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Figure 1. Equations of the IAPWS-IF97 and backward equations p(#.s)
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Fig 2-4 Difference of steam condition at each section
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Ref: Presentation by N. Okita
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IAPWSIZ & 1+ HIRSEMEESE (WG-IRS)
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RO TBIHTS5 Y FOERBESRER]

RO FEH SIAPWS (WG-IRS) ~DIEZE (2016%
|

IRS mission and activities
(Summary)

* Category A: To identify and prioritize industrial
requirements for water, steam, and aqueous
system = [CRN investigation etc.

* Category B: To work with other IAPWS
working groups to deliver solutions =

New industrial formulations and methods

* Category C: To support implementation of
solutions = Contact with standard committees

Potential new ICRNs (Summary)

*

[

— CO, and water

*

Study on phase change

DSC-KTP-COM-0014

- ~)

20165

Simulation for frost process with molecular models

Frost layer growth in multicomponent mixtures

— Simulation for freezing process with molecular models

*

Thermophysical properties of slurry ice

Water&Steam ,,clean”
Wet Steam

IF97 calculation

e

IRS possible points of interest
Water&Steam+something

g

R
e N\
~ N

- nd — PowerPoint format -

reat transfer tube surface

© 2016 Toshiba Corporation 12

Erosion

Molecular Simulation
Properites

* Speed of sound

* Viscosity

* Heat Capacity

* Therm. conduct.

»tables” Measurements Nucleation

Fast Two Phase Flow Erosion

Consistent Nucleation Corrosion

Region Free Non-equilib. Condition Molecular Simulation
Critical flow Other effects?
Shockwaves

?
| -

20174E(Z., IRSERER &

——XDATIYIZ

OL\—Cﬁgﬁﬁﬁyﬁ LT:o
(ZFERELT)
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Potential Categories and Items of IRS interests

DSC-KTP-COM-0014

- Potential Categories sorted by the original TG members (1) -

| Water & Steam "Clean” |

T~

Red bold: Potential Categories

Water & Steam + sumethingJ
(Water & Steam dominant)

High temperature apd/or

high press Wet Steam

Impurities 3;17//
contaminatigon

Heawvy Water (D20)

\ 7%

Calculation

L\

AN
IAPWS—95 || |\, Fo7 l::alc:ula]tiun ®Tables"

NEW -

IF97 "Translation”

Ice

{Clean and Ice dominant)

/\

Solid ice | | Slurry ice

Phase change |

AN

Freezing || | Melting

M | Mo n\l::n nde nsable gas ||

Se awaté r |

Atmospheric physics

/ | Agueous solutions ||

and aviation

| Metal lon Complexation

Humid air
{ Air dominant)

— |

Humid flue gas | |

| Frost ||

Calculation ||
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Potential Categories and Items of IRS interests

ATI) )R ME
BEEH

7]
B10
B12
B11

B15
B17

B13
B18
Bz21

B22
Bz20
B23

DSC-KTP-COM-0014

- Hierarchv of Cateaories and ltems (1) -

| Water & Steam “Clean”

‘ High temperature and/or ‘
high pressure

Sensers for high temperature TCRN20(Expired)

lonic dissociation & electrolytes [CRNZI{Expired)

Thermal conductivity at high temp JCAN24Expired)

Steam oxidation

‘ Wet Steam

A2 Erosion

A3 Swirling of steam

24 Two—phass flow

A5 Heat transfer on surface
AE Flashing

AT Transient condition

. TCRN I (Expired)
Heavy Water (D20) A8 MNucleation JCRN22(Expired)
Equation of state \|/ A9 Droplet growth
. . TCRN T S(Expired)
Viscosity ‘ Genaral & Gommon ‘A1O FProperties of supercooled wvapor JCRN2E
. . . TCRN22(Expired)
Thermal conductivity L A14 Molecular simulation ICRN2E
Supercooled A18 MNon—equilibrium condition JTCRNZ22(Expired)
Density under high—pressures ‘ Calculation ‘ATQ W(:-Ttness mealsuremer’vts‘
(Direct. precisse & practical)
22 Structure of deposits JTCRNZ22(Expired)
Experimaental data fCRN28
Chemical substance clusters JTCRNZ22(Expired)
ABN Wetness loss
AdT Swrface tension TCRN 1 3(Expired)
Ad2 Shock wave
A43 choppng
Add Hetakogeneous
IAPWS—95 AdE5 Metast,

Unecertainties for Cp
Supercooled
Surface tension

IF97 "Translation”

AdE Deposris

Ad7 Relaxatior
A4E Coalascan
AE2 Coarse droplet
Ab3 Droplet size

AS4d Kineitic analyiis

istribution

AbSH  Translation from Fortran

A

AS6 Standard software "SBTL”

-

| IF97 calculation "Tables”
Fast, Consistent & Region free

© 2024 Toshiba Energy Systems & Solutions Corporation
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EHND BIHhT52 FOERERZRE=]

DSC-KTP-COM-0014

ERGEEIREL TESHPOEEIIL—T (T6)

@ RSEED 7 DDTGHRA. 4 DDTGHEENE

TGA (FBER) BME FRELENGLE) EEFMEAER

EERO—_—ZXD EXFOREEHRIEL. BRIELZERE £ (TPWS, IRS, PCC,
hT3Y BLT, FRTL—TFIELE LAT, PCAS, SCSW)

WE# TS Ml HEBERKICEFENDHCO2PH2SOFBERRFE TPWS, IRS, PCC
THRENDEE VESESOEVEEDNERL, FEL

REFI—EVDE EBEF—ECOKBEEEOE#HT—4%  TPWS, IRS, PCAS
BBT—42 % E£HT., 3—EVEREHIRMT 5,

HRSGHODEE XATRADEESRBOHARIZEENS  TPWS, IRS, PCC,
HOBE MEDSOSICLIBRERDFAXZIRE pcas

> Z D3 DDIRSEFDTG : HEZEICEADL BTG

® \Wet steam properties Calculation

® Translation of IFS7 Fortran routines into other programming languages

® Proposal for the Development of an Industrial Formulation for the
Thermodynamic Properties of Water and Steam based on SBTL

2024 Energy Systems & Solution Corporation 16



17 EITL—TORE (H)
Potential TGs with other WGs to be set up A,

Relation between each task group and field to be covered

“Categories of industrial requirements”

with all WGs Possible Replacement of

IAPWS-95“ with TPWS

~ ~ Industrial Requirements (common)

__________________ - IAPWS-95
| | [ ye—— p—— |
Fossil-fuel PP Nuclear PP CHP Plant : Geothermal PP : Other Steam Plant
| | P it
| | | |
GTCC Boiler Steam Turbine ORC by low BP medium
| Y | ORC by mixed medium
Corrosion at low CI()SI;I:;?H | Wet steam Binary cycle with ORC
sulfur exhaust properties of ST (Defined as new cycle)

“ICRN for acid gas dew point”  “Wet steam Data from Operating Turbines”

Blue letters : Existing task group of IRS (including TG led by TPWS-WG)

IRS continues information exchange for collaboration with PCAS

© 2024 Toshiba Energy Systems & Solution Corporation 17



WY A JIIZE T HCO2RERTDERE

Results of flash steam and generating power

DSC-KTP-COM-0014

| GERG-2008 | PN-RBSN

Separator temp.°C
HP flash steam

HP steam flow t/h
— (gas mass%)

l HP enthalpy ki/kg

U

IP flasher temp. °C

Geo-brine I IP flash st
= 2,200 t/h ashsteam IP steam flow t/h
- 180 °C
" €O, 3.6% IP enthalpy kJ/kg
LP flasher o
16 bara LP flasher temp. C

LP steam flow t/h

* Flasher calculation results

. . LP enthalpy kJ/kg
* Differences in temp. and enthalpy

176.4 176.5
355.8 328.6
(22.4%) (24.2%)
-12,216 12,111
140.9 142.0

131.7(0.35%) 141.8(0.32%)
-13,226 -13,202
113.4 115.0

89.1(0.0%) 95.2(0.0%)
-13,622 -13,610

. Type of EOS Generator power 72,340 71,580
* Equilibrium constant K output kW (Base) (-1.05%)
* Generator power output
* 1% output difference caused by flow balance and heat drop \

e Remarkable differences of steam flow around +8%

* Including difference in mixing rules of enthalpy by GERG-2008 and Pen-Robinson

To be updated
By “EOS-CG”

© 2024 Toshiba Energy Systems & Solutions Corporation 19



RIS —EVOEET—2NGE
Requirements for Wetness measurements ¢ «rp-.com-0014

2. [Required data] Distribution of coarse droplet size o tarRymis

Number density distribution of coarse droplet size

function of
1) steam velocity
2) liquid mass flow rate

Droplet Liquid film |_| Film ] —_— E> .
Nucleation '_ formation | | shedding M oueTEn EREEED

or

2-1) liquid velocity

2-2) liquid thickness

Liquid film

Droplet

Droplet

nucleation . Rotatio

directi
M
Condensation /

shock Droplet

5> 008

S 0.06 dispersion

-

2 § 0.04

5 T

> 2 002

%

g 0.00

s 0 10 20 30 40 50
Droplet diameter (um)

il film breakup
] LI Coarse atomization
rivulet droplet

formation

deposition

[3] T.H. McCloskey, R.B. Dooly and W_P. McNaughton, Chapter27: Liquid Droplet Erosion of
Rotating and Stationary Blades, in Turbine Steam Path Damage: Theory and Practice, Volume
2 Damage Mechanism, EPRI TR-108943-V2 1999

Degree of freedom in the function
probably 2 or 3

Nukiyama-Tansawa distribution (DoF=3)
Rosin-Rammler distribution (DoF=2)

Courtesy to Mitsubishi Heavy Industries, Ltd.

© 2024 Toshiba Energy Systems & Solutions Corporation
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Air

HRSGH O DREE R D B&F

- Acid dew points under low sulfur contents for HRSG design -
DSC-KTP-COM-0014

Corrosion and SCC* caused by condensation

| - * SCC : Stress Corrosion Cracking
4 | [
E ‘, “ il . L ‘ ! IU N I =
A: I \‘ Pre—heateﬁ/"
(o ‘ i g
‘E ‘ii‘ i
L R
Fuel Exhaust ff% i}
(NG with Sulfur) G?s Flow ‘Ei !g HH;E“":‘; -
! with SO, [k !l il
N N\ E:II E ‘:‘“Mi
ERE ‘I | Water leakage from Tube
- al e Lt s la]l |
Gas Turbine —J ) N r I
Heating Tubes

Low Temperature Area
HRSG (Typical)

* Combustion of NG with Sulfuric compound = SO,

= SO, + 7% 0, < SO, (inside HRSG when exhaust gas passes through)
SO, raises dew point temperature of exhaust gas = Condensation

* SO; + H,0=H,S0O, = Corrosion

" 4NO, + 2H,0 + O, =4HNO; = SCC

= SCC occurs = Water leakage from the tube = Intensive corrosion

SCC in Tube Wall

© 2024 Toshiba Energy Systems & Solutions Corporation 21



HRSGHADHEERDBE
Proposal 1 by formulas

DSC-KTP-COM-0014

The estimation formulas are described by three curves of H20%v

New estimation of sulfuric acid dewpoints @5%H20 & 10%H20 & 15%H20

2 ¥
o
.5 B
Q GJ
B -U
9 g v = 4.6688In(x) + 101.28
T g R? =0.9939
L]
M @
o £
= —
3 aly=4.6945In(x) +100.27 -
® B2 —0.0086 = 4.7959In(x) + 100.4
R? =0.9996
0.0000001 0.000001 0.00001 0.0001 0.001

SO3 contents,” H20 (%v)
—— New equation @5%H20 —— New equation @10%H20

—— New equation @15%H20 Applicable Range

80

75

70

B85

60

55

50

45

40

35

36

0.01

Type of formula will be Y = A In X + B (similar to Otsuka’s).

Possibly need other formulas of A and B (for H20%)

© 2024 Toshiba Energy Systems & Solution Corporation 22



23

New Potential TGs to be set up (T E S FDEZE)

C-KTP-COM-0014

Relation between each task group and field to be covered

Industrial requirements (common)

IAPWS-95 | SBTL |
| | | | ]
Fossil-fuel PP Nuclear PP CHP Plant Geothermal PP Other Steam Plant
|
[ |
GTCC Boiler Steam Turbine :
| ORC by low BP medium
ORC by mixed medium
Corrosion at low Wet steam Binary cycle with ORC
sulfur exhaust e e s e g properties of ST (Defined as new cycle)
‘ 1 E2and NH3 SIS o :—‘ NHj;-acqueos solution cycles
__Jrop Elilgr:fg power _1 (Kalina and similar)
_____ N
r Combustor (wet : T L ————————— 1
: combustion) : I Thermal recuperation "

------------- I Condenser/Heat exchanger :

IRS would try to collaborate with ASME and/or other groups

© 2024 Toshiba Energy Systems & Solution Corporation 23



Future direction of IRS-WG (REFEMDFEE)

DSC-KTP-COM-0014

€ Short term
v Next industrial calculation needs for steam properties (for CFD etc.)

® Translation of IF97 Fortran routines into other programminglanguages

» TG set up for defining issues
v ICRN for acid gas dew points
® White paper toward TGD for reliable GTCC operation against corrosion
v" Discussion on wet steam data
@® Summarizing existing research and researchers

v’ “Categories of industrial requirements or interests” to be focused on
IAPWS documentation and cooperation with ASME for H2 combustion

® Try again ASME Turbo Expo 2025 or other cooperation

& Long term
v" New calculation needs for mixture with H20 and other medium for
geothermal or renewables including CO, cycle, H, combustion etc.

® “EQS-CG” is one optional EOS to evaluate collaborated with TPWS on
demand

® TG for formal guideline will be set up

Future direction was discussed within IRS meeting 2023

© 2024 Toshiba Energy Systems & Solution Corporation 24



Future direction of IRS-WG (34 A —<)

DSC-KTP-COM-0014

International cooperations/projects/challenges for IRS

gCial Requirements (SR)

b [
NEN
SR \
Sircular Economy, etc.

-
”

Industrial Requirements
& Solutions
IRS

ironmental |

guirements (ER)
/

Chi nge,/etc.

Now and Future
Ref. A View on the Future of Applied Thermodynamics (researchgate.net)

More than 30years?? ago

Challenges on common technologies to SR and ER for future

© 2024 Toshiba Energy Systems & Solution Corporation 25


https://www.researchgate.net/publication/363725589_A_View_on_the_Future_of_Applied_Thermodynamics

CHEEBHYUNESTTNELE,

SR EDIAPWSEIPAPWSZE LK BFEWLVLET .

1999 ICPWS in Canada 2024 ICPWS in USA
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