PD CEN/CLC/TR 17603-31-13:2021

BSI Standards Publication

Space Engineering — Thermal design handbook

Part 13: Fluid Loops

°
bSl. Documents

Document Sharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

PUBLISHED DOCUMENT

National foreword
This Published Document is the UK implementation of CEN/CLC/
TR 17603-31-13:2021.

The UK participation in its preparation was entrusted to Technical
Committee ACE/68, Space systems and operations.

A list of organizations represented on this committee can be obtained on
request to its committee manager.

Contractual and legal considerations

This publication has been prepared in good faith, however no
representation, warranty, assurance or undertaking (express or
implied) is or will be made, and no responsibility or liability is or will be
accepted by BSI in relation to the adequacy, accuracy, completeness or
reasonableness of this publication. All and any such responsibility and
liability is expressly disclaimed to the full extent permitted by the law.

This publication is provided as is, and is to be used at the
recipient’s own risk.

The recipient is advised to consider seeking professional guidance with
respect to its use of this publication.

This publication is not intended to constitute a contract. Users are
responsible for its correct application.

This publication is not to be regarded as a British Standard.

© The British Standards Institution 2021
Published by BSI Standards Limited 2021

ISBN 978 0 539 16987 4
ICS 49.140

Compliance with a Published Document cannot confer immunity
from legal obligations.

This Published Document was published under the authority of the
Standards Policy and Strategy Committee on 31 August 2021.

Amendments/corrigenda issued since publication

Date Text affected

Documents

Document Sharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

TECHNICAL REPORT CEN/CLC/TR 17603-31-
RAPPORT TECHNIQUE 13
TECHNISCHER BERICHT

August 2021
ICS 49.140
English version
Space Engineering - Thermal design handbook - Part 13:
Fluid Loops
Ingénierie spatiale - Manuel de conception thermique - Raumfahrttechnik - Handbuch fiir thermisches Design -
Partie 13 : Boucles fluides Teil 13: Fliissigkeitskreislaufe

This Technical Report was approved by CEN on 28 June 2021. It has been drawn up by the Technical Committee CEN/CLC/]TC 5.

CEN and CENELEC members are the national standards bodies and national electrotechnical committees of Austria, Belgium,
Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy,
Latvia, Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Republic of North Macedonia, Romania, Serbia,
Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey and United Kingdom.

CENELEC

CEN-CENELEC Management Centre:
Rue de la Science 23, B-1040 Brussels

© 2021 CEN/CENELEC All rights of exploitation in any form and by any means Ref. No. CEN/C 7603-31-13: E
reserved worldwide for CEN national Members and for Lﬁ%é ﬂ)fﬁ]elﬁzfél
CENELEC Members. Document Sharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

Table of contents

European FOreWord.......... ..o rres s s rea s sms s s sma s s emn s s en s s s nm s snnnnnnas 29
LIRS T o 30
2 RefEreNCes ..... .. 31
3 Terms, definitions and symbols...........ccoooiiinn 32
3.1 Terms and definitions ... 32
3.2  Abbreviated termsS. ... 32
IR TS 1Y/ 0 0] o To < PPNt 34
4 General introducCtion ... ——————————— 46
S T S TW]To I (o To] o - TR 47
4.2 Comparison between fluid loops and alternative systems...........cccccceeeiiiiiiiiiiiiennnnn. 48
4.2.1 Passive thermal insulations............ooooiiiiii e 48
4.2.2  ThermoelectriC dEVICES .......ooviiiiiiiiiiiiiiiiiiiiieiieeiee e 48
4.2.3 Phase change materials (PCM)........uuiiiiieiiiiiiiicie e 49
N o =T Y o] 1= T 50
4.2.5  Short-term discharge Systems..........ccouviiiiiiiiiiiiiiiiiiiiieeees 50
5 Analysis Of @ fluid I0OP .......euummmmmmiiii s 52
ST I 1= 1= | USSP 52
5.2  Thermal perfOrManCe ............ciiiiiiiiiiicce e e e e e et e e e e aeanaan 53
5.3  POWEr FEQUITEMENTS. .. ..ot e et e e e e e e e e ettt e e e e e aeaeereans 56
6 Thermal @nalysSis ... s r s s r s e nmmnn s 58
LGt N 7Y 1= | 58
6.2  Analytical background.............ccooii i 58
6.2.1 Heat transfer CoeffiCient ..............uuiniii e 58
6.2.2  DimeNnSIONIESS QrOUPS......cciiiiiiiiiiieeee et e e e e e et e e e e eeeanes 60
6.2.3  Simplifying assumptlions............ccoiiiiiiiiiiiiiic e 61
6.2.4  Temperature-dependence of fluid properties...........cccooiieiiiiiiiii s 61
6.2.5 Laminar versus turbulent fluid flow ..., 63
6.2.6  Heat transfer to internal flows............ccco 63
6.2.7 Heat transfer to external flows..........coouviiiiiiiii e, 65
.~ Documents
2 Document Sharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

6.3 Thermal performance data..............oeiiiiiiiiiiiiiiiiiiiiiiiiiiiee e 67
6.3.1  Heat transfer to internal flow ... 67

6.3.2 Heat transfer to external flowS...........oooii 83

7 Frictional @analysis ..o s s s 92
5 T 1= 1= | PSPPSR 92
7.2 Analytical background..............oooiiiiiiiiiii 92
7.2.1 1] (oo 18 o7 { o] o NSRS 92

7.2.2  Fully developed flow in straight pipes.........ccoviiiiiiiiiiiiiiieece e, 93

7.2.3  Temperature-dependence of fluid properties..........cccccceeeeiiieriiiiiiiiieee e, 97

7.2.4  Several definitions of pressure loss coefficient.........c.ccccoooiiiiiii 98

7.25 Entrance effects ... 100

7.2.6 Interferences and Networks ... 101

T.27  FIOW Chart ... et a e eeaees 102

7.3 Pressure 10SS data.......oooiiiiiiiiii e 105
7.3.1  Straight PIPES ....cooeiiiii e 105

7.3.2  BeNAS..ooooooiiiiie 106

7.3.3  Sudden changes Of @rea...........oooovviiiiiiiii e 113

7.3.4  Orifices and diaphragms ...........cccooiiiiiiiiiiiiii e, 116

0 R TS T == 1 119

T.3.6 VAIVES ..ot a e aaane 120

T7.3.7  TUDE DANKS ... e e e e e enaees 121

7.3.8  Branching of tUDES .........ccoiiiiiiii e 124

8 Combined thermal and frictional analysis.......cccccccceeeeiiiiiiiiiriiccccc e, 125
G TRt R €T 1= | 125
8.2 Analogies between momentum and heat transfer............ccccooeeeiii i, 125
8.2.1  The Reynolds analogy ... 125

8.2.2 The Prandtl @analogy ..o 128

8.2.3 The Von Karman analogy.........ccccieeeeiiiiiiiiiie et 129

8.2.4  Other @nalOgies. .....ccoiiiiiiiiiiiiiii et 129

9 Heat transfer enhancement ... 130
LS Rt T 7Y 1= | 130
9.1.1  Basic augmentation mechanisms............cccciii 131

9.1.2  Criterion for the evaluation of the several techniques............................... 132

9.1.3 Index of the compiled data. ...........coooiiiiiiiiii i 133

9.1.4  Validity of the empirical correlations ..............ccco 133

9.2 Single-phase forced convection data.............ccoeeviiiiiiiiiiiiiiiiiiiiiiee 136

. Documents

Document%haring Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

10 WOrking flUids......ccceeeeeeiiiiiiiiciiiicccs s rrsssss s s s s s s s s s s e e e nnn e 170
O T B 1= o T = | 170
10.2 Cooling effectiveness of @ fluid ..........cccuiiiiiiiiii i 170

10.2.1  Simplified fluid loop configuration ...............ceevvviiiiiiiiiiiiiiiiees 172
10.2.2 Thermal performance of the simplified 100p.........cccooveeiiiiiiiiiiiiiiee, 172
10.2.3 Power requirements of the simplified 100p...........ccovvrriiiiiiiiiiiiiiiiiiiiiiiiiens 173
10.2.4  Several eXamples ........oooiiuiiiiii s 173
10.3 Properties of liquid COOIaNtS...........oooviiiiiiii e 178
10.4 Properties Of Ary @il ......ooouiiiiiii e 212

11 Heat eXChanQers ...t r s e e s 214
P B CT=T T = | 214
11,2 BASIC @NAIYSIS ... 217

I 7 T Voo To [ [ 4o o I 217
11.2.2  Analytical background..............coooiiiiiiiiii e 218
11.2.3 Exchanger performancCe...........cccooiuiiiiiiii et 221
11.3 Exchanging surface geometries. ..........uuiiiiiiiiiiiiiiiiiiiiie e 236
11.3.1  TubUIar SUMACES .....coeeeee e 237
11.3.2  Plate-fin SUMaCeS .......oooviiiiiiiiiiiieeeeeee e 240
11.3.3  FINNEA tUDES .o e 246
11.3.4  MatriX SUMACES. .. oo s 248
11.4 Deviations from basiC analySiS.............coeeiiiiiiiiiiiii e 249
11.4.1  INtrOdUCHION ..o eneenees 249
11.4.2 Longitudinal heat condUCHION............coviiiiiiiiiiiiiiiiiiii s 250
11.4.3  Flow maldistribution ............coooiiiiii e 253
11.5 Manufacturing defects ... 263
T1.5.1  INtrOAUCHION ...ceeiii e 263
11.5.2 Variations of the flow passages.............couuviiiiiiiiiiiiiiiiiiiiiiie 263
11.5.3 Fin leading edge imperfections...........cccccooiiiiiiiiiiiie e, 267
LT =T = V4 o o PRSPPI 267
11.6 In Service degradation ................. s 271
11.6.1  INtrOAUCHION .o 271
T1.6.2  FOUING ... e e e e e e e e e e r 271
11.7 EXIiSHNG SYSIEMS ...t s 274

72 T T o= 283
2 B 1= T - | 283
12.2 SPECITIEA SPEEU .....eeeiiiiii e e e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaas 287
12.3 NEt SUCLION ENEIGY .. .coiiiiiiii it e e e 289

y . Documents

Document Sharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

12.4 Requirements for Spaceborne PUMPS ..........uuuiiiiiiiiiice e 290
12.5 Commercially available puUMPS ........uiiiiiiie e 291
12.6 European pump manufacturers. ... 297
13 System optimization..........ooiiiccc e ————— 298
G T B 1= o T = | 298
13,2 BaASIC @NaAIYSIS ... 298
13.2.1 Interface heat exchanger...............ooiiiiiiii 299
13.2.2 Supply and return plumbing ............oiiiiii i 300
13.2.3  RaAIAOr ..o 301

13.3 Special @XamPIES.......ccooiieiii e 301
13.3.1 Constraints based on source temperature.............ccccoovvviiiiieeieeeeeeeeeiiinnnn. 302
13.3.2 Constraints imposed by the integration ..............cccooooiiiiii e, 305

14 TWO-PhASE FlOW.......ceeeieeecceere e e e r s e s e s nn e s s e enn e s e e e mmaa e eens 309
T B C 1= T = | 309
LA o (=TS0 N (o T 311
14.2.1 Lockhart-martinelli correlation ..., 311
14.2.2 Improvements upon martinelli correlation..................cciiiiiiiienn. 316

14.3 ANNUIAE FIOW ..ot 317
14.3.1 Ideal annular flow model ... 318
14.3.2 Annular flow with entrainment model..............ccocooiiii i, 327

14.4 Condensation iN AUCES ............uuiiuiiiiiiiiiiiii s 341
14.4.1 Condensing flow Model............cooooimiiiiiii e 341
14.4.2 Variation of the vapor quality along the duct in the stratified model.......... 347
14.4.3 Limits of validity of the stratified model.................cooooiii e, 349
14.4.4  Annular flow MOdel..........ooiiiiiiiiiiiiiiii e 350
14.4.5 Variation of the vapor quality along the duct in the annular model........... 354

15 Two-phase thermal transport systems............cccciiiiiiimiiccccc e 357
TR B CT=T o T = | 357
15.1.1 Evolution of thermal transport systems............cccccoiiiiiiiiiiii e, 357
15.1.2 Two-phase loop general [ayout ............ccooiiiiiiiiiiiiiin e, 358
15.1.3 About the nomenclature of this clause.............cccoevviiiiiiiiiiiiiiiiiiiiiiiiiiiiins 361

15.2 Tms trade-Off StUAY ......ooiiiii e 361
15.2.1  TMS study baseline...........oooiiiiiiiiiiiiiiiiiiie e 364
15.2.2 TMS design CONCEPLS....couvuuiiii i 364
15.2.3 Evaluation of tms CONCEPLS ...coiieiiiiiii 367

15.3 Design for orbital average l0ad .................uveiiiiiiiiiiiiiiiiiii s 370

. Documents

Document@haring Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

15.3.1 Phase change capacitor performance............ccceuvvvvveeeeiiiveeiiiiiiiiiieiennnennns 370

15.4 Off-design OPEratioNn .........coii i i 376
15.4.1 Temperature CONrol............ciiiiiiiiiie e 378
15.4.2 Instrumentation requirements............ccooiii i 381

15.5 Radiator-loop interaction..............ouuuiiiiii i 382
15.5.1 Boosting radiator temperature with a heat pump.............ccccooieeie, 383
15.5.2 Thermal-storage assisted radiator................cooeviiiiiiiiiiiiiiiiiiiiiiiis 388
15.5.3 Steerable radiators............uiiiiiiiiiii 391
15.5.4 Radiators CoUPliNG .......oooiiiiiiii i e 402

15.6 Capillary pumped loop (cpl) technology ..........eueeiiiiiiiiii e, 404
15.6.1  Advantages of Cpl SYStEMS........cooviiiiiiiiiiiiiiiiiiiiieieeee e 408
15.6.2 CPL performance constraints..........cccccoeiiiiiiiiiiiiiie e, 408
15.6.3 CPL basic system CONCEPL.......ccooiiiiiiiiiiiiieeeeec e 408

LR T A 7 o] o] o o] g T=T o1 -3 411
15.7.1  PUMPING SYSIEMIS ..ot 411
15.7.2 Mounting Plates........oo e 414
15.7.3  Vapour QUAlILY SENSOIS........ciii i e e eeraaes 416
15.7.4  Fluid diSCONNECES .....cccciieiiiiiee e e e 420

16 Control technology.........ccoeiiiiiiiiiiii i 422
16.1 BasSiC AefiNtiONS.......ueeiiii e a e e e e e e e e aaaaeas 422
16.2 General description of control SYStEMS .........ccooiiiiiiiiiiiii e 423
16.2.1  INtrOAUCHION .o 423
16.2.2 Closed-lIoop CoONtrol SYSEMS ........eeiiiiiiiiiiiiiiiiieee e 424
16.2.3  Open-loop CoONtrol SYStEM .......ooviiiiiiiiiiiiiiiiiiiiieiiitee e 424
16.2.4 Adaptative control systems ... 425
16.2.5 Learning control SYStem ........cccooiiiiiiiii e 426
16.2.6 Trade-off of open- and closed-loop control systems...............ceevveveevnnnnnns 426

16.3 BasiC CONTrol @CONS........uuiiiiiiiiiiiiiieii s 431
16.3.1  INtrOAUCHION .ot 431
16.3.2 Two-position or on-off control action ..............ceeeviviiiiiiiiiiiiiiiiiiiiens 432
16.3.3 Proportional control action (p controller)............cccooiiiiiiiiiiiee, 433
16.3.4 Integral control action (i controller). ...........ooovviiiiiiiiie e, 434
16.3.5 Proportional-integral control action (pi controller) .................eevviiiiiiiiinnnns 435
16.3.6 Proportional-derivative control action (pd controller).................ceuvveeeennnes 436
16.3.7 Proportional-integral-derivative control action (pid controller).................. 437
T16.3.8  SUMMAIY .. e e e e e e e e et e e e e e e e e e aranaans 438

16.4 Implementation techniques of control laws ...........cccoooiiiiriiiiiii e 439

. Documents

Document Sharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

16.4.1  INtrOdUCHION ...ooeii e e 439

16.4.2 Devices characterization .............cooviiiiiiiiiiiiiiiiiiiiiiiiieees 441

16.4.3 Analog-controller implementation techniques.............cccccccvviiiiiiiiiieniinneen, 445

16.4.4  SUMMAIY ...ooiiiiiiiiiiiiiiieee ettt nneennnnnnnnnnne 456

16.5 Hardware desCriplion...........coiiiiiiiiiiei e 458

16.5.1  INtrOdUCHION ..cooieeiieee e 458

L E TR T 7 o] o1 o] 1= 460

L E TR TG 1= o o] TP 465

16.5.4 Actuators. Control ValVeS ............ooeiiiiiiiiiiiiiiiiiiiiiiiiieieeeieeeeeeeeeeeennenees 468

16.6 CONLrOl SOMWAIE .....eveiiiiiiiiii e 469

16.7 EXIiSHING SYSIEMS ...ttt s 472

16.7.1 Space radiator SYStem .......ccooiiiiiiiiiiii e 472

Bibliography........ i 476
Figures

Figure 5-1: Schematic representation of the fluid 100p. ......cccoooiiiiiiiiii i, 52

Figure 6-1: Nusselt numbers, Nu, for fully developed laminar flow through straight pipes
of several cross-sectional shapes. Nug is the Nusselt number for constant
heat transfer rate along the duct, and Nur that for constant wall temperature
along the duct. From Kays & London (1964) [102]. .......veeiiieiiiiiiieeeeeeeeeeeie, 69

Figure 6-2: Nusselt numbers, Nu, vs. ratio, a/b, of short side to long side for fully
developed laminar flow through straight pipes of rectangular cross section.
From Kays & London (1964) [102]......uueiiiieeiieeieee e e e e 70

Figure 6-3: Nusselt numbers, Nu, vs. ratio of inner to outer diameter, ri/r2, for fully
developed laminar flow in concentric- circular-tube annuli. Constant heat
transfer rate. From Kays & London (1964) [102].........cooieeeiiiiiiiiiieeeeeeeeeee e, 70

Figure 6-4: Influence of coefficients, Z, vs. ratio of inner to outer diameter, ri/r», for fully
developed laminar flow in concentric-circular-tube annuli. Constant heat
transfer rate. From Kays & London (1964) [102].........ccoeieeiiiiiiiiiiieeeeeeeeeee e, 71

Figure 6-5: Nusselt number, Nu, vs. Dean number, K, for fully developed laminar flow
in curved pipe of circular cross section. Constant heat transfer rate. Results
are shown for different Prandtl numbers, Pr. Calculated by the compiler
after Mori & Nakayama (1965) [128]......cccevviriiiieeeeeeeee e 71

Figure 6-6: Thermal entry length Nusselt numbers, Nu, vs. non-dimensional axial
distance, x*, for laminar flow through straight pipes. Constant wall
temperature. Calculated by the compiler after Kays (1966) [101]. ..........coevvnneen. 72

Figure 6-7: Thermal entry length Nusselt number, Nuy, vs. non-dimensional axial
distance, x*, for laminar flow through straight pipes. Constant heat transfer
rate. Also shown the influence coefficient, Z, for laminar flow between
parallel plates with one side insulated. Calculated by the compiler after
(6N A 1T T L 1 P 72

Figure 6-8: Thermal entry length Nusselt numbers, Nuy, and influence coefficients, Z,
vs. dimensionless axial distance, x*, for laminar flow in concentric-circular-

.__Documents
Documentéharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

tube annuli. Constant heat transfer rate. Calculated by the compiler after
KAYS (1966) [10T]. ..eeeeeiiiieiieeite ettt e e e e 73

Figure 6-9: Thermal entry length Nusselt number, Nuy, vs. non dimensional distance
along the coil centerline, x*, for laminar flow through a coil. The results are
given for two values of the ratio, r/R, between the cross-sectional radius
and the coil radius. Constant wall temperature. Calculated by the compiler
after Kubair & Kuloor (1966) [111]. ..eeeiiiiiiieieee e 73

Figure 6-10: Nusselt numbers, Nu, vs. non-dimensional axial distance, x*, for the
combined hydrodynamical and thermal entry length. Laminar flow through
straight pipes of circular cross section. Constant wall temperature. Pr=0.7.
Replotted by the compiler after ESDU 68006 (1968) [48]........cceeeeeeeeeeeieeeeeeen. 74

Figure 6-11: Local Nusselt number, Nuy, vs. non-dimensional axial distance, x*, for the
combined hydrodynamical and thermal entry length. Laminar flow through
straight pipes of circular cross section. Constant heat transfer rate. Results
are shown for different Prandtl numbers, Pr. Calculated by the compiler
after Heaton et al. (1964) [82].......ucoiiiiiiiieecee e 74

Figure 6-12: Local Nusselt number, Nuy, and influence coefficient, Z, vs. dimensionless
axial distance, x*, for the combined hydrodynamical and thermal entry
length. Laminar flow between parallel plates, one of them insulated.
Constant heat transfer rate. Results are shown for different Prandtl
numbers, Pr. Calculated by the compiler after Heaton et al. (1964) [82].............. 75

Figure 6-13: Local Nusselt number, Nuy, vs. Reynolds number, Re, for fully developed
transitional flow through cylindrical ducts of circular cross section. Constant
wall temperature. Gas Flow (Pr~ 0.7). From ESDU 68006 (1968) [48]. ............. 75

Figure 6-14: Nusselt number, Nu, vs. Reynolds number, Re, for fully developed
turbulent flow through cylindrical ducts. Constant heat transfer rate. Results
are shown for different Prandtl numbers, Pr. Calculated by the compiler
after Petukhov & Roizen (1975) [143]. ..o 76

Figure 6-15: Ratio of Nusselt number at constant heat transfer rate, Nuy, to Nusselt
number at uniform wall temperature, Nur, vs. Reynolds number, Re, for
fully developed turbulent flow through a straight pipe of circular cross
section. Results are shown for different Prandtl numbers, Pr. From Sleicher
& THDUS (1957) [167 ]ttt sssnesnnsnnnnnnnnnnnnnns 76

Figure 6-16: Nusselt number, Nu, vs. Reynolds number, Re, for fully developed
turbulent flow between parallel plates, one of them insulated. Constant heat
transfer rate. Results are shown for different Prandtl numbers, Pr.
Calculated by the compiler after Kays (1966) [101]. .......vveeiiiiiiiiiiiiiieeeeeeeeeeie, 77

Figure 6-17: Influence coefficient, Z, vs. Reynolds number, Re, for fully developed
turbulent flow between parallel plates. Constant heat transfer rate. Results
are shown for different Prandtl numbers, Pr. Calculated by the compiler
after Kays (1966) [101]. . ..ueeeeeeiiieiieiiiiiieiieiieieeeiee e aaaaaasaaasannnnnannnnnnes 77

Figure 6-18: Nusselt number, Nu.4, and influence coefficient, Z1, vs. Reynolds number,
Re, for fully developed turbulent flow in concentric-circular-tube annuli. ri/r;
= 0,2. Constant heat transfer rate. Results are shown for different Prandtl
numbers, Pr. Calculated by the compiler after Kays (1966) [101]. ......cccceeeeeeene. 78

Figure 6-19: Nusselt number, Nuz., and influence coefficient, Z,, vs. Reynolds number,
Re, for fully developed turbulent flow in concentric-circular-tube annuli. ri/r»
= 0,2. Constant heat transfer rate. Results are shown for different Prandtl
numbers, Pr. Calculated by the compiler after Kays (1966) [101]...........ccceeee... 78

___Documents

Document Sharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

Figure 6-20: Nusselt number, Nu.4, and influence coefficient, Z1, vs. Reynolds number,
Re, for fully developed turbulent flow in concentric-circular-tube annuli. ri/r»
= 0,5. Constant heat transfer rate. Results are shown for different Prandtl
numbers, Pr. Calculated by the compiler after Kays (1966) [101]...........ccceeee.. 79

Figure 6-21: Nusselt number, Nuz,, and influence coefficient, Z, vs. Reynolds number,
Re, for fully developed turbulent flow in concentric-circular-tube annuli. ri/r»
= 0,5. Constant heat transfer rate. Results are shown for different Prandtl
numbers, Pr. Calculated by the compiler after Kays (1966) [101]...........ccceeee.. 79

Figure 6-22: Nusselt number times Prandtl number to the minus 0.4 power, NuPr°*, vs.
Reynolds number, Re, for fully developed turbulent flow in helically coiled
tubes. The results are given for two values of the ratio, /R, between the
cross-sectional radius and the coil radius. Constant heat transfer rate.
Calculated by the compiler after an experimental correlation obtained by
Seban & McLaughlin (1963) [162] from data for water.............ccccevvvvvviiiiiiinnnnnnns 80

Figure 6-23: Thermal entry length Nusselt numbers, Nu, vs. non-dimensional axial
distance, x/D, for fully developed turbulent flow through a straight pipe of
circular cross section. Constant wall temperature. Pr = 0.01. Results are
shown for different Reynolds numbers, Re. Calculated by the compiler after
Kays (1966) [101]. oo 80

Figure 6-24: Thermal entry length Nusselt numbers, Nu, vs. non-dimensional axial
distance, x/D, for fully developed turbulent flow through a straight pipe of
circular cross section. Constant wall temperature. Pr= 0.7. Results are
shown for different Reynolds numbers, Re. Calculated by the compiler after
(6N A 1T T 1 1 81

Figure 6-25: Ratio of thermal entry length Nusselt number, Nuy, to Nusselt number for
fully developed turbulent flow, Nu, vs. non-dimensional axial distance, x/D.
Straight pipe of circular cross section. Constant heat transfer rate. Pr =
0.01. Results are shown for different Reynolds numbers, Re. Calculated by
the compiler after Kays (1966) [101].......uuuiiiieiriiie e 81

Figure 6-26: Ratio of thermal entry length Nusselt number, Nuy, to Nusselt number for
fully developed turbulent flow, Nu, vs. non-dimensional axial distance, x/D.
Straight pipe of circular cross section. Constant heat transfer rate. Re =
105. Results are shown for different Prandtl numbers, Pr. Calculated by the
compiler after Kays (1966) [101]. ...eeeriiiiiiiiii s 82

Figure 6-27: Ratio of thermal entry length Nusselt number, Nuy, to Nusselt number for
fully developed turbulent flow, Nu, vs. non-dimensional axial distance, x/DE.
Parallel plates at distance 2Dk, one of them insulated. Constant heat
transfer rate. Also shown the influence coefficient, Z. Results are shown for
three different Prandtl numbers, Pr, and two Reynolds numbers, Re.
Calculated by the compiler after Kays (1966) [101]. .......vveeeiieiiiiiiiiiiieeeeeeeeeiee, 82

Figure 6-28: Nusselt number, Nu, vs. Reynolds number, Re. Flow of a fluid having
constant physical properties over a constant temperature circular cylinder
whose axis is normal to the incoming flow. From ESDU 69004 (1969) [50]. ....... 84

Figure 6-29: Effect of variable fluid properties, (a) and (b), and of inclination angle, (c),
on the Nusselt number corresponding to the flow of a fluid over a constant
temperature cylinder. Nu, (Nugg-) can be deduced from Figure 6-28. From
ESDU 69004 (1969) [50]. -.ueveeeieeeeeeiiiiiiieieeee e e e e e eeiieieee e e e e e e e e snnnneeeeeeaeeeeeaennnnneees 85

Figure 6-30: Guide for the selection of the curves given in Figure 6-31 and Figure 6-32
concerning in-line tube banks of different relative pitches. From ESDU
73031 (1973) (571 eeeeeeeeeeeeee ettt e e e e e e e e e e e e e e e e e e nnnnneeeeaaaeeaeanns 86

.__Documents
Documentgharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

Figure 6-31: Reference Nusselt number, Nu,, for Pr, = 1, as a function of Reynolds
number, Re. In-line tube banks. See Figure 6-30 for the meaning of the
numbers which appear on the curves. From ESDU 73031 (1973) [57]. .............. 87

Figure 6-32: Reference Nusselt number, Nu,, for Pr, = 1, as a function of Reynolds
number. Re. In-line tube banks. See Figure 6-30 for the meaning of the
numbers which appear on the curves. From ESDU 73031 (1973) [57]. .............. 88

Figure 6-33: Reference Nusselt number, Nu,, for Pr, = 1, as a function of Reynolds
number. Re. In-line tube banks. Staggered tube banks. From ESDU 73031
(1973 ) 57 ettt ettt 89

Figure 6-34: Effect of the Prandtl number, Prs,, on the reference Nusselt number, Nu,
for both in-line and staggered tube banks. From ESDU 73031 (1973) [57]......... 89

Figure 6-35: The factor F4 to account for variable fluid properties. From ESDU 73031

(RS54 SRR 90
Figure 6-36: The factor F, accounting for abnormal number of rows vs. that number, N.

From ESDU 73031 (1973) [57]. ceeee e 90
Figure 6-37: The factor F3 accounting for the effect of yaw vs. the inclination angle, 6.

From ESDU 73031 (1973) [57]. ceeeeeiiiieiieeee et a e e 90
Figure 6-38: The factor F, for estimating the Nusselt number of the n-th row. From

ESDU 73031 (1973) [57]. o oeee e 91

Figure 7-1: Friction characteristics associated with four types of roughness geometry.
Notice that the equivalent roughness is different in every case. From
REYNOIAS (1974). ..t e e 96

Figure 7-2: Friction factor, A, as a function of Reynolds number, Re, for different
values of the relative roughness, e/D: Cylindrical tubes of circular cross
section. From Idel'cik (1969) [97]......cceeiimeiiiie e, 105

Figure 7-3: Correction factor, K, to be used when the cross section of the duct is not
circular. Laminar flow. K = 1 for turbulent flow through hydraulically smooth

ducts. From ESDU 66027 (1966) [46]. ......ccuuuviieieieeeaeeiiiieeeeee e 105
Figure 7-4: Boundary between short and long circular arc bends. From ESDU 67040

(TOBT7) [A T ettt e e e e e e e e e e e aeeeens 106
Figure 7-5: Boundaries between laminar, transitional and turbulent flows in long circular

arc bends. From ESDU 67040 (1967) [47]. ...ceeeeeeeeeeeieee e, 106

Figure 7-6: Pressure loss coefficient per unit bend angle, ck/6, as a function of the
dimensionless radius of curvature of bend centerline, R/D, for different
values of Reynolds number, Re. Either circular or square cross section.
From ESDU 67040 (1967) [A7]. ..cceieeeeeeeeee ettt 107

Figure 7-7: Pressure loss coefficient, ck, as a function of the dimensionless radius of
bend centerline, R/D, for different values of Reynolds number, Re. Laminar
flow through short circular arc bends. From ESDU 67040 (1967) [47]. ............. 108

Figure 7-8: Pressure loss coefficient, ck, as a function of the dimensionless radius of
bend centerline, R/D, for different values of bend angle, 6. Turbulent flow
through short circular arc bends. Either circular or square cross section.
From ESDU 67040 (1967) [47]. .eeeeieeeeeee ettt 109

Figure 7-9: Pressure loss coefficient, ck, for short circular arc bends, having a short
downstream tangent of length, L4, as a function of L«/D, for different values
of the dimensionless radius of bend centerline, R/D. Turbulent flow. Either
circular or square cross section. From ESDU 67040 (1967) [47]. ....vvveeeeeeennnnns 110
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Figure 7-10: The factor a4 to account for the aspect-ratio of the bend cross section.

From ESDU 67040 (1967) [47]. ..ceeee e 110
Figure 7-11: The factor a» to account for the bend angle. From ESDU 67040 (1967)
4 P RO PO P PPPRRN 111

Figure 7-12: Pressure loss coefficient, ck, for single mitre bends, as a function of bend
angle, 6, for different values of the dimensionless length, L«/D, of the
downstream tube. Turbulent flow. Either circular or square cross section.
From ESDU 67040 (1967) [47]. ..ceee e 111

Figure 7-13: Factor S, which account for the interaction between two 90° -circular arc
bends-, as a function of the dimensionless distance between both bends,
Lo/D. From ESDU 68035 (1968) [49]. ...coevviiiieii e 112

Figure 7-14: Factor g, which account for the interaction between two mitre bends, as a
function of the dimensionless distance between both bends, L./D. From
ESDU 68035 (1968) [49]. ...cooeeiieeeeee e 113

Figure 7-15: Total-pressure loss coefficient, ck:, as a function of Reynolds number,
Rep1, for different values of the area ratio, . Enlargement with a duct
downstream 4D- long. Uniform incoming flow at low Reynolds number.

From ESDU 72011 (1972) [54]. .o eiieieeeiee ettt 113
Figure 7-16: Different velocity profiles upstream of a sudden enlargement. From ESDU
F O B B G 7 5 - SRR 114

Figure 7-17: Total-pressure loss coefficient, ck:, as a function of area ratio, .
Enlargement with a duct downstream 4D> long. Numbers on curves indicate
the velocity profile in Figure 7-22 for which the curve applies. From ESDU
720171 (1972) [B4]. ceeeeeeeee ettt ettt e e e e e e e e e s e e aaaeeaeens 114

Figure 7-18: Static-pressure loss coefficient, -cks, as a function of area ratio, .
Enlargement with a duct downstream 4D> long. Numbers on curves indicate
the velocity profile in Figure 7-22 for which the curve applies. From ESDU
(TOT2) [BA]. ettt 115

Figure 7-19: Total-pressure loss coefficient, ck:, as a function of Reynolds number,
Repy, for different values of the area ratio, . The pressure loss coefficient
is expressed in terms of the dynamic pressure at clause 6. From Idel'cik
(19B89) [97 .ottt e e e e e e e e e e e e e e e e e e raeeaaeeas 115

Figure 7-20: Reference values of the pressure loss coefficient, ck, as a function of the
ratio, ¢, of the area available for fluid flow to the total area of the duct cross

section. Perforated plates and orifices. From ESDU 72010 (1972) [53]............. 116
Figure 7-21: The factor a3 to account for the effect of plate thickness when t/d < 0,8. cxo

is given in Figure 7-19. From ESDU 72010 (1972) [53]. ...ccoiiiiiiiiiieeeeeeeeeee 117
Figure 7-22: The factor a4 to account for the effect of plate thickness when /d > 0,8.

Cko,g is given in Figure 7-19. From ESDU 72010 (1972) [53]....ccvvvvvvviiiieeiieeeenee. 118

Figure 7-23: Comparison between the pressure loss coefficients, ck, in the intermediate
region calculated by assuming either of the two extreme cases, fully-

separated or reattached orifice flow. From ESDU 72010 (1972) [53]................ 119
Figure 7-24: Reference pressure loss coefficient, ck, as a function of porosity, ¢.
Round-wire gauzes. From ESDU 72009 (1972) [52].......cceeeeieeeeieeiiieeeeeeeeeee 119

Figure 7-25: Factor s to account for low Reynolds number effects in round-wire
gauzes. Reynolds number based on the wire diameter. From ESDU 72009
(TOT2) [52]. ettt et 120
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Figure 7-26: Reference pressure loss coefficient, ck., as a function of Reynolds
number, Re, for diaphragm and butterfly valves fully open. Prepared by the
compiler after ESDU 69022 (1969) [51]. . uvviriiiiieee e 120

Figure 7-27: Factor as, which accounts for the partial opening of the valve, as a
function of the degree of valve opening, ¢. §is defined as the ratio of valve
control travel from closed position to total valve control travel. From ESDU
TS0 G R L1 ) N T R 121

Figure 7-28: Graphics for estimating the pressure loss coefficient, ck, for in-line tube
banks of several relative pitches, s, s, and yaw angles, 6. The influence of
the heat exchange on the pressure loss is taken into account through the
tube bank inlet and exit temperatures, T; and T,, respectively. From Idel'cik

Figure 7-29: Graphics for estimating the pressure loss coefficient, ck, for staggered
tube banks of several relative pitches, s, si, and yaw angles, 6. The
influence of the heat exchange on the pressure loss is taken into account
through the tube bank inlet and exit temperatures, T; and T,, respectively.
From Idel'Cik (1969) [97]....ccoi i 123

Figure 7-30: Pressure loss coefficient, ck, as a function of the ratio of lateral to total
mass flow rates in branching tubes. The mixed confluence-branching case
is not considered. From Idel'cik (1969) [97]. ....ceeiiiiiiiiie e, 124

Figure 8-1: The ratio 2St/f, for turbulent flow in constant wall temperature cylindrical
tubes, as calculated by use of several expressions, vs. the Reynolds
number, Re. E: Correlation of experimental results. From Goldstein (1950)
[73]. R: Reynolds Analogy. P: Prandtl Analogy. K: von Karman Analogy.
Calculated by the COMPIIET. ........ooviiiiiii e 127

Figure 9-1: Constant power heat transfer ratio, (ha-ho)p, vs. Reynolds number based on
non-augmentative conditions, Re,. From Bergles (1969) [8].........ccccceiriiiinnnnnn. 136

Figure 9-2: Roughness function us*(e*)for Nikuradse's sand roughness. (1)
Hydraulically smooth. (2) us" = 8,48, completely rough. From Schlichting
(T9B0) [157 ] e eeeeeeeeeeee ettt ettt e e eeseensnssnnnnnnnnnnnne 139

Figure 9-3: Constant power heat transfer ratio, (ha-ho)e, vs. Reynolds number based on
non-augmentative conditions, Re,. Curves A to D are from Bergles (1969)
[8], curves E and F have been calculated by the compiler after Webb,

Eckert & Goldstein (1971) [186]. .......uuviiiiiiieieeie e 139
Figure 9-4: Roughness function ue*(e*,b/e) for repeated-rib roughness. From Webb et

Al (TO71) [18B]. e e et e e e e et e e e e e e e e e e e e e e e e e e e e aeeeeeeas 142
Figure 9-5: Flow pattern near the wall for different values of b/e............cccccconiiin. 142

Figure 9-6: Constant power heat transfer ratio, (ha-ho)p, vs. Reynolds number based on
non-augmentative conditions, Re,. Curves A, B, C are from Bergles (1969)
[8], curves D to G have been calculated by the compiler after Sheriff &

GUMIEY (1966) [166].....eeeeeeeeeeieieieeeeieieeeeeeeeeeeeeeaeeaesesaeeeaesseessnnsssnnsnnnnsnnnnnnnnnnnnnns 143

Figure 9-7: Roughness function, ucs*(e*,b/e), for wire coil roughness. Plotted by the
compiler after Sheriff & Gumley (1966) [166]...........ccvvvveeiiieeiiiiiiee e, 146

Figure 9-8: Velocity and Temperature distributions across the annulus. ...................c......... 147

Figure 9-9: Constant power heat transfer ratio, (ho/ho)e, vs. Reynolds number based on
non-augmentative conditions, Re,. From Carnavos (1974) [19].......ccccceeeeee. 149
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Figure 9-10: Constant power heat transfer ratio, (ha/ho)r, vs. Reynolds number based
on non-augmentative conditions, Re,. From Carnavos (1974) [19]................... 151

Figure 9-11: Constant power heat transfer ratio, (ho/ho)e, vs. Reynolds number based
on non-augmentative conditions, Re,. From Carnavos (1974) [19].........cccc...... 153

Figure 9-12: Constant power heat transfer ratio, (ho/ho)e, vs. Reynolds number based
on non-augmentative conditions, Re,. From Bergles (1969) [8].............cceeeeen. 156

Figure 9-13: Constant power heat transfer ratio, (ha/ho)r, vs. Reynolds number based
on non-augmentative conditions, Re,. Calculated by the compiler after
Hong & Bergles (1976) [91]. ...oi i 157

Figure 9-14: Constant power heat transfer ratio, (ho/ho)e, vs. Reynolds number based
on non-augmentative conditions, Re,. Curves A to | are from Bergles
(1969) [8], curves J to M have been calculated by the compiler after
Thorsen & Landis (1968) [178]. .....ciiieeiiiieiicee e e 160

Figure 9-15: Isothermal Nusselt number, Nua. divided by the ratio of friction factors, T,
vs. the Reynolds number, Rer, for different values of the Prandtl number,

Pr. Calculated by the compiler after Thorsen & Landis (1968) [178]................. 163
Figure 9-16: Constant power heat transfer ratio, (h/ho)r, vs. Reynolds number based
on non-augmentative conditions, Re,. From Bergles (1969) [8].............cceeeeens 164

Figure 9-17: Constant power heat transfer ratio, (ha/ho)r, vs. Reynolds number based
on non-augmentative conditions, Re,. Curves A, B, C from Bergles (1969)
[8], curves D, E, F from Bergles, Lee & Mikic (1969) [9]. ....vvveeiiiiiriiiiiiiiieeeee, 167

Figure 10-1: Product of cooling effectiveness, F, of several fluids times the equivalent
length of the loop, Lg, as functions of the difference between the heat
source and the inlet temperature, Ts- T, for the following reference values:
Inner diameter of the duct, D = 102 m. Diabatic length of the duct, L =1 m.
Heat flux, g = 250 W.m2 for Air, Carbon Dioxide, Carbon Tetrachloride,
Hydrogen and Nitrogen, g = 1000 W.m for Ethylene Glycol, Flutec PP50
and Water. Calculated by the compiler. ..........cc.oooviiiiiiiiii e, 171

Figure 10-2: Schematic representation of the fluid loop considered for estimating the
fluid cooling effectiveness. ... 172

Figure 10-3: Graphical method allowing for values of heat flux, g, and inner diameter of
the duct, D, different from those used in Figure 10-1.........ccccceiiiiiiiiiiiiiiieen. 174

Figure 10-4: Graphic for estimating the product of the fluid cooling effectiveness, F,
times the equivalent length of the loop, Lg, as a function of the difference
between the heat source and the inlet fluid temperature, Ts- T.. Fluid: Air.
Reference values: D =102 m, L =1 m, g = 250 W.m™. Values FL for
different D and q, yet L = 1, can be calculated graphically as is indicated in
the text. Prepared by the compiler...........ccoooiiiiiiiii e, 175

Figure 10-5: Graphic for estimating the product of the fluid cooling effectiveness, F,
times the equivalent length of the loop, Lg, as a function of the difference
between the heat source and the inlet fluid temperature, Ts- T.. Fluid:
Ethylene Glycol. Reference values: D =102 m, L=1m, g = 1000 W.m?2,
Values FLe for different D and q, yet L = 1, can be calculated graphically as
is indicated in the text. Prepared by the compiler. ...........ccccoeiiiiiiee 176

Figure 10-6: Graphic for estimating the product of the fluid cooling effectiveness, F,
times the equivalent length of the loop, Lg, as a function of the difference
between the heat source and the inlet fluid temperature, Ts- T.. Fluid:
Flutec PP50. Reference values: D =102 m, L=1m, g = 1000 W.m?2,
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Values FLe for different D and q, yet L = 1, can be calculated graphically as
is indicated in the text. Prepared by the compiler. ... 177

Figure 10-7: Graphic for estimating the product of the fluid cooling effectiveness, F,
times the equivalent length of the loop, Lk, as a function of the difference
between the heat source and the inlet fluid temperature, Ts- T.. Fluid:
Water. Reference values: D=102m, L =1m, g=1000 W.m™. Values FLe
for different D and q, yet L = 1, can be calculated graphically as is indicated

in the text. Prepared by the compiler. ... 178
Figure 10-8: Vapor pressure, psa, of Water vs. temperature, T. From Vargaftik (1975)

< 25 ) PSP PPRPPPPRRPPRRRRR 186
Figure 10-9: Density, p, of Water vs. temperature, T. From Vargaftik (1975) [183]. ............ 186
Figure 10-10: Specific heat, c,, of Water vs. temperature, T. From Vargaftik (1975)

S 26 ) PSPPSR PPPUUPPPRPRRRRRN 186
Figure 10-11: Thermal conductivity, k, of Water vs. temperature, T. From Vargaftik

QR Y T = 2 ) PR 187
Figure 10-12: Dynamic viscosity, u, of Water vs. temperature, T. From Vargaftik (1975)

S 26 ) PSP PPUPPPURRPPRRPRRRRN 187
Figure 10-13: Vapor pressure, psa;, of Carbon Tetrachloride vs. temperature, T. From

Vargaftik (1975) [183]. ... 187
Figure 10-14: Density, p, of Carbon Tetrachloride vs. temperature, T. From Vargaftik

(RS 5 T < 2 ) PP 188
Figure 10-15: Specific heat, c,, of Carbon Tetrachloride vs. temperature, T. From

Vargaftik (1975) [183]. ... 188
Figure 10-16: Thermal conductivity, k, of Carbon Tetrachloride vs. temperature, T.

From Vargaftik (1975) [183]...cceiiiiiiiiiiieiei e 188
Figure 10-17: Dynamic viscosity, u, of Carbon Tetrachloride vs. temperature, T. From

Vargaftik (1975) [183]. . .ueueee e e e e e e e e e e e e e eas 189
Figure 10-18: Vapor pressure, psa;, of Coolanol 15, 25, 35 and 45 vs. temperature, T.

From Filippi & Guerra (1977) [B4]. ...couvveeiii e 189
Figure 10-19: Density, p, of Coolanol 15, 25, 35 and 45 vs. temperature, T. From Filippi

& GUEITA (T77) [BA]. weee et e e e e 189
Figure 10-20: Specific heat, c¢,, of Coolanol 15, 25, 35 and 45 vs. temperature, T. From

Filippi & Guerra (1977) [64]. ...ooeeeeeeeeeeeeeeeeeee e 190
Figure 10-21: Thermal conductivity, k, of Coolanol 15, 25, 35 and 45 vs. temperature,

T. From Filippi & Guerra (1977) [B4]. ......uueuee e 190
Figure 10-22: Dynamic viscosity, u, of Coolanol 15, 25, 35 and 45 vs. temperature, T.

From Filippi & Guerra (1977) [64]. ..o 190
Figure 10-23: Kinematic viscosity, v, of DC 200 vs. temperature T. Numbers on curves

indicate the standard viscosity in cs. From DOW CORNING (1972) [38].......... 191
Figure 10-24: Freezing point, T, of Water/Glycol Solutions vs. Glycol mass fraction, s.

From Filippi & Guerra (1977) [64]. ..o 191

Figure 10-25: Vapor pressure, psa, of Water/Glycol Solutions vs. temperature, T.
Numbers on curves indicate Glycol mass fraction, c. From Filippi & Guerra
LS (7 SR 192
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Figure 10-26: Density, p, of Water/Glycol Solutions vs. temperature, T. Numbers on
curves indicate Glycol mass fraction, ¢. From Filippi & Guerra (1977) [64]. ...... 192

Figure 10-27: Specific heat, c,, of Water/Glycol Solutions vs. temperature, T. Numbers
on curves indicate Glycol mass fraction, ¢. From Filippi & Guerra (1977)

Figure 10-28: Thermal conductivity, k, of Water/Glycol Solutions vs. temperature, T.
Numbers on curves indicate Glycol mass fraction, ¢. From Filippi & Guerra
LS (7 SRR 193

Figure 10-29: Dynamic viscosity, u, of Water/Glycol Solutions vs. temperature, T.
Numbers on curves indicate Glycol mass fraction, ¢. From Filippi & Guerra
(TOT7) [B4]..ce oottt eesssessssssssnnnnnnnnnnnnes 194

Figure 10-30: Vapor pressure, psat, of Flutec PP-2, PP-9 and PP-50 vs. temperature, T.
Data are from Dunn & Reay (1976) [40] except those corresponding to
Flutec PP-50 which are from Wyn-Roberts (1974) [193]........cccooieiiiiiiiiiee. 194

Figure 10-31: Density, p, of Flutec PP-2, PP-9 and PP-50 vs. temperature, T. Data are
from Dunn & Reay (1976) [40] except those corresponding to Flutec PP-50

which are from Wyn-Roberts (1974) [193]. ....coo i 195
Figure 10-32: Specific heat, c,, of Flutec PP-50 vs. temperature, T. From Wyn-Roberts
(TO74) [103]. ettt ettt eeeeensesssnnssnnnnnnnes 195

Figure 10-33: Thermal conductivity, k, of Flutec PP-2, PP-9 and PP-50 vs. temperature,
T. Data are from Dunn & Reay (1976) [40] except those corresponding to
Flutec PP-50 which are from Wyn-Roberts (1974) [193].......ccccoieeiiiiiiiee 196

Figure 10-34: Dynamic viscosity, u, of Flutec PP-2, PP-9 and PP-50 vs. temperature, T.
Data are from Dunn & Reay (1976) [40] except those corresponding to

Flutec PP-50 which are from Wyn-Roberts (1974) [193].......ccooiiiiriiiiiiiieeeee, 196
Figure 10-35: Vapor pressure, psa, of Freon 11, 12, 13, 21, 22, 113, 114 and 142 vs.

temperature, T. From Vargaftik (1975) [183]. .....uuiiiiiiiiiiiiiieee e 197
Figure 10-36: Density, p, of Freon 11, 12, 13, 21, 22, 113, 114 and 142 vs.

temperature, T. From Vargaftik (1975) [183]. .....uueiiiiiiiiiiiiieeee e, 197
Figure 10-37: Specific heat, ¢, of Freon 11, 12, 13, 21, 22, 113, 114 and 142 vs.

temperature, T. From Filippi & Guerra (1977) [64]....cccoveeeiiiiiiiiiieeeeeeeee e, 197
Figure 10-38: Thermal conductivity, k, of Freon 11, 12, 13, 21, 22, 113, 114 and 142

vs. temperature, T. From Vargaftik (1975) [183]. .....vueiiiiiiiicie e, 198

Figure 10-39: Dynamic viscosity, x4, of Freon 11, 12, 13, 21, 22, 113, 114 and 142 vs.
temperature, T. Data are from Vargaftik (1975) [183] except those

corresponding to Freon 13 which are from Filippi & Guerra (1977) [64]............ 198
Figure 10-40: Vapor pressure, psa, of Freon E1, E2, E3, E4 and E5 vs. temperature, T.

From Filippi & Guerra (1977) [B4]. ....ovvveeiiie e 198
Figure 10-41: Density, p, of Freon E1, E2, E3, E4 and E5 vs. temperature, T. From

Filippi & Guerra (1977) [64]. ..cooeeeeeeeeeeeeeeeeeeeee e 199
Figure 10-42: Specific heat, c¢,, of Freon E1, E2, E3, E4 and E5 vs. temperature, T.

From Filippi & Guerra (1977) [64]. ... 199
Figure 10-43: Thermal conductivity, k, of Freon E1, E2, E3, E4 and E5 vs. temperature,

T. From Filippi & Guerra (1977) [B4]. .....covvreeiei e 199
Figure 10-44: Dynamic viscosity, u, of Freon E1, E2, E3, E4 and E5 vs. temperature, T.

From Filippi & Guerra (1977) [64]. ... 200
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Figure 10-45: Vapor pressure, psa, of FC 75 vs. temperature, T. From Filippi & Guerra

ST T (7 SRR 200
Figure 10-46: Density, p, of FC 75 vs. temperature, T. From Filippi & Guerra (1977)

G OSSR 200
Figure 10-47: Specific heat, c,, of FC 75 vs. temperature, T. From Filippi & Guerra

(TOT7) [BA]..eeeeeeeeeeeeeeeee ettt e e sassssnsessssnsnnnnnnnnes 201
Figure 10-48: Thermal conductivity, k, of FC 75 vs. temperature, T. From Filippi &

GUEITA (1977) [B4]. ..ot e e e e e et a e e e e e e e eananes 201
Figure 10-49: Dynamic viscosity, u, of FC 75 vs. temperature, T. From Filippi & Guerra

(TOT7) [BA]. e eeeeeeeeeeeeeeee ettt eeeeesesnssssnnsnnnnnnnnnes 201

Figure 10-50: Thermal conductivity, k, of Methanol/Water Solutions vs. temperature, T.
Numbers on curves indicate Methanol mass fraction, ¢. From Vargaftik
(RS £ T < 2 ) PRSPPI 202

Figure 10-51: Dynamic viscosity, u, of Methanol/Water Solutions vs. temperature, T.
Numbers on curves indicate Methanol mass fraction, c. From Vargaftik

(TO75) [18 3. e eeeiiiiieiee ettt e e e s eessessnnnnnnnnnnnne 202
Figure 10-52: Vapor pressure, psa;, of Monsanto OS 59 vs. temperature, T. From Filippi

& GUEITA (TO77) [B4]. e 203
Figure 10-53: Density, p, of Monsanto OS 59 vs. temperature, T. From Filippi & Guerra

(TOT7) [B4]. oottt seessssssnssnsnsnnnnnnnnes 203
Figure 10-54: Specific heat, c¢,, of Monsanto OS 59 vs. temperature, T. From Filippi &

TN 4= T (R A4 TN 203
Figure 10-55: Thermal conductivity, k, of Monsanto OS 59 vs. temperature, T. From

Filippi & Guerra (1977) [64]. ...ceoeeeeee e 204
Figure 10-56: Dynamic viscosity, x, of Monsanto OS 59 vs. temperature, T. From Filippi

U=ty = T R A A TN 204
Figure 10-57: Density, p, of Air at a pressure of 10° Pa vs. temperature, T. From

Vargaftik (1975) [T183]. ... 212
Figure 10-58: Specific heat, c,, of Air vs. temperature, T. From Vargaftik (1975) [183]........ 212
Figure 10-59: Thermal conductivity, k, of Air vs. temperature, T. From Vargaftik (1975)
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Figure 10-60: Dynamic viscosity, x, of Air vs. temperature, T. From Vargaftik (1975)
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Figure 11-1: Typical regenerators. a) Rotary type. b) Valved type. From Kays & London

(T9B4) [102]. e eeeeeeeeeeeee ettt ee e e e e seeesessssesnnnnnnnne 214
Figure 11-2: Typical recuperators. a) Counterflow heat exchanger. b) Crossflow heat

exchanger. From Welty, Wicks & Wilson (1969) [188]..........ccccvvvviiiiiiiieeeiinnns 215

Figure 11-3: Some typical examples of compact heat exchanger surfaces. From Kays
& London (1964) [102]. a) Circular tube bundle. b) Finned-circular-tube
surface. ¢) Finned-tube surface, flat tubes, continuous fins. d) Plate-fin
arrangement. e) Strip-fin surface. f) Regenerator compact matrix. ................... 216

Figure 11-4: a) Shell-and-tube exchanger with two shell passes and four tube passes.
b) Schematic representation of the exchanger which will be used in clause
L T2 TR 217
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Figure 11-5: Liquid-coupled indirect-transfer type of heat exchanger. From Kays &

London (1964) [102]. .....eieiieieieie et e e e e e e e e e e e e e e e e e e e e nnnnnees 217
Figure 11-6: Thermal conductivity, k, of several metals vs. temperature, T. From Kays
R o gTo (o g I K 1C 7 3 N 0124 R 219

Figure 11-7: Heat transfer effectiveness, 7y, of trapezoidal fins, vs. dimensionless fin
length, L[2h/k(5+)]"2. Calculated by the compiler after Jakob (1958) [99]......220

Figure 11-8: Heat transfer effectiveness, 7y, of circular fins, vs. dimensionless fin
length, (ro—ri)(h/k5)"2. Calculated by the compiler after Jakob (1958) [99]......... 220

Figure 11-9: Heat transfer effectiveness, ¢, vs. number of heat transfer units, Ny, in a

counterflow exchanger. From Kays & London (1964) [102]. .......ccccceeeeeeeeeeennnns 222
Figure 11-10: Heat transfer effectiveness, ¢, vs. number of heat transfer units, Ny, in a
parallel flow exchanger. From Kays & London (1964) [102]............ccveeeeeeenn... 222

Figure 11-11: Heat transfer effectiveness, ¢, vs. number of heat transfer units, Ny, in a
crossflow exchanger with fluids unmixed. Calculated by the compiler after
Mason (1954) [124]. ..o 223

Figure 11-12: Heat transfer effectiveness, &, vs. number of heat transfer units, Ny, in a
crossflow exchanger with one fluid mixed. From Kays & London (1964)

Figure 11-13: Heat transfer effectiveness, ¢, vs. number of heat transfer units, Ny, for
the case of n-pass counter-crossflow exchangers, when fluid A is unmixed
throughout and fluid B mixed throughout, and with passes connected in
reverse order. Calculated by the compiler after Stevens, Fernandez &
WOOIF (1957) [170]. .ttt e e e e e e e e a e e e e e e e e nnnnees 224

Figure 11-14: Heat transfer effectiveness, ¢, vs. number of heat transfer units, Ny, for
the case of n-pass counter-crossflow exchangers, when fluid A is unmixed
throughout and fluid B mixed throughout, and with passes connected in
identical order. Calculated by the compiler after Stevens, Fernandez &
WOOIF (1957) [170]. ettt e e e e e e e e e e e e e e e e nnnnns 225

Figure 11-15: Heat transfer effectiveness, ¢, vs. number of heat transfer units, Ny, in a
multipass exchanger with 1 shell pass and 2 or more tube passes. From
Kays & London (1964) [102]......coiiiiiiiieee ettt 226

Figure 11-16: Heat transfer effectiveness, &, vs. number of heat transfer units, Ny, in a
multipass exchanger with 2 shell passes and 4, 8, 12, .... tube passes.
From Kays & London (1964) [102].......uueiiiiieiieeicee e 226

Figure 11-17: Heat transfer effectiveness, ¢, vs. number of heat transfer units, Ny, in a
multipass exchanger with 3 shell passes and 6, 12, 18, .... tube passes.
From Kays & London (1964) [102]........uuiiiiiiiiiiiiieie et 227

Figure 11-18: Heat transfer effectiveness, ¢, vs. number of heat transfer units, Ny, in a
multipass exchanger with 4 shell passes and 8, 16, 24, ... tube passes.
From Kays & London (1964) [102].......uueeiii e 227

Figure 11-19: Heat transfer effectiveness, &, vs. number of heat transfer units, Ny, in a
multipass exchanger with 5 shell passes and 10, 15, 20, ... tube passes.
From Kays & London (1964) [102]........uuiiiiiiiiiiiiieiee et 228

Figure 11-20: Heat transfer effectiveness, ¢, vs. number of heat transfer units, Ny, for
different number of shell passes, in a multipass exchanger with R = 1. The
case R = 0 is also shown for comparison. Calculated by the compiler after
Kays & LoNdon (1964) [102]......ceeiiiiiiiiiie et e e e e 228
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Figure 11-21: Optimum liquid flow capacity rate, C1/Cpopt, to maximize the heat transfer
effectiveness vs. ratio of the number of heat transfer units Ny, 7/Nyw2, of
exchanger 1 to exchanger 2. Calculated by the compiler after Holmberg
(TO75) [900]. et eeeeeeeeee ettt ettt e st aesennnnsnnnnnnnnnnnnnes 229

Figure 11-22: Heat transfer effectiveness, ¢, vs. liquid flow capacity rate, C./Ciop, for
different values of the overall number of heat transfer units, N°u. Nw1/Nw2 =
1. Calculated by the compiler after Holmberg (1975) [90]. ........ovceeiieeiiiiiinnnnnnn. 230

Figure 11-23: Heat transfer effectiveness, ¢, vs. liquid flow rate, C./Cpop, for different
values of the ratio between the number of heat transfer units of exchanger
1 to exchanger 2, Nw1/Nw2. N°y, = 2. Calculated by the compiler after
Holmberg (1975) [90]. ..o 230

Figure 11-24: Overall heat transfer effectiveness, ¢, vs. area ratio between exchanger 1
and 2, (A1/A2)/(A1lA2)qpt, for the case of optimum liquid flow capacity rate
and R = 1. Calculated by the compiler after Holmberg (1975) [90]. .................. 231

Figure 11-25: Overall heat transfer effectiveness, &, of an assembly of n identical
exchangers in parallel, vs. effectiveness, ¢, of a single exchanger.
Calculated by the compiler after Domingos (1969) [36]. .......cccovevvvviiiiiiciineeeene. 232

Figure 11-26: Overall heat transfer effectiveness, &, of an assembly of n identical
exchangers in counterflow, vs. effectiveness, ¢, of a single exchanger.
Calculated by the compiler after Domingos (1969) [36]. .......cccooevvvviiiiiiieeeeeenne. 233

Figure 11-27: Overall heat transfer effectiveness, &, of an assembly of n identical
exchangers in parallel in the stream of lower capacity rate, vs.
effectiveness, ¢, of a single exchanger. Calculated by the compiler after
DomiNGOS (1969) [36]. .....uueeeeeeiieeeeiiiite e e e 233

Figure 11-28: Overall heat transfer effectiveness, &, of an assembly of n identical
exchangers in parallel in the stream of higher capacity rate, vs.
effectiveness, ¢, of a single exchanger. Calculated by the compiler after
DomiNGOS (1969) [36]. ... .uueeeeeeiiieeeaiiiiee et e e e 234

Figure 11-29: Heat exchanger ineffectiveness, 1—¢, vs. number of heat transfer units,
N, for a counterflow heat exchanger. Results are shown for R =1 and
different values of the wall conduction parameter, A. From Kroeger (1967)

Figure 11-30: Heat exchanger ineffectiveness, 1-¢, vs. number of heat transfer units,
N, for a counterflow heat exchanger. Results are shown for R = 0,95 and
different values of the wall conduction parameter, A. From Kroeger (1967)

Figure 11-31: Heat exchanger ineffectiveness, 1-¢, vs. number of heat transfer units,
N, for a counterflow heat exchanger. Results are shown for R = 0,90 and
different values of the wall conduction parameter, A. From Kroeger (1967)

Figure 11-32: Heat exchanger ineffectiveness, 1-¢, vs. dimensionless wall conduction,
A, for a counterflow heat exchanger. Results are shown for N;, = 50 and
different values of the capacity-rate ratio, R. Calculated by the compiler
after Kroeger (1967) [110]. ..o e 252

Figure 11-33: Relative capacity, ZQ./Q, of a simple two fluid heat exchanger vs. the
maldistribution parameter, ¢, for several values of the nominal number of
heat transfer units, Ni,. From Weimer & Hartzon (1973) [187]. .......coovvvveeee.. 255
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Figure 11-34: Relative surface requirements, ZA./A, of a simple two fluid exchanger for
fixed total duty vs. the maldistribution parameter, ¢. Results are shown for
several values of the nominal number of heat transfer units, N:x. From

Weimer & Hartzog (1973) [187]. .. 255
Figure 11-35: Flow distribution model for the non-uniform side. From Fleming (1967)
5 OSSR 256

Figure 11-36: Overall effectiveness, ¢, and effective number of heat transfer units, Nier,
vs. the fraction, F.ow, of channels which carry lower-than-average flow on
the nonuniform side of a "paired channels" heat exchanger. Results are
shown for different values of the ratio of the capacity rate, Crow, Of a single
channel with lower-than-average flow to the capacity rate, Crign, oOf a single
channel with higher-than-average flow. (a) is for a nominal number of heat
transfer units Ny, = 10 and (b) for Ny, = 100. From Fleming (1967) [65]............. 257

Figure 11-37: Overall effectiveness, ¢, vs. the fraction, F.ow, of channels which carry
lower-than-average flow on the nonuniform side of a heat exchanger with
uniform side mixed. Results are shown for different values of the nominal
number of heat transfer units Ny, and of the ratio Crow/ Chigh. From Fleming
(LS N (1) SRR 257

Figure 11-38: Ideal flow distribution in the shell side of shell-and-tube heat exchangers. ...258

Figure 11-39: Schematic of the temperature distribution along the heat exchanger. (a)

Balanced case. (b) Imbalanced case. From Cowans (1974) [28]............cc........ 262
Figure 11-40: Flow imbalance compensating technique for gas to gas heat exchangers.

From Cowans (1974) [28].....ceei i 263
Figure 11-41: Plate spacing, (a), and fin spacing (b), type flow passage non-

uniformities. From London (1970) [118].....coorriiiiii e 264

Figure 11-42: Degradation in the heat exchanger thermal performance, measured by
Costniw, and relative gain in pressure loss, 1-(4p+/A4p»), as functions of the
deviation in channel size, 1-(De1/Den). Results in (a) apply to any cylindrical
passage provided that the non-uniformities are geometrically similar.
Results in (b) are for non-uniformities of the fin-spacing type. From London
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Figure 11-43: Fin center of offset rectangular plat-fin surface. From Shah & London

(TO70) [1B4]. ettt e 268
Figure 11-44: Assumed core geometries. From Shah & London (1970) [164]. ................... 269

Figure 11-45: Heat transfer, j, and friction, f, characteristics as functions of Reynolds
number, Re, for surfaces 501 and 501 MOD. From Shah & London (1970)

I SO SUPPSEERR 270
Figure 11-46: Flow area goodness factor, j/f, as a function of Reynolds number, Re, for

surfaces 501 and 501 MOD. From Shah & London (1970) [164]. ..................... 271
Figure 12-1: Typical characteristic curves of a centrifugal pump for a given rotating
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Figure 12-2: Rotodynamic pump impellers. From Nekrasov (1969) [132]. ..........evvvvvvvernnnnns 289

Figure 12-3: Characteristic curves of SEALED MOTOR CONSTRUCTION Centrifugal
Pumps Cadet "Mini" and Cadet "S" pumping water. From Wyn-Roberts
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Figure 12-4: Characteristic curves of EURAMO Centrifugal Pumps Cadet MX 32-E and
XA 15-R pumping water. From EURAMO-POMPES SALMSON (1977) [60]. ...294
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Figure 12-5: Characteristic curve of the Centrifugal Pump devised by Engel & Walter
Cadet "Mini" and Cadet "S" pumping water. From Wyn-Roberts (1973)
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Figure 12-6: Characteristic curves of Eastern-lwaki Centrifugal Pumps MD-15T and

MDR-30T pumping water. From GELBER (1976) [71].....ccvvvceeiiiieiiiieeeeee 295
Figure 12-7: Characteristic curve of Centrifugal Pump AC-3C-MD pumping water. From

GELBER (1976) [71]. «eeeeieieiiieiiiiieeeeeeeeee ettt ssnssnsnsnnssnnnsnnnes 296
Figure 12-8: Characteristic curve of Positive Displacement Rotary Pump 413-7-1285

pumping water. From GELBER (1976) [71]. cevvvueiiiiiiieeee e 296
Figure 13-1: Schematic representation of the fluid loop considered by Barker, Stephens
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Figure 13-2: Results of the liquid coolant system optimization analysis. a) gives the
mass penalty, M*, of the system components vs. Freon 21 mass flow rate,
me. The mass penalty includes the equivalent mass due to pumping power.
b) gives the system mass, M, vs. Freon 21 mass flow rate, m.. From Baker,

Stephens & Taylor (1967) [3]....ceveeriieii e e e eenees 301
Figure 13-3: Schematic representation of the fluid loop with EDHX. From Berner &
Schleicher (1976) [13]. coviiiiiiiiiiiiiieiiie ettt eeeaaeaessasseesnnsssnnsnnnnnnnnns 302

Figure 13-4: Mass penalty, M*, of the supply and return plumbing system vs. source
temperature, Ts. M* includes mass of tubes and fluid plus the equivalent
mass due to pumping. Heat load, Q = 10®* W. From Berner & Schleicher
(GRS <) PSSR 304

Figure 13-5: Source temperature, Ts, vs. coolant mass flow rate, my, for different
values of the heat transfer rate, Q. The interrupted lines are drawn through
the points for which the power requirements, for a given D;, equals 1 W.
From Berner & Schleicher (1976) [13]. ..coiiiieiiieeceee e 305

Figure 13-6: Schematic representation of basic ECLA system. The aim of the
accumulator, which is not mentioned in the text, is to accommodate
changes in coolant density with temperature. The coolant throttle is used
for adjusting the coolant mass flow rate, ms. From Berner & Schleicher
(TO76) [13] e eeeeeeeieeeeee ettt ettt ee et e e e eeeeessenssnssnnnsnnnnnnnnes 306

Figure 14-1: Flow-pattern map for vertical upward air-water flow. Prepared by the
compiler after Hewitt (1982) [86]. me and m, are the gas and liquid mass
flow rates, respectively. Ar. is the internal cross-sectional area of the duct. .....309

Figure 14-2: Baker flow-pattern map for horizontal air-water flow. From Hewitt (1982)
[86]. me and my, are the gas and liquid mass flow rates, respectively. Ar. is
the internal cross-sectional area of the duct. ............ccccooiiiiiiiiiiiii, 310

Figure 14-3: Lockhart - Martinelli correlation for pressure loss multipliers. The figure
has been drawn by use of Chisholm analytical representation. See text........... 313

Figure 14-4: Gas phase pressure loss multiplier, @, vs. Lockhart - Martinelli
parameter, X, as deduced from Eqgs. [14-9] and [14-10] and from
experimental data. a) tt case; b) vt case; c) vv case. Experimental points

are from Wallis (1969) [184]. ......ueeiiiiiiieeeee e 315
Figure 14-5: Liquid fraction, 1-¢, vs. Lockhart - Martinelli parameters, X. From Wallis
(1969) [184]. ..ttt e e e e e e e e e e e e e e as 316

Figure 14-6: Comparison of Lockhart - Martinelli with available experimental data.
Points with C as per Eq. [14-13], with pe/p. = 0 are also shown. From Yang
& Palen (1977) [195]. .eeeeeeie et e e e e e e e eeeeeas 317
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Figure 14-7: The annular flow configuration................occiiiiiii e 318

Figure 14-8: Liquid film friction factor, f, as a function of liquid film Reynolds number,
Re., for annular two-phase flow in cylindrical ducts of circular cross-section.
From Hewitt (1982) [86]. The full lines correspond, respectively, to Hagen-
Poiseuille formula and to Blasius formula. f; is equal to the friction factor fs
which corresponds to the single phase flow along the duct at the same
Reynolds number except for an intermediate Rep............coocouiiiieiiiiiiiiiiiiiiiee, 321

Figure 14-9: Pressure gradient multipliers, @ and &g, dimensionless film thickness,
dD, and liquid fraction, 1-«, according to Eqs. [14-34], [14-35] and [14-36],
with pi/pc = 1000. Calculated by the compiler. .........cccooeeiiiiiiiiiiiie e, 323

Figure 14-10: Comparison of the liquid fraction, 1-«, vs. Lockhart - Martinelli parameter,
X, as deduced from Egs. [14-34] and [14-35], with p./pc = 1000, with
experimental data from Wallis (1969) [184]. ......coevviiiiiiiiiiie e, 324

Figure 14-11: Comparison of the gas pressure gradient multiplier, @c = x@, vs.
Lockhart - Martinelli parameter, X, as deduced from Eqgs. [14-34] and [14-
36], with p./pec = 1000, with experimental data from Wallis (1969) [184]. tt
072 1 324

Figure 14-12: The function F(&/D) which appears in Eq. [14-62]. The effect of the liquid-
gas density ratio is negligible for the range of values given in the figure.
Compare the values given in this curve with those given by 24D vs. Xin
Figure 14-0. 331

Figure 14-13: Martinelli parameter, X, vs. entrainment parameter, Rg, as deduced from
air-water flow experiments. From Wicks & Duckler (1960) [190]. Note that
RE IS NOt AIMENSIONIESS. ... et e e e 332

Figure 14-14: Concentration of entrained droplets in the gas core, gcme/mg, vs.
dimensionless number 7*d/o. Replotted by the compiler after Hutchinson &
Whalley (1973) [93]. Different symbols are used to indicate experiments by

different QUENOTS. .........eeiieiiii e 333
Figure 14-15: Flow geometry when gravity is dominant (a) or negligible (b). The void

fraction (vapor fractional area in the figure) is the same in both cases. ............ 341
Figure 14-16: Geometry used in the model of stratified flow condensation. ....................... 342

Figure 14-17: Liquid fraction, 1-¢, vs. vapor quality, w. For stratified condensing flow of
several liquid along horizontal ducts. Calculated by the compiler. .................... 348

Figure 14-18: Vapor quality, w, vs. dimensionless distance along the duct, x/D, for
stratified condensing flow for several liquids along horizontal ducts.
Calculated by the COMPIIEN. ........coiii i 349

Figure 14-19: The Taitel and Dukler limit for stratified flow in the w vs. (1-«) plane.
Numbers on the curves represent constant values of the parameter
w?(1-w)/ ?(1-a) which appears in the left hand side of Eq. [14-114]................ 350

Figure 14-20: Liquid-alone Nusselt number, Nus;, vs.liquid Reynolds number, Re., as
given by different correlations in typical cases. Calculated by the compiler. .....354

Figure 14-21: Liquid fraction, 1-¢, as a function of vapor quality, w, for annular flow of
several liquid along ducts. Calculated by the compiler...............cocciiiiiiiiiiinn. 355

Figure 14-22: Vapor quality, w, as a function of dimensionless distance along the duct,
x/D, for annular flow of several liquids along ducts. Calculated by the
LoTe] 101 o] 1= PSP 356
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Figure 15-1: Schematic of ATCS fluid loop in the Module-Pallet mode. From Owen,

Sessions & Walker (1976) [139]. covviuiiiiii e 358
Figure 15-2: Schematic of three different types of two-phase flow loops. a) Parallel

circuit. b) Series circuit. ¢) Series/parallel circuit..............cccceeieiiiiiiiii, 359
Figure 15-3: Physical layout of 25 kW technology demonstrator (thermal bus). From

Carlisle / Nolan (1987) [18]...cceeeeieeiiiiiiiiiiiiiieeeee ettt eeeeeeeeeeeeeeeneennnes 360
Figure 15-4: Space platform configuration. From Sadunas, Lehtinen & Parish (1985)
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Figure 15-5: Study baseline centralized liquid loop external bus. From Sadunas,

Lehtinen & Parish (1985) [153]......cooiiiiiiii i 364
Figure 15-6: Concept Ill. Decentralized liquid loop. From Sadunas, Lehtinen & Parish
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Figure 15-7: Concept IV. Decentralized two-phase transport. From Sadunas, Lehtinen

& Parish (1985) [153]. ..eeeeieiiiiiiiiiiiiiieiiieeeeieeeeeeeteeaeeeeaeeeeeeeaeeaaesssenesssnsnnnnnnnnnnnnnes 366
Figure 15-8: Trade study mass summary. From Sadunas, Lehtinen & Parish (1985)
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Figure 15-9: Decentralized systems with TS. a) Pumped liquid loop. b) Two-phase

transport. From Lehtinen & Sadunas (1985) [114].........uuuuiiiiiiiiiiiiiiiiiinns 371

Figure 15-10: Radiator absorbed environmental heat flux, ge, vs. dimensionless time,
t/t,. Orbital period, f, = 90 min. Radiator limit: Black body emissive power.
From Lehtinen & Sadunas (1985) [114]......coo i 371

Figure 15-11: Thermal performance of PC capacitors in different subsystems. a)
Metabolic. b) Equipment. c) Fuel cell. Thermal performance is given in
terms of: 1) energy storage rate, Q.; and 2) net stored energy, J.. From

Lehtinen & Sadunas (1985) [114]. .....uuiiiiiiiia e 374
Figure 15-12: Required specific storage capacity. J/Q., of typical TMSs vs.

temperature, T. From Lehtinen & Sadunas (1985) [114]........cooviiiiiiiiiiiiiieeeenn. 376
Figure 15-13: Schematic of the fuel cell loop TMS. a) Pumped liquid loop. b) Two-

phase transport. From Sadunas, Lehtinen & Parish (1986) [153]. ..........cc........ 377
Figure 15-14: Respond-to-demand temperature control scheme From Sadunas,

Lehtinen, Nguyen & Parish (1986) [154]........coioiiiiiiiiieeeeeeeeee e 379
Figure 15-15: Orbital-average temperature control scheme. From Sadunas, Lehtinen,

Nguyen & Parish (1986) [154]. ....ccooiriiieei e 379

Figure 15-16: Instrumentation of the different control schemes. a) “Respond-to-
demand” pumped-liquid-loop scheme. b) “Orbital-average” pumped-liquid-
loop scheme. ¢) Two-phase transport loop scheme. From Sadunas,

Lehtinen, Nguyen & Parish (1986) [154].......ccoovmiiiiiii e 381
Figure 15-17: Evolution of the heat rejection rate and configuration of spacecraft

thermal control systems. From Dexter & Haskin (1984) [34].......ccccoeevvvviininnnnn.. 383
Figure 15-18: Schematic of the heat pump working principle. Adapted by the compiler

after Rye & Steen (1986) [152]......cueiiii i 383
Figure 15-19: Radiator mass, Mk, of four typical systems (see text above) for different

values of the heat rejection rate, Q. Calculated by the compiler. ...................... 385
Figure 15-20: Mass breakdown of a heat pump augmented system for different values

of the heat rejection rate, Q. Tr = 300 K. Calculated by the compiler. .............. 386
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Figure 15-21: Mass breakdown of a heat pump augmented system for different values
of the heat rejection rate, Q. a) Tr = 340 K. b) Tr = 380 K. Calculated by the
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European Foreword

This document (CEN/CLC/TR 17603-31-13:2021) has been prepared by Technical Committee
CEN/CLC/JTC 5 “Space”, the secretariat of which is held by DIN.

It is highlighted that this technical report does not contain any requirement but only collection of data
or descriptions and guidelines about how to organize and perform the work in support of EN 16603-
31.

This Technical report (TR 17603-31-13:2021) originates from ECSS-E-HB-31-01 Part 13A .

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CEN [and/or CENELEC] shall not be held responsible for identifying any or all such
patent rights.

This document has been prepared under a mandate given to CEN by the European Commission and
the European Free Trade Association.

This document has been developed to cover specifically space systems and has therefore precedence
over any TR covering the same scope but with a wider domain of applicability (e.g.: aerospace).
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1
Scope

Fluid loops are used to control the temperature of sensitive components in spacecraft systems in order
to ensure that they can function correctly.

While there are several methods for thermal control (such as passive thermal insulations,

thermoelectric devices, phase change materials, heat pipes and short-term discharge systems), fluid
loops have a specific application area.

This Part 13 provides a detailed description of fluid loop systems for use in spacecraft.

The Thermal design handbook is published in 16 Parts

TR 17603-31-01
TR 17603-31-02
TR 17603-31-03
TR 17603-31-04
TR 17603-31-05

TR 17603-31-06
TR 17603-31-07
TR 17603-31-08
TR 17603-31-09
TR 17603-31-10
TR 17603-31-11
TR 17603-31-12
TR 17603-31-13
TR 17603-31-14
TR 17603-31-15
TR 17603-31-16

Thermal design handbook — Part 1: View factors

Thermal design handbook — Part 2: Holes, Grooves and Cavities
Thermal design handbook — Part 3: Spacecraft Surface Temperature
Thermal design handbook — Part 4: Conductive Heat Transfer

Thermal design handbook — Part 5: Structural Materials: Metallic and
Composite

Thermal design handbook — Part 6: Thermal Control Surfaces
Thermal design handbook — Part 7: Insulations

Thermal design handbook — Part 8: Heat Pipes

Thermal design handbook — Part 9: Radiators

Thermal design handbook — Part 10: Phase — Change Capacitors
Thermal design handbook — Part 11: Electrical Heating

Thermal design handbook — Part 12: Louvers

Thermal design handbook — Part 13: Fluid Loops

Thermal design handbook — Part 14: Cryogenic Cooling
Thermal design handbook — Part 15: Existing Satellites

Thermal design handbook — Part 16: Thermal Protection System
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3
Terms, definitions and symbols

3.1 Terms and definitions
For the purpose of this Standard, the terms and definitions given in ECSS-S-ST-00-01 apply.

3.2 Abbreviated terms

The following abbreviated terms are defined and used within this Standard.

A/D analog-to-digital converter
ARS atmosphere revitalization subsystem
ATCS active thermal control system
BOL beginning of life
CACSD computer-aided control system design
CAD computer-aided design
CAPL capillary pumped heat transport loop
CPL capillary pumped loop
CPU central processing unit
D/A digital-to-analog converter
DCR direct condensation radiator
ECLA experiment cooling system with liquid to air heat
exchanger
EDHX experiment dedicated heat exchanger
EOL end of life
FCL freon coolant loop
FL fully developed flow
GSE ground support equipment
. Documents
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HP
HPSTM
HTEL
HX

I/0
Mac
MBA
MPU
NPSH

OAO

PC
PCCP
PCM
PD

PI
PID
S/H
SLMS
STS
TED
TEL
T™MS
TS
VCHP

heat pipe

high power spacecraft thermal management
combined hydrodynamical and thermal entry length
heat exchanger

integral controllers

input/output

maximum allowable concentration
multiple berthing adaptor

microprocessor unit

net positive suction head

orbiting astronomical observatory
proportional controllers

phase change

prototype capillary cold plates

phase change material
proportional-derivative controllers
proportional-integral controllers
proportional-integral-derivative controllers
sample-and-hold

seal leakage management subsystem

space transportation system

thermoelectric device

thermal entry length

thermal management system

thermal storage

variable conductance heat pipe
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3.3 Symbols

A

ArL

Arr

Ac

C*

Cost Ntu

D

De

DEu

Dwm

Dy

D

EL

heat transfer surface area, [m?]

internal cross-sectional area of a duct. [m?]. Also called
free flow area

frontal area of a heat exchanger core, [m?]
gas filled part of the cross-sectional area of a duct. [m?]

liquid filled part of the cross-sectional area of a duct,
[m?]

fin area, [m?]

wall cross-sectional area for longitudinal heat
conduction, [mZ?]

Clause 9: inside wall heat transfer surface area, [m?2]
Clause 11: average wall area, [m?]

Chaps 5 and 11: capacity rate of a flow stream, [W.K™]
C=mcp

Clause 14: Chisholm parameter. Eq. [14-9]

Clause 15: electrical capacitance, [F]

capacity rate of the in parallel stream, [W.K™] refers to
assemblies of heat exchangers in parallel in one of the
streams

degradation in the heat exchanger thermal
performance, Costnmu =1 — (Nuuef/Niu)

diameter, [m]

equivalent or hydraulic diameter of a duct of Non-
Circular Cross Section. [m]. De = 4Ar./11.

equivalent or hydraulic diameter of a finned duct, [m]

inner diameter of a rough tube defined on a
volumetric basis, [m] Dum = (4v/zL)12

diameter of the largest cross section in an axial
displacement heat transfer enhancement device. [m]

no-shear diameter in the flow through an annular
duct, [m]

emissive power, [W.m™]

specific energy lost by a pump, [J.kg™] it is defined per
unit liquid mass
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Ex

Es

Eo

PLow

FE

F:

F:

Fs

F:

Gr

Gz

Le

Lent

specific energy developed by a pump, [J.kg™] it is
defined per unit liquid mass

specific energy supplied to a pump, [J.kg™] it is
defined per unit liquid mass

specific suction energy of a pump, [J.kg™] it is defined
per unit liquid mass

Clause 9: fin factor. ratio of the total convective heat
transfer to that transferred through the tube walls
alone, Clause 10: cooling effectiveness of a fluid

fraction of channels carrying lower-than-average flow
on the nonuniform side of a split counterflow heat
exchanger (fleming's model)

froude number, Fr= V2/gD

factor in tube banks, it accounts for variable fluid
properties

factor in tube banks, it accounts for abnormal number
of rows, (N = 10)

factor in tube banks, it accounts for the effect of tube
yaw

factor in tube banks, it gives the row to row variation
of heat transfer coefficient

pgD; p’|T, - T,
2

U

Grashof number. Gr =

Graetz number, Gz = 7De/4LPr Re = mcp/kL.

Clause 12: head, [m]
Clause 14: liquid level in stratified flow, [m]

thermal capacitor stored energy, [J]

Clause 6: dean number, K = Re (+/R)"2
Clause 7: correction factor, it accounts for the fact that
the cross section of the tube is not circular

length, [m]
equivalent length, [m]
entrance length, [m]

Clause 7: mach number, M = V/a
Clauses 13 and 15: system mass, [kg]
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Mcp

Msp

MwL

N

Ntu

Notu

Nur

Nuq

Nuu

Nuz

Pr

Q)

cold plate mass, [kg]

fluid driver mass, [kg]
solar panel mass, [kg]
(wet) plumbing mass, [kg]

mass penalty if a fluid loop, [kg] it includes the
equivalent mass due to pumping power

Clause 6: number of rows in tube banks, the rows are
counted in the flow direction

Clause 11: passage count of a heat exchanger core,
[m™]

parameter in the Taitel-Duckler limit for stratified
flow, Eq. (10.42)

number of heat transfer units

overall number of heat transfer units, refers to a
liquid-coupled system of heat exchangers

1
N;; = L_{_L
N N

tul w2
Nusselt number, Nu = hDr/k.
Nusselt number for constant wall temperature

Nusselt number for constant heat flux through the
wall

Nusselt number for the inner wall of a cylindrical
annulus when the outer wall is insulated

Nusselt number for outer wall of a cylindrical annulus
when the inner wall is insulated

power supplied to a pump, [W]
Peclet number, Pe = PrRe.
Prandtl number, Pr = ucy/k.
heat transfer rate, [W]

convective heat transfer rate in a tube, from onset of
heat transfer to station x, [W]

thermal capacitor energy storage rate, [W]

radius of the centerline in curved pipes, [m]
Clauses 5, 11 and 13: capacity ratio, R = C1/C< 1
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Re

Sf

St

Tr

Ts

Tuv

T

Tbum
T:
Tsut

Tw

T+

Wicks-Dukler entrainment parameter, [m2.s] Eq.
(10.29)

Reynolds number, Re = pVDt/u

suction specific speed of a pump at given operating

a)(m/p)m
B

conditions, S =

hfg
CpL (Tcat - Tw)

Stanton number, St = Nu/PrRe = h/pVcy

Stefan number, Sf =

temperature, [K]

reference temperature, [K]
Clause 15: radiator temperature, [K]

source temperature, [K]

[1da,,
fluid average temperature, 7, = A
Ap,
fu TdA,,
fluid bulk temperature, 7, = e
VA,

arithmetic mean bulk temperature [K], Toanm = (Tvi +
Teo)/2.

Clauses 5, 11, 13 and 15: cold temperature, [K]
Clause 9: cooling water temperature, [K]

liquid-vapor temperature, [K]

wall temperature, [K]

fluid film temperature, [K], T'5 = (Tw + Tv)/2
dimensionless temperature, T* = pu*cy/h

overall thermal conductance, [W.m2K™], U= q/(Th —
Te).

mean fluid velocity, [m.s™]
Weber number, We = pcV2D/c.

Lockhart-Martinelli parameter. Eq. [14-3]
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CK

Cp

e+

~

influence coefficient, it relates the one-surface-heated
Nusselt number for the cylindrical annulus to Nusselt
numbers on both surfaces when they are heated with
any ration of heat fluxes.

Clause 7: velocity of sound, [m.s™].
Clauses 11 and 13: wall or plate thickness, [m]

parting sheet thickness, [m]

protrusion spacing, [m] it can be measured in either
axial or circumferential direction

mass fraction of a given species, when several species
are present

pressure loss coefficient, ck = (p1 — p2)/(1/2pV?)

constant-pressure fluid specific heat, [J.kg.K™] for
gases cp is used in distinction to ¢, the constant-
volume specific heat

Clause 7: diameter of an orifice, wire or tube placed
inside a duct, [m]

Clause 11: cell height, [m]

Clause 15: interplate distance of a capacitor [m]

roughness height, [m]

dimensionless roughness height, e* = eu™/v =
(e/D)Re(f/2)'2

fanning friction ractor, f= 1/4

fanning friction factor for the homogeneous core
mixture flowing alone in the duct

fanning liquid film friction factor at the wall, annular
flow with entrainment

fanning core friction factor at the interface, ideal
annular flow

fanning core friction factor at the interface, annular
flow with entrainment

fanning liquid film friction factor at the wall, ideal
annular flow

fanning friction factor at the wall, two-phase mixture
model

acceleration due to gravity, [m.s™]
Clause 5: dimensionless heat transfer similarity
function
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he
hfg

h's

Ns

rf

convective heat transfer coefficient, [W.m2.K1]
thermal joint conductance, [W.m2.K™]
heat of vaporization or condensation, [J.kg™]

heat of condensation corrected by partial subcooling
effect, [J.kg™'] Eq. (10.34)

colburn factor for heat transfer, j = StPr?

thermal conductivity, [W.m™.K™]
Clause 7: incremental pressure loss factor, it accounts
for entrance effects

fluid mass flow rate, [kg.s™]

Clauses 6 and 9: exponent, it appears in the loading
factor accounting for the influence of fluid
temperature on heat transfer

mass flow rate of the fluid entrained in the core,
[kg.s!] annular flow with entrainment

mass flow rate of the liquid remaining in the film,
[kg.s'] annular flow with entrainment

Clause 6: number of tubes in tube banks, also number
assigned to the nth row tubes in tube banks

Clause 7: number of wires per unit length of wire
gauze, [m!] exponent

Clauses 11 and 13: number of assembled heat
exchangers

Clause 12 and 15: rotating speed, [revolutions per
minute]

(optimum) specific speed of a pump, [m34.57%72]

n(m/p)l/z
LT

opt
pressure, [Pa]

liquid-vapor pressure, [Pa]
total pressure, [Pa]

heat flux, [W.m™]

radius or radial coordinate, [m]
fouling resistance, [K.m2.W™]

protrusion thickness, [m] it is measured in axial
direction
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S1

Utc

u+

x+

AT

S

longitudinal pitch in tube banks, [m]
diagonal pitch in staggered tube banks, [m]

transverse pitch in either in-line or staggered tube
banks, [m]

Clauses 7 and 9: thickness, [m]
Clause 11: temperature, [K]
Clause 15. time, [s], [min], [h] or [yr]

local fluid velocity [m.s™]

friction velocity, [m.s-1], u*= (=/p)"2
dimensionless velocity, u* = u/u*

dimensionless friction factor similarity function
volume, [m?3]

vapor quality

axial distance, [m]
Clause 11: mass flow fraction

dimensionless axial distance to duct entry, x*=
(x/r)/PrRe = 7/2Gz

Clause 9: tube diameter per 180° fin or tape twist
Clause 14: distance to the wall of the duct, [m]

vertical distance above arbitrary datum plane, [m]
mean wall-to-fluid bulk temperature differential, [K]
pressure loss, [Pa]

radiator area density, [kg.m™]

longitudinal wall conduction parameter, A = (k/L)Ax/C:
wetted perimeter of a duct, [m]

Chaps 5, 7 and 11: ratio of free-flow area to total
frontal area, also called porosity

Clause 14: Lockhart-Martinelli pressure loss multiplier
Eq. [14-2]

upstream to downstream area ratio, refers to sudden
area changes in ducts, factor in tube banks, it accounts
for the effect of tube yaw on pressure loss

(optimum) specific speed of a pump, ECUACION

___Documents

Full document details: PD CEN/CLC/TR 17603-31-13:2021

Document Sharing Hub


http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

o

o2

as

o€

Clause 11: area density, [m2.m™3], ratio of total heat
transfer area on one side of a closed-type heat
exchanger or recuperator to total exchanger volume,
in the case of periodic type exchangers or regenerators
a is based on the area of both sides

Clauses 14 and 15: void fraction

factor in bends, it accounts for the aspect-ratio of the
bend cross section

factor in bends, it accounts for the bend angle

factor in orifices, it accounts for the relative thickness
of an orifice plate when #/d <0,8

factor in orifices, it accounts for the relative thickness
of an orifice plate when t/d > 0,8

factor in screens, it accounts for low Reynolds number
in round-wire gauzes

factor in valves, it accounts for partial opening
solar absorptance

Clauses 5 and 11: area density, [m2.m™] ratio of total
heat transfer area on one side of a plate-fin closed-type
heat exchanger or recuperator to the volume between
the plates on that side, in the case of periodic type
exchangers or regenerators £ is based on the area of
both sides

Clauses 6 and 9: coefficient of volumetric thermal
expansion, [K™]

Clause 7: factor in bends, it accounts for the
interaction between two circular arc bends having a
bend angle of 90° each

Clause 15: 90° minus the angle between the line to the
Sun and the normal to orbit plane

Ratio of specific heats in a gas

Clause 7: ratio of valve control travel from closed
position to total valve control travel

Clause 8: laminar sublayer thickness, [m]

Chaps 14 and 15: film thickness, [m]

correction to allow for differences between
dimensionless temperature and dimensionless
velocity in the fully turbulent core in pipe flow, see
clause 13.2.

decrease in effectiveness of a heat exchanger because
of longitudinal wall conduction
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Eep

&t

T

v

AB

dimensionless film thickness, & = du*/v

Clauses 5, 11 and 13: exchanger heat transfer
effectiveness

Clause 9: radial gap between the twisted-tape insert
used for enhancing the heat transfer and the tube wall,
[m]

Clause 15: hemispherical total emittance

Clause 15: dielectric permittivity, [F.m™]

cold plate effectiveness

dielectric permittivity of vacuum, & = 8,8542 x 10712
Fm™

overall heat transfer effectiveness of an association of
heat exchangers

heat transfer effectiveness
fin effectiveness
overall efficiency of a pump

Clause 6: yaw angle, [angular degrees]
Clause 7: total angle turned through by a bend,
[angular degrees]

friction factor

baker parameter

fluid dynamic viscosity, [Pa.s] it is also known as
viscosity coefficient

fluid kinematic viscosity, [m2.s7]
fluid density, [kg.m™]

surface tension, [N.m™]
Clause 15: Stefan-Boltzmann constant, o= 5,6697 x 1078
W.m2 K™

shearing stress, [Pa]

Clause 11: flow maldistribution parameter, it is
defined, although not in a unique fashion, in terms of
the mass flow rate

Clause 14: polar angle of stratified flow interface,
[angular degrees]

baker parameter

rotating speed, [radians per second]
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Subscripts

Low

SG

SL

TP

am

av

liquid film, annular flow with entrainment

Clause 7: gross value
Clause 14: gas

gas at the interface
affected by hall's transformation

refers to channels with higher-than average flow on
the nonuniform side of a split counterflow heat
exchanger (fleming's model)

Clause 7: refers to length L

Clause 11: refers to liquid stream in liquid-coupled
heat exchanger

Clause 14: liquid

refers to channels with lower-than average flow on the
nonuniform side of a split counterflow heat exchanger
(Fleming's model)

phase-change

net value

evaluated at constant pumping power
radiator

refers to heat source

gas flowing alone in the duct

liquid flowing alone in the duct

refers to total (axial plus spiral) values in spiralling
flow

two phase in the mixture theory

heat transfer enhanced date
Clause 15: Earth Albedo.

arithmetic mean value
average value
fluid bulk properties

Clauses 5, 11, 13 and 15: cold stream
Clause 7: cylindrical tubes
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equiv

im
ir

Im

max

opt

tt

tv

vt

vv

Clause 14: core, annular flow with entrainment
downstream tangent of a bend

spatial and temporal mean conditions at the tip level
of the roughness elements
Clause 15: space environment condition

equivalent
refers to fin or twisted-tape
hot stream

Clauses 5, 6 and 15: inlet conditions
Clause 14: interface

inlet mean value
infrared
logarithmic mean value

mean value between commencement of heat transfer
and station x

maximum value
refers to the nth component of an ensemble

outlet conditions
Clause 9: heat transfer nonenhanced data

optimum conditions

reference value for given thermal and/or geometrical
characteristics of a system, it is omitted when no
correction is made

refers to static pressure
Clause 15: solar

refers to total pressure
turbulent liquid, turbulent gas
turbulent liquid, laminar gas
upstream tangent of a bend
laminar liquid, turbulent gas
laminar liquid, laminar gas

wall conditions
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X local conditions at section x of a duct

) conditions at the edge of the laminar sublayer

0 refers to an orifice plate of zero relative thickness
0,8 refers to an orifice plate if relative thickness t/d = 0,8
1 Clauses 5, 11 and 13: conditions for the stream with

smaller capacity rate

Clauses 6 and 9: inner wall conditions in a cylindrical
annulus

Clause 7: upstream reference conditions

2 Clauses 6 and 9: outer wall conditions in a cylindrical
annulus
Clause 7: downstream reference conditions
Clause 11 conditions for the stream with larger
capacity rate

Superscripts

- mean value

* entrainment effects included
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4
General introduction

Fluids can be used to protect from thermal loads sensitive components of spacecraft systems.
This protection can be achieved on the basis of two completely different procedures.

1) The fluid is at rest although changing its phase, storing heat through melting (or evaporation) when
the temperature increases, and restoring it through freezing (or condensation), for dissipation at a
later time, when the temperature decreases. This is typical of phase change capacitors whose main
features are discussed in ECSS-E-HB-31-01 Part 10.

Single phase fluids at rest are not used for thermal control purposes because of the far better qualities
of solid materials, either as thermal) insulators or as thermal conductors.

2) The fluid is in motion, absorbing the heat at a relatively steady rate from the component whose
temperature is controlled, transferring it to a heat sink which can be placed fairly apart from the
source.

Heat transfer can be achieved either through sensible heat change or through phase change (latent
heat):

2.1) Sensible heat change. A liquid or gas phase is used to transfer heat according to the equation Q =
mcpAT. In order to increase the heat transfer rate, Q, either the mass flow rate, m, or the temperature
difference, 4T, is increased for a particular fluid. The specific heat, cp, is more or less the same for all
liquids and gases at normal conditions.

2.2) Phase change. The heat transferred is used to evaporate the working liquid according to the
equation Q = mhys, where hy is the latent heat of vaporization. Now the heat transfer is much higher
than in 2.1 for the same mass flow rate and the same type of fluid, whereas the temperature gradient
along the duct is much smaller (system isothermality which allows the maintenance of isothermal heat
load interfaces).

Forcing of the fluid through the duct can be performed by use either of:

2.3) A pumping device, centrifugal or positive displacement pump, normally driven by an electric
motor, as in the case of both single and two phase fluid loops which are the subject of this Part.

2.4) Capillary forces, as in Heat Pipes. Such devices are discussed extensively in ECSS-E-HB-31-01 Part
8.

A capillary pumped loop (CPL) is a two-phase heat transfer system whichconsists of multiple parallel
evaporators and where the pumping function is achieved through a fine pore size capillary structure.
Unlike conventional) evaporators where heat is transferred through a liquid layer to the evaporating
surface, in the CPL evaporator the heat is transferred directly to the vaporization surface. These
devices present the same boiling, priming and capillary pressure limits associated with heat pipes (see
ECSS-E-HB-31-01 Part 8, clause 5.2).

.__Documents
46 Document Sharing Hub

Full document details: PD CEN/CLC/TR 17603-31-13:2021


file://qshare1/ECSS_secretariat/ACTIVE/04-External%20Standardization%20(incl.%20documents)/CEN&CENELEC/_1_CEN-TC5-TRANSFER/__ECSS%20HB%20to%20CEN%20transfer%20docs/prTR17603-31-01_Part13/01-NWI/ECSS-E-HB-31-01_Part10A.doc
file://qshare1/ECSS_secretariat/ACTIVE/04-External%20Standardization%20(incl.%20documents)/CEN&CENELEC/_1_CEN-TC5-TRANSFER/__ECSS%20HB%20to%20CEN%20transfer%20docs/prTR17603-31-01_Part13/01-NWI/ECSS-E-HB-31-01_Part8A.doc
file://qshare1/ECSS_secretariat/ACTIVE/04-External%20Standardization%20(incl.%20documents)/CEN&CENELEC/_1_CEN-TC5-TRANSFER/__ECSS%20HB%20to%20CEN%20transfer%20docs/prTR17603-31-01_Part13/01-NWI/ECSS-E-HB-31-01_Part8A.doc
file://qshare1/ECSS_secretariat/ACTIVE/04-External%20Standardization%20(incl.%20documents)/CEN&CENELEC/_1_CEN-TC5-TRANSFER/__ECSS%20HB%20to%20CEN%20transfer%20docs/prTR17603-31-01_Part13/01-NWI/ECSS-E-HB-31-01_Part8A.doc#K1_2
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021
http://www.avadocuments.com/doc/pd-cen-clc-tr-17603-31-13-2021

CEN/CLC/TR 17603-31-13:2021 (E)

2.5) Short-term discharge of a stored fluid. This may be accomplished by use of either of (see ECSS-E-
HB-31-01 Part 14, clause 5.3):

2.5.1) Sudden expansion of a gas stored in a high-pressure bottle, with the associated decrease in total
temperature (Joule-Thomson process).)

2.5.2) Boiling of liquids such as water or cryogenic fluids. These liquids are selected on the basis of
their high latent heats and (or) their low boiling points.

2.5.3) Sublimation of solids.

Because the large volume ratio associated with these open cycle processes, the fluid is vented out of
the vehicle once it has absorbed the heat.

4.1 Fluid loops

The aim of the fluid loop, as of any other thermal control system, is to keep the temperature of a given
component within the range which secures its correct functioning. To this goal, the heat flow rate
evacuated should be equal to the heat rate dissipated by the component plus that coming from
external sources.

According to their working mode, fluid loops may be either considered as:

1. Thermal insulators, the aim of which is to protect the component against a thermally
hostile environment, or

2. Thermal acceptors transferring the exceeding thermal energy from the component to the
thermal sink.

The coolant may circulate through a single-walled chamber enclosing the component, or through a
double-walled component heat exchanger package. The single-walled jacket affords more efficient
heat transfer than the heat exchanger, but the fluid can contaminate, corrode or chemically react with
the materials of the component which is being thermally controlled.

Dual-loop configurations, consisting of two circulating coolant loops coupled by an interloop heat
exchanger, are used very often. A dual-loop configuration offers a more precise temperature control
than could a single-loop; in addition, it provides more flexibility to accommodate changes in the heat
dissipating elements, spacecraft thermal loads, and coolant inlet temperature requirements.

The heat rejection depends on whether the coolant is expendable or non-expendable. An expendable
coolant is rejected from the vehicle once it has accomplished its mission, while a non-expendable
coolant is recirculated again after losing its thermal energy excess; in the last case the excess heat is
radiated to the space via a radiator.

Single-phase fluid loops incorporating space radiators are fairly simple but massive. Two-phase
systems are less massive and more flexible in the accommodation of system growth or changing heat
loads, but require careful design to work properly under reduced gravity conditions (phase
separation, good heat transfer, appropriate condensation rates, ...). Mass saving of two-phase systems
are confined to pumps, fluid inventory and plumbing. Pipe diameters are also smaller than those
corresponding to a single-phase liquid line, providing the possibility of retrofitting an existing single
phase system to two-phase operation (Sadunas, Lehtinen & Parish (1985) [153].

Major disadvantages of the two-phase pumped loop system are the lack of long-life qualified pumps
and potentially complex valving, metering and control algorithms (Wise (1986) [192]).

When cryogenic cooling below 70 K is required, the direct radiation to the space is hardly possible,
then the fluid loop incorporates a refrigerating system (Brayton, Stirling, or Vuilleumier cycles) which
compresses the gas at ambient temperature and then expands it at a lower temperature. During the
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expansion, heat is added to the gas providing the required cooling. This heat is radiated to the space.
Several refrigerators used onboard satellites are described in ECSS-E-HB-31-01 Part 14, clause 5.2.

4.2 Comparison between fluid loops and alternative
systems

In order to define the field of application of fluid loops it should be convenient to compare them
briefly with alternative insulating or refrigerating systems.

4.2.1 Passive thermal insulations

Fairly sophisticated, highly reliable, and extremely efficient passive thermal insulations are available
for use in spacecraft. Data in ECSS-E-HB-31-01 Part 7 are referred to for details on the subject.
Although these systems can be used in conjunction with component precooling, they cannot insulate
for long times components having low thermal capacity, unless requiring prohibitively thick
insulations. Among these low-thermal- capacity components, mention should be made to heavy
electronic devices, such as batteries and tape recorders, which have a specific heat of the order of c =
850 J.kg'.K, common to many electronic systems (Werth et al. (1966) [189]. In addition, thermal
insulations are not appropriate for controlling components which operate in repeating on-off cycles,
since in these cases it is required both to keep off the heat flowing outside and to evacuate the heat
dissipated from inside.

In addition to being well suited to thermal protection of electronic and similar components, fluid
loops afford a very precise control of the thermal energy being evacuated, and the flexibility to be
adapted to a previously defined geometrical configuration.

4.2.2 Thermoelectric devices

Thermoelectric devices (TEDs), also called Peltier-effect devices, are low-voltage, high-current active
thermal control modules that provide heating or cooling with the reliability associated with a purely
electrical device. The relatively low performance efficiency of TEDs in conjunction with its high mass
have prevented previous spacecraft application as a prime active thermal control system.

The comparison of TEDs with fluid loops within the normal range of application of these last devices
makes little sense, the fluid loops being far superior. Nevertheless TEDs present several features
which fluid loops cannot match. A few typical values could substantiate these assertions.

1. A typical thermoelectric module having an area of 0,03 m x 0,03 m pumps 5 W of heat
through a 50 K temperature differential (Scott (1974), p. 216). Assuming that the
thermally controlled area equals the thermoelectric pellet area, the heat flux would be 5,5
x 10° W.m?2. This figure looks, however, very biased in favor of TEDs since several
modules are placed a bit apart from each other on the surface to be controlled; a value of
110 W.m? is quoted as typical by Chapter & Johnsen (1973) [24]. On the other side, the
laminar single-phase flow of water through a tube of cylindrical cross section, with an
internal diameter of 5 x 10® m could remove 30 x 10> W.m? from the tube wall whose
temperature is assumed to be 50 K above that of water, and this figure can be improved
with turbulent single- phase flow and with two-phase flow.

2. A useful measure of the efficiency of a TED module is the "coefficient of performance",
ratio of the heat pumped to the power that is supplied to operate the module. This
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