section, etc. This model is used to agmp
incident power on the receiver as a function oftime of the day and the day of the year.

A molten salt system (MSS) model is used to comfhe#e=nergy absorbed by the circulating molten salt
as it flows through the receiver panels and thegneansferred to the phase change fluid throhgh t
sensible heat exchanger, HX-3, and the latentdweditanger, HX-4. This model will also compute pump
power required to circulate the molten salt. Ttoeled will also perform detailed thermal, stress and
strain calculations to ensure that the receiveejsaand tubes can safely sustain the operatingtoomsl

A thermal storage tank (TST) model is used to perfto compute the energy received from the molten
salt loop, energy transferred to the steam gemerédbp via the super-heater heat exchanger, Hatd,
the vaporizer heat exchanger, HX-2, and the amoiuemergy stored.

These three models are linked to each other sahtbmtinputs and outputs are properly exchandgeute
chained model is run in a time-marching fashiothso the system mass and energy balances can be
performed over a period of several hours or dayitevgatisfying load for the steam generator sulesyst

The CSP model can also be used to design thedididliostats, perform optimization studies to bkt
critical parameters, such as diameter to length ddtthe receiver, height of receiver tower, hetad
focal lengths, field offset ratio, etc.

The MSS model will also provide parameters thatused design the heat exchangers, fluid pump and th
piping system. The CSP and the MSS models aretasgel/elop morning start-up and evening shut
down procedures for the molten salt system. Thikgemaalt loop can not circulate through the reeeiv
when the solar incident power is very low or absériese models will also be used to develop safety
procedures in the event of circulating pump fail{ioeprotect receiver tubes from getting too hot) a

cloud cover over the field of heliostats (moltelt f&ezing in the receiver tubes), etc.

The TST model provides parameters that are usdddign heat exchangers (super-heater and the
vaporizer), to size the storage tank , and thengigystem.

The current scope of this model excludes the vwatstiem, though it may be added later on. At tlsiges
the water system are modeled as a thermal load only
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Figure 1 shows the inputs and outputs for theseetsahd how these models interface with each other.

Start Day of Year Heliostat Field Receiwver Tower &
& Time of Day Details Panel Details
CSP
=2 Advance Time
Model
A
: 4
HX3 & HX-4 Incident Solar Molten Salt Loop
Details Power to Details
Receier
MSS
Model
A
HX1 & HX-2 Molten Salt Flow PCM Loop
Details Rate & Temp. Details
Steam Generator | PCM
Heat Load "] Model
Yes

A

All constraints
satisfied?

PCM Flow Rate,
Density & Temp.

No

Update Inputs &
Re-start h

Figurel. Model Process Diagram
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Concentrated Solar Power Model Parameters

To demonstrate the process an existing model wegswih the following inputs:

Field of Heliostats:
Location Cinco Casas
Latitude, deg deg 39
Site elevation, km km 0.65
Atmospheric visibility, km km 23
Number of heliostats 17,170
Exclusion zone radius, m m 122
Total land area available (circular field), km sq km 6.3
Number of row of mirrors on heliostat 5
Number of columns of mirrors on heliostat 5
Effective vertical dimension of heliostat, m m 7.35
Effective horizontal dimension of heliostat, m m 58.
Heliostats canted in x-axis yes
Heliostats canted in y-axis yes
Heliostat focal lengths, m m 550, 1050 &
1500

Average reflectivity of mirror surface 0.92
Standard deviation of the normal error distributdn

elevation and azimuthal angles, mrad mrad 1.5
Standard deviation of the normal error distributdn

reflective surface in horizontal & vertical ditons, mrad mrad 15
Standard deviation of the normal error distributiaused

by wind in horizontal and vertical directionsrad mrad 15
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Receiver Tower:

Height of the center of receiver above heliostad,am m 175.5
Receiver effective height, m m 18.3
Receiver effective diameter, m m 15.1

For the configuration specified above, the solaident power on the receiver is shown in Figure 2.

For the operation of the molten salt system, theisliéhe period when the sun elevation is gredizn tL5
degree above the horizon. Molten salt system flae is gradually started, in the morning, as the
receiver panels start to heat and is shut downlgjamwthe evening, as the incident power startgrtp.

The model can be applied to other site conditiontsraceiver designs.

Daily and Seasonal Variation
of Incident Power at Cinco Casas
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Figure 2. Incident Power Predictions

Heat Transfer Fluid (Low Melting Molten Salt) Subsystem Model Parameters

To demonstrate the process an existing model & wih the following design inputs:
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Molten salt composition 60% NaN@ 40% KNQ

Salt temperature at receiver panel inlet, °C 288 (F)
Salt temperature at receiver panel outlet, °C 3660 °F)
Number of receiver panels 14

Number of flow circuits in the receiver 2

Panel height, m 18.3 (60 ft)

Panel width, m 3.35 (11 ft)

Ambient temperature around the receiver, °C 1680
Wind velocity, km/hr 18 (11 mph)

Panel surface reflectivity 0.060

Panel surface emissivity 0.89

For the configuration defined above, the moltenfal rate is shown in Figure 3.

Daily and Seasonal Variation
of Molten Salt Flow Rate at Cinco Casas
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Figure 3. Molten Salt Flow Rate Predictions

Normal Operation

Normal operation is defined as an operation thabls molten salt outlet (from receiver) at thegles
value (1050 F) and molten salt flow rate greatant®B0% of the rated flow rate. Molten salt floweraan
not be maintained at a value below 20% of the rlitedrate. The outlet temperature must be
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maintained close to the design value to ensureliead®CM outlet temperature stays close to itytesi
value, which, in turn, is essential to ensure thatsuperheated steam temperature stays closedesign
value.

There are times when the operating conditions donaet the criteria described above, such as;gart
shut-down and transient cloud cover. During thesalitions the HX-3 is bypassed and the receiwad fl
is directed to bottom of tank heat exchanger Hx-elt the salt in the tank

Special cases

The models describe above can be used to assess gpses. One such case is described and adsesse
below. These case provides a model for thermatieffcy as function of outlet temperature.

Case 1. Receiver Thermal Efficiency as a Functioof HTF Outlet Temperature

The receiver absorbed the solar flux reflectedhéoreceiver by the field of heliostats. The reeeiv
performance may be defined as:

Receiver Thermal Efficiency = Heat Rate adaeHTF molten salt / Incident solar power

Some of the incident solar power is lost by radiatind convection from the receiver panel surfaces.
This heat loss is a function of receiver panelaaftemperature. The panel surface temperature is
directly controlled by the desired molten salt eutemperature.

The molten salt model is run for a fixed day amdktwith different molten salt outlet temperaturésr
this assessment, the molten salt model is rurhfospring equinox (day 81) noon, when the incident
power on the receiver was 597 MWth (Figure 4).

The model is run for three molten salt temperatusé6, 510 and 454 °C (1050, 950 and 850 °F). The
molten salt inlet temperature was fixed at 2883&D(F). The receiver efficiency vs. molten saltietut
temperature is shown in the table below:

Outlet Temperature Salt Flow Rate Receiver
F C Ib/s kg/s Efficiency, %
1050 566 2677 1217 85.9%
950 510 3392 1542 87.0%
850 454 4576 2080 88.0%
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As expected, the receiver efficiency is reduceligtier operating temperatures.
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Typical Solar Power Tower P/ T / F Fluid Conditions

Solar Thermal Power Plant

Heat Balance Data

#

Description

Case #1

Case #2

Ambient Conditions

Ambient DB Temperature (F

T
~—

no

Ambient Conditions

Ambient WB Temperature (F)

0.

Ambient Conditions

Ambient WB Pressure (psid)

503.

System Performance

Gross Power Output (kW)

184,83

System Performance

Aux Loads (kW)

4,966

System Performance

Net Output (kW)

149,868

System Performance

Steam Cycle Efficiency

38.2%

Molten Salt from Hot Tank

Flow (Ib/hr)

Temp (F)

Press (psia)

Enthalpy (BTU/Ib)

Hot Salt Pump Discharge

Flow (Ib/hr)

Temp (F)

Press (psia)

Enthalpy (BTU/Ib)

Molten Salt to Superheater

Flow (Ib/hr)

Temp (F)

Press (psia)

Enthalpy (BTU/Ib)

Molten Salt to Reheater

Flow (Ib/hr)

Temp (F)

Press (psia)

Enthalpy (BTU/Ib)

Molten Salt from Superheater

Flow (Ib/hr)

Temp (F)

Press (psia)

Enthalpy (BTU/Ib)

Molten Salt from Reheater

Flow (Ib/hr)

Temp (F)

Press (psia)

Enthalpy (BTU/Ib)

Molten Salt Supply to Boiler

Flow (Ib/hr)

Temp (F)

Press (psia)

Enthalpy (BTU/Ib)

Molten Salt to Economizer

Flow (Ib/hr)
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Temp (F)
Press (psia)
Enthalpy (BTU/Ib)
Flow (Ib/hr)
9 | Molten Salt to IP Evaporator Temp (F).
Press (psia)
Enthalpy (BTU/Ib)
Flow (Ib/hr)
10 | Molten Salt to Cold Tank Temp (F).
Press (psia)
Enthalpy (BTU/Ib)
Flow (Ib/hr) 1,093,894
11 | HP Steam to STG Temp (F) 1,000
Press (psia) 1,813
Enthalpy (BTU/Ib) 1,481
Flow (Ib/hr) 1,093,894
12 | CRH from STG Temp (F) 716
Press (psia) 590
Enthalpy (BTU/Ib) 1,361
Flow (Ib/hr) 1,093,894
13 | CRH to Reheater Temp (F), 716
Press (psia) 590
Enthalpy (BTU/Ib) 1,361
Flow (Ib/hr) 1,093,894
14 | HRH to STG Temp (F) 1,000
Press (psia) 578
Enthalpy (BTU/Ib) 1,519
Flow (Ib/hr) 912,826
15| IPT to LPT Temp (F) 558
Press (psia) 96
Enthalpy (BTU/Ib) 1,309
Flow (Ib/hr) 810,715
16 | STG Exhaust Temp (F) 141
Press (psia) 3
Enthalpy (BTU/Ib) 1,081
Flow (Ib/hr) 810,715
17 | Condenser Hotwell Temp (F), 135
Press (psia) 3
Enthalpy (BTU/Ib) 103
Flow (Ib/hr) 810,715
18 | Condensate Pump Discharge to FW ,',Eemp (F), 135
Press (psia) 35
Enthalpy (BTU/Ib) 103
Flow (Ib/hr) 864,850
19 | Condensate to FWH2 Temp (F) 186
Press (psia) 35
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Enthalpy (BTU/Ib) 154
Flow (Ib/hr) 864,850
20 | Condensate to Deaerator Temp (F). 200
Press (psia) 34
Enthalpy (BTU/Ib) 168
Flow (Ib/hr) 1,093,894
. . Temp (F) 257
21 | Boiler Feed Pump Suction Press (psia) 34
Enthalpy (BTU/Ib) 226
Flow (Ib/hr) 1,093,894
Temp (F) 261.1
22 | Feedwater to FWH3 Press (psia) 1.965.6
Enthalpy (BTU/Ib) 233.9
Flow (Ib/hr) 1,093,894
Temp (F) 351.5
23 | Feedwater to FWH4 Press (psia) 1.026.3
Enthalpy (BTU/Ib) 326.1
Flow (Ib/hr) 1,093,894
. Temp (F) 446.3
24 | Feedwater to Economizer Press (psia) 1.887.8
Enthalpy (BTU/Ib) 427.0
Flow (Ib/hr) 1,093,894
. Temp (F) 604.9
25| E to St D
conomizer to Steam Drum Press (psia) 1.850.0
Enthalpy (BTU/Ib) 622.4
Flow (Ib/hr) 1,455,649
. Temp (F) 624.9
26 | St D toR P
eam Drum 1o kecire Fump Press (psia) 1,850.0
Enthalpy (BTU/Ib) 654.2
Flow (Ib/hr) 1,455,649
. . Temp (F) 625.9
27| R P to Boil
ecire Fump to Bofier Press (psia) 1,887.8
Enthalpy (BTU/Ib) 655.5
Flow (Ib/hr) 1,455,649
. Temp (F) 624.9
28 | Boiler to St D
ofierto steam brum Press (psia) 1,850.0
Enthalpy (BTU/Ib) 1,048.7
Flow (Ib/hr) 1,093,894
Temp (F) 624.9
29 | HP St toS heat
eam 1o superneater Press (psia) 1,850.0
Enthalpy (BTU/Ib) 1,147.3
Flow (Ib/hr) 0
Temp (F) 261.1
30 | Feedwater to Throttle Val
eedwater to Throtlie valve Press (psia) 1,965.6
Enthalpy (BTU/Ib) 233.9
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Flow (Ib/hr) 0
31| Feedwater to IP Evaporator Temp (F). 263.9
Press (psia) 590.3
Enthalpy (BTU/Ib) 233.9
Flow (Ib/hr) 0
32 | IP Steam to Reheater Temp (F). 263.9
Press (psia) 590.3
Enthalpy (BTU/Ib) 233.9
Flow (Ib/hr) 97,382
33| IP Extraction Steam to FWH4 Temp (F). 913.6
Press (psia) 415.0
Enthalpy (BTU/Ib) 1,477.1
Flow (Ib/hr) 83,686
34 | IP Extraction Steam to FWH3 Temp (F). 042.0
Press (psia) 140.0
Enthalpy (BTU/Ib) 1,347.9
Flow (Ib/hr) 47,976
35| LP Extraction Steam to Deaerator Temp (F). 366.5
Press (psia) 34.6
Enthalpy (BTU/Ib) 1,221.0
Flow (Ib/hr) 11,658
36 | LP Steam Extraction to FWH2 Temp (F). 311.5
Press (psia) 25.0
Enthalpy (BTU/Ib) 1,196.0
Flow (Ib/hr) 42,477
37 | LP Steam Extraction to FWH1 Temp (F). 1955
Press (psia) 10.5
Enthalpy (BTU/Ib) 1,136.9
Flow (Ib/hr) 97,382
38 | Drain from FWH4 Temp (F). 360.5
Press (psia) 406.7
Enthalpy (BTU/Ib) 333.2
Flow (Ib/hr) 181,068
39 | Drain from FWH3 Temp (F). 270.1
Press (psia) 137.2
Enthalpy (BTU/Ib) 239.3
Flow (Ib/hr) 11,658
40 | Drain from FWH2 Temp (F). 195.1
Press (psia) 11.5
Enthalpy (BTU/Ib) 163.2
Flow (Ib/hr) 54,135
41 | Drain from FWH1 Temp (F). 144.1
Press (psia) 10.3
Enthalpy (BTU/Ib) 112.0
42 | FWH1 Drain Pump Discharge Flow (Ib/hr) 54,135

Terrafore, Inc. Page 117 DOE-G018148



Heat Transfer and Latent Heat Storage in Inorgiftuiten Salts for Concentrating Solar Power Plants

Temp (F) 144.1
Press (psia) 34.5
Enthalpy (BTU/Ib) 112.1
Flow (Ib/hr) 39,748,338
43| Cooling Water to Condensor Temp (F), 116.3
Press (psia) 25.0
Enthalpy (BTU/Ib) 84.4
Flow (Ib/hr) 39,748,338
44 | Cooling Water to Cooling Tower Temp (F), 136.3
Press (psia) 15.1
Enthalpy (BTU/Ib) 104.4
Flow (Ib/hr) 39,748,338
45| Cooling Water to Cooling Water Pu IJemp (F), 116.3
Press (psia) 14.8
Enthalpy (BTU/Ib) 84.4
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