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Motivation and Introduction
Industrial Waste Heat
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Industrial Waste Heat

Gas grid Europe Gas compressor stations:
e

Pipelines ategrated in the Evropean system

. A Approximately each 100 km

A Compressor driven by gas turbine
A Exhaust gas stream potential waste heat

A Utilization by sCO2 power cycle
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Industrial Waste Heat
Cycle modelling
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Numericalmodel

Analytical precalculation

Analytical precalculation

Input
Subsection 5.2.1
Pre-processing
Eq. 5.1-5.12

in,CO2
Tout 120

Eq. 5.13-5.15

Nugoy, Nupo
Eq. 516 - 5.21

[f:h,fu(' Q‘
Eq. 5.22- 5.25

i i
T cos Tsmo

Eq. 5.26 - 5.2

Next Iteration

Apios Apiro Next cell

Eq. 5.30 - 5.36

icor = Tpcon
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Post-processing
Subsection 5.2.6
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Numericalmodel
Model and Boundary Conditions

Conservation of mass

Ju;
3, 0 sCO2 PCHE body
/ channel
Conservation of momentum —> P
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CFDSimulation deoay | dmo| Configurations
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5vert . .
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Numericalmodel
Mesh independency and model validation
Validation by experiments dfruizengaA. et al. (2011):
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Results
Numerical resultg channel diameter

Channelc reduced diameter increases
A Heat transfer surface and heat flow
A Higher pressure drop

A Small impact omlobal performance

Analytical —— 5-5 —&— 5-8
Numerical o 5-5 o 58
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Results
: . . h = 0.04mm h = 0.08mm h =0.12mm
Numericalresultsc fin height Temperature h = 0.06mm h = 0.10mm
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Internal fin designg fin height increases s ) )
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Results
Design proposal

sCO2 inlet *Coolant outlet

Modular design for industrial gas turbine

| LIEIIAL]) =
A mC02: ZOkg/S channels channels
A 860plates, each 67¢hannels * _
sCO2 outlet Coolant inlet
A gas turbine WHR: 2 modules (a) SCO2 plate (b) Coolant plate

MAN Diesel &
Turbo
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s coolant

L Industrial Waste : gn YER—
N”mer'ca'mde' ) AZDR

Member of the Helmholtz Association

Sebastian Unger | Institut fir Fluiddynamik | www.hzdr.de



Summaryand outlook

Design proposal

Summary

A Essentialindustrial waste heat sourceédentified

A SimplesCO2 power cycle modetveloped

A Analyticaland numerical precoolermodel
developedandevaluated

A Numerical optimization of channel diameter and

internal fin design

. . . S-shaped fins Zigzag fins
A Pecoolerdesignproposal for application case Ngo (2007)

Outlook

A Extend model to further channel geometry

A Assessstructuralintegrity

o Xu (2014)
A Sophisticatedflow arrangementgchannel
geometry)
Motivation R Numerical model RENIIS Summa DRESDEN (‘i A [
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Powercycle
Industrial WastdHeat Utilization
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Method ¢ Analytical Model

Pre-processing

Eq. 5.1-5.12
4
T;:rlr)zi ; Tincon
T;?]lzt) = Tout1120
Background ae
th.coz =Ticoz
b  rapid assessment of different configurations Tﬂmj”m
b  based on empirical heat transfer correlations A T
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M iterative process By ol oh
Investigated parameter range HlQ
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Next Iteration
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Results Eq. 5.30 - 5.36 i= i+l
b  required PCHE body length
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I_b V0|umetric heat quX Post-processing

Subsection 5.2.6

b  sCO2 and coolant pressure drop
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Heat Exchangers
20
Shell-and-tube

Compact PFHE

shell-and-tube, PCHE  Marbond
brazed PHE,

other PHEs Micro-

Heatric
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Microstructure >50 >800 10000-30000 Krishnakumar (2003)

Tu, S:T. & Zhou, GY.Compact Heat Exchangers in Clean Energy Systeht@ndbook of Clean Energy
Systems (John Wiley & Sons, Ltd., 2015). doi:10.1002/9781118991978.hces119

Heatric. https://www.heatric.com/app/uploads/2018/03/3Model-picture-no-background1000x760.png.

Krishnakumar, K. & Venkatarathnam, T&ansient testing of perforated plate matrix heat exchangers. ..., N - ™ |
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sCO2 Power Cycle
Cycle Layouts

Basic cycle:
'@ Heater
Compressor

Pre-cooler Turbine

Recompression cycle:

Recuperated cycle:

Compressor

Pre-cooler

Main comp.

Pre-cooler

Recup LT

Heater

Recuperator Turbine

Heater

Recup HT Turbine
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Supercritical Carbon Dioxide (sCO2)

Heat Transfer Correlations
Relationship forced convection

Nu = f(Re, Pr)
Rate of heat flow:

Q=aAy(T,—T) Gnielinski (1975):
% RE& P‘I‘b
Nusselt number: Nuy = 2
' 14127 (P«,-; - )
o L,
Nu = _
Reynolds number:
wud Jackson (2002):
Re — P U dhyd ( ) ) 0.3 N
H Nuy, = 0.0183 Rey®* Pry? ( “’) (i)
Pb Cp,b
Prandtl number: (0.4 for Ty < Ty < Tpe or 1.2 Ty < Ty < T
Pr = v n=1404+02 i——l for T, < T,. < T,
a pe
0.4+40.2 ;::C 1 [1—5(%—1)] for T,. < T, < 12T, or T}, < T,
e, M. .
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Industrial Waste Heat
Situation — Q- T
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Industrial Waste Heat
Waste Heat Sources
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Power Cycle Model

Results

Temperatures of thermodynamic states
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Analytical Model
Calculation Scheme
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Analytical Model
Resultg Gas Turbine WHR
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Numerical Model

Geometry
Singlechannel model
lentr.co2 leh,.co2 Jewit.cog dcoz/2
Teh, COQ/ 2 T, Prel = OPa,
T‘U’L 02 L
Z == Symmetry Wall (adiabatic) seeeereeee Wall (temperature/heat flux)
Pre-cooler model
Lontr max (dc(_)z, ngo) /2
| ir,CO2 +6hom'/2
Inlet sCO2 Outlet sCO2
—> My —> Suert /2 dco2/?
Th'(:h,COQ/IQ Prel = 0 Pa

Tin.co2  Outlet coolant Inlet coolant

Pret = 0Pa Meh, 1202
Tin, 20 dvert di20/2
ient'r‘,HQO
) A Symmetry Wall (adiabatic) $ Periodicity
1—»2 ----------- Wall (conjugate heat transfer) Soert/2
vert
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Numerical Model
Mesh

b 1.5¢ 9.6 million elements
b inflation layer y< 1

VL‘ - o E—
Peoncent A
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. Reynolds stresses Turbulent kinetic energy
Numerical Model (5% 5%_) 9 ]
i =

—puiu. = + — —pkd;; k = —uu;
Turbulence Model PR dx; Oz 3/ 2 "

Turbulent kinetic energy

d(pujk) 0 ) 8k}
_ P — B'pk
Oz, 0z A ors ) Ox + e = Fph

Turbulent frequency

Ow 2p Ok O
)a%]—i—agkf’k—ﬁgpw + (1 - F) P <

O oW al'j 5$j

9 (pujw) _ 0 Pt
aﬂ"}j B aﬁb’j a +

Tw3

Blending function for wall distance
4
. vk 500v dpk
Fy = tanh | | min |max By’ ot | CDrwout?

Kinematic eddyviscosity
(Ilk'
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vy =
Blending function to restrict eddyiscosity limiter

2
2k 500v
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Numerical Model
Mesh Independence Study

sC02; — Mesh1 --- Mesh2 -

coolant: —— Mesh 1 ==~ Mesh 2
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(c) Pressure drop
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Numerical Model sCO2: —— SST  --- kg  ----- k-o  -—-- laminar
Coolant;: — SST -=- kg = ----- k-m -=-- |laminar
Turbulence Models
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Numerical Model
Experimental Validation

# dooz lentrcoz  lencoz  lewit,coz Geoz Tincoz  Pref
mm mm mm mm  kg/(m?s) kW/m? °C kg/m?
1 1.9 200 500 100 326 —23.2 90 217.0
2 19 200 500 100 762 —33.9 60 233.4
x 1,Exp — 1,CFD — 1,CFD --- 1Blasius ----- 1,Colebrook
2,Exp 2,CFD 2,CFD 2 Blasius 2,Colebrook
12 -
14
~ 12 10 7
x —
p— 8 -
£ g .
i 6 - I 4-
] 4 - X
o] <X > . 2 - "—#—#—H‘-#--#"’ﬁ#-—-'—_--.-'."ﬂ_,,.n-f'““1‘1"r’
0 —

I I T | I I
30 40 50 60 70 80
Ty (°C)

(a) HTC

Kruizenga, A. et aHeat Transfer of Supercritical Carbon Dioxide in Printed Circuit Heat Exchanger

GeometriesJ. Therm. Sci. Eng. Appl. 3, (2011).
Appendix

20

| | | | |
100 200 300 400 500
Zpos,CC)z (mm)

(b) Pressure drop
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Wang et al. +20 %

. S EwWim? K)

ey ]

Numerical Model
Correlation Comparison

22

15

# dco2  lencoz Geoz meo2 u Re

mm mm kg/(m?s) g/s m/s %10
Run1 0.50 60 100 0.010 04tolb lto?2 e
Run 2 0.50 80 400 0039 15t06.2 4tob
Run3 050 90 700 0.069 2.6t010.9 7toll il
Run 4 0.50 100 1000 0.098 3.7to 155 10to 16 il
Run 5 1.75 240 100 0120 04tolb 4105
Run 6 1.75 320 400 0481 15to6.2 15to22
Run 7 1.75 350 700 0.842 26to 109 25to38
Run 8 1.75 370 1000 1.203 3.7to 155 36tob55 15 7
Run 9 3.00 440 100 0353 04tolb 6to9
Run 10 3.00 590 400 1414 15t06.2 25to38 il
Run 11  3.00 660 700 2474 26to 109 44 to 66 il
Run 12 3.00 690 1000 3534 37to155 62to94
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Numerical Model
Results

Volumetric heat flux Overall heat transfer coefficient
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Numerical Model
Results

Global performance sCO2 channel Global performance coolant channel
Analytical —8— 55 = 58 —— 511 A 85 Analytical —#— 5-5 - 58 —— 511  —A 85
Numerical © 5-5 o 58 ¢ 511 A 85 Numerical © 5-5 o 58 ¢ 511 &0 85
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Numerical Model
Comparison Analytical and Numerical Model
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Configuration: &
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Configuration:

Numerical Model GTE.8.700

Visualization

e SR PR LS EOPLE S P PO

sCO2 bulk temperature Temperature (°C)

EAA AL

) 40 mm ) 80 mm ) 120 mm (d) 160 mm (e) 200 mm
X ¥ o ANV A8 4R X 2 b 00 (O X (P gV ° o> AY
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sCO2 velocity axial  veiocity axial (ms)
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) 40 mm ) 80 mm ) 120 mm (d) 160 mm (e) 200 mm

Appendix Member of the Helmholtz Association

Sebastian Unger | Institut fir Fluiddynamik | www.hzdr.de



Configuration:

Numerical Model GTE8.700

Visualization
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sCO2 velocity radial

Velocity radial (m/s)
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Configuration:

Numerical Model GTE.8.700

Visualization

@#@@@Q&@@@&Q@@@&

PCHE body tempera‘[urw I _H

Temperature (° C}
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Configuration:

Numerical Model GTE8.700

Visualization

PCHE body heat flux
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