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Heat rejected

¥ Refrigeration and air-conditioning motivated most of the flow-boiling studies the last decades;

® Growing interest in high-temperature applications: Organic Rankine Cycles (ORCs) and high-
temperature heat pumps (HTHPs);

I'hermophysical properties variation with increasing p,- and T; R 7\

I'hese variations 1n thermophysical properties have a pronounced impact on flow dynamics and heat “l”

transfer throughout the evaporation process;
® Prediction methods developed for low saturation temperatures are still valid at high T ? COBEM ...
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—— Enhanced assymetry at high T, ,; © @ T T
»  Smaller vapor bubble diameters at high Ty, \ sat
> Anticipation of I-A and A-D transitions >
Low accuracy of transition criteria Adapted from Charnay et al. (2013)

Pressure drop
— Reduction of the frictional pressure gradient at high T,

No clear influence of p,- on prediction methods accuracy was identified (1729 data from 15 studies analyzed)

The methods evaluated fail to predict the vapor quality corresponding to maximum pressure gradient

Heat transfer coefficient
. Different HTC x vapor quality trends identified, depending on the dominant heat transfer mechanism o X

Discrepancies under similar experimental conditions

Higher deviations of prediction methods near to critical point (6257 data from 45 studies analyzed)

. The effect of operational parameters depends on dominant mechanism. In general, 1 Tt T HTC =
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Two phase flow patterns

—— Enhanced assymetry at high T, ,; I T
sat
Smaller vapor bubble diameters at high T4, G=300 kg/m’s, x=0.1: Bubbly
Anticipation of I-A and A-D transitions
Low accuracy of transition criteria Adapted from Ami ef al. (2010)
Pressure drop
— Reduction of the frictional pressure gradient at high T,
No clear influence of p,- on prediction methods accuracy was identified (1729 data from 15 studies analyzed)
The methods evaluated fail to predict the vapor quality corresponding to maximum pressure gradient
Heat transfer coefficient
. Different HTC x vapor quality trends identified, depending on the dominant heat transfer mechanism o X
. The effect of operational parameters depends on dominant mechanism. In general, | Tsat T HTC =
Discrepancies under similar experimental conditions “”
Higher deviations of prediction methods near to critical point (6257 data from 45 studies analyzed)
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Adapted from 350 i Plug flow
Two phase flow patterns Yangetal. (2019) S| e=tosum G=tzmkgm?s | o Supio
r Annular fMow
450 |
—— Enhanced assymetry at high T,; ano [T
. . | T
Smaller vapor bubble diameters at high T, s 307 sat
. - NCEL ]
Anticipation of I-A and A-D transitions S ol
Low accuracy of transition criteria 200 [0 © 444
150 |
7 S S S S S S
Pressure drop 00 01 02 03 04 05 06 07 08 09

Vapor quality-x

— Reduction of the frictional pressure gradient at high T,

No clear influence of p,- on prediction methods accuracy was identified (1729 data from 15 studies analyzed)

The methods evaluated fail to predict the vapor quality corresponding to maximum pressure gradient

Heat transfer coefficient

. Different HTC x vapor quality trends identified, depending on the dominant heat transfer mechanism

Discrepancies under similar experimental conditions

Higher deviations of prediction methods near to critical point (6257 data from 45 studies analyzed)
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. The effect of operational parameters depends on dominant mechanism. In general, | Tsat T HTC p— D
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Two phase flow patterns
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Pressure drop

— Reduction of the frictional pressure gradient at high T,

No clear influence of p,- on prediction methods accuracy was identified (1729 data from 15 studies analyzed)
The methods evaluated fail to predict the vapor quality corresponding to maximum pressure gradient

Heat transfer coefficient

. Different HTC x vapor quality trends identified, depending on the dominant heat transfer mechanism o
. The effect of operational parameters depends on dominant mechanism. In general, | Tsat THTC S SPZN
Discrepancies under similar experimental conditions “”
Higher deviations of prediction methods near to critical point (6257 data from 45 studies analyzed) COEEM
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Two phase flow patterns y hy

—— Enhanced assymetry at high T, ,; /

Smaller vapor bubble diameters at high T+

Anticipation of I-A and A-D transitions > X > X
- Low accuracy of transition criteria hy hy
Pressure drop /
— Reduction of the frictional pressure gradient at high T, > X > X

No clear influence of p,- on prediction methods accuracy was identified (1729 data from 15 studies analyzed)

The methods evaluated fail to predict the vapor quality corresponding to maximum pressure gradient

Heat transfer coefficient

. Different HTC x vapor quality trends identified, depending on the dominant heat transfer mechanism o
. The effect of operational parameters depends on dominant mechanism. In general, | Tsat T HTC S SPZN
Discrepancies under similar experimental conditions “”
Higher deviations of prediction methods near to critical point (6257 data from 45 studies analyzed) COEEM
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Guo et al. (2020)
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— Reduction of the frictional pressure gradient at high T,

> No clear influence of p,- on prediction methods accuracy was identified (1729 data from 15 studies analyzed)

» The methods evaluated fail to predict the vapor quality corresponding to maximum pressure gradient

Heat transfer coefficient

. Different HTC x vapor quality trends identified, depending on the dominant heat transfer mechanism o
. The effect of operational parameters depends on dominant mechanism. In general, | Tsat T HTC S SPZN
Discrepancies under similar experimental conditions “”
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General Overview

Despite the growing interest in ORCs and HTHPs, experimental data at high T;,; (50-150°C) are still scarce

— Most studies performed in conventional diameter channels

— Limited experimental conditions

— Shortage of experimental data for low-GWP refrigerants

R245fa: High-performance working fluid for ORCs (He et al., 2012; Su et al., 2017 Babatunde et al., 2018)

Low-GWP alternatives: R1233zd(E), R1336mzz(Z)

1l
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LETeF flow loop
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LETeF preheater, test and visualization sections
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Test section and preheater details
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CETHIL INSA-Lyon flow loop
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< Lyt b ® ®
T o : —1, . . Heattransfer Coefficient
PinTs in,TS,top wo,1,top wo,2,top wo3top| 1cHF, PinTs ™ SPmeas 7 q. ¢+ Effective heat flux [W/m?]
U J U YU h(z) = — %11
s z) =

Twi(2)—Tf1uid(z) |Twi(2): Internal wall temperature [°C]

T, i(z): Fluid temperature [°C]

T L0 .0 NN

Tin,TS,bot l Two,l,bot : Two,Z,bot Two,3,bot TCHFE i R htO (Z)+thid (Z)+hb0t(Z)
. | . i h ( Z) — p
) Lagiab J : i I B 4
Rt Ll@ | ;i: LZ@ J I
3 Ly M H eat fl U X Qeff: Effective heat transfer rate [W]
Tem peratu res q” _ Qeff D;: Inner diameter of the channel [m]
q; ’f £70.D;.2 eff DLyt Lyr: Heated length [m]
Tia(z) = Tings +— - . (19) or T4 (29)
c,: Heat capacity [J/kgK] Qeff _ Qel _ Q.:: Electrical power|[W]
m: Mass flow rate [kg/s] Q,.ss: Heat losses [W]
5 Evaluated during single-phase —
Tinrs: Inlet temp. [°C] Aow tests
e e o \
. q D, 2 D; 2 D ,:Outer diameter of the channel [m] s
Twi (Z) — Two (Z) + o + . . .
4k(z) [\ 2 2 k(z): Stainless-steel termal conductivity [W/mK] [ |
[ q (Do)z _ q;(’)ssDOI In (&) q1.ss: Heat flux losses [W/m?]
2k(z) \ 2 k(z) D, q: Uniform heat generation [W/m?] COBEM...
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Vapor quality Adiabatic frictional pressure drop
i(z): Local specific enthalpy [J/kg]
i(2)-i;(p(2))

. : i;(z): Liquid specific enthalpy at p(z) [J/kg] dp\ _ %
iv(p(2)-u(p(2) dz); ~ Lap

X\Z) —
( ) Apy : Frictional pressure drop [Pa]

i,(z): Vapor specific enthalpy at p(z) [J/kg]

L,: Distance between pressure taps [m]

Linear pressure profile was assumed

m

i(z) = linTs + q_mD;z Aps = APmeas — APac

A : M d d P
Lin1s: Specific enthalpy at TS inlet [J/kg] Pmeas: Measured pressure drop [Pa]

ADmeas: Accelerational pressure drop [Pa]

Qeff,PH

linTs = linpH T —

2 _+)2 2 )2
APgc= G2. [" +(1x)] —[" +(1x)]
out n

lin py: Specific enthalpy at PH inlet [J/kg] a.py (1-a).p; a.py (1-a).p;|.:

Q. 7f,pu: Preheater effective heat transfer rate [W]

« calculated according to Kanizawa and Ribatski (2016)
Working fluid properties according to REFPROP 10 (LEMMON et al., 2018)

. o RS2\
Mass velocity Average vapor quality —
G = :le X = Xin,TSTXout,TS [ “ { '
i 2 COBEM ..
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Heat losses evaluation Fitted equation
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Heat losses evaluation

LETeF: CETHIL
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Uncertainties

® Thermocouples and pressure sensors were calibrated
prior to the experiments

® Thermocouples  uncertainties were calculated
according to Abernethy and Thompson Jr. (1973)

®The sequential perturbation method proposed by
Moffat et al. (1988) was followed to estimate the
uncertainties of calculated parameters:

N 2
§Y = z ( 85X )
n=1 aXmeas n measn

'

Y: Calculated parameter

Xmeas: Measured parameter

LLETeF uncertainties

D.

/

LHT
h(z)

G

qdrs
TWO
dp/dz
x(z)

0.005 mm
] mm
8.6%

1%

7.2%
0.3°C

2%

0.039
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CETHIL uncertainties

D; 0.048 mm

Ly 1 mm

h(z) 10.1%

G 4.6%

drs 6.5%

T,, 0.15°C

dp/dz 2.1%

x(z) 0.035
RS\

1l
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® Churchill (1977)
correlation was evaluated
considering 2 definitions of
relative roughness;

"LETeF data presented
reasonable agreement with
the prediction methods of
Churchill  (1977) and
Colebrook (1939),
MAEs=9 — 13%:

" CETHIL data presented

better agreement  with
Blasius correlation,
MAE=10.8%
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Validation Heat Transfer Coefficient
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Flow patterns I-A traHSition G effeCt
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Pressure drop: mass velocity effect

0R1336mzz(Z); D=1.22 mm; T,,=80.0°C
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Playback frame rate: 100 fps
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Pressure drop: T, effect
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R245f2
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Pressure drop: working fluid effect
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R245fa  R1336mzz(Z)

T, [°C] 80 80

pr [-] 0.216 0.148
p; [kg/m?] 1170.5 1207.1
P, [kg/m?] 43.64 27.93
P1/Pv I-] 26.82 43.22

R245fa R1233zd(E)

T, [°Cl 75 75
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pP1/Pv I-] 31.02 36.81
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Pressure drop: working fluid effect

At similar p,.
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p; [kg/m?] 1153.4 1139.1

# 6% | py [kg/m?] 49.33 46.47
4% | pi/Pv [-] 23.4 24.5

U [nPa.s] 189.6 157.19

U, [nPa.s] 12.65 12.79

W/, -1 15.0 12.3

-\":’_’i’ N

Il
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Pressure drop: Comparison against prediction methods

21 Evaluated

|

K Homogeneous-based

McAdams et al. (1942)
Cicchitti et al. (1962)

Dukler et al. (1964)

Beattie e Whalley (1982)

Lin et al. (1991)

Awad and Muzychka (2008)
Ducoulombier et al. (2011)

(.

N

J

methods

/ Two-phase multiplier-based \

Lockhart and Martinelli (1949)
Chisholm (1973)

Friedel (1979)

Mishima and Hibiki (1996)
Zhang and Web (2001)
Yamamoto et al. (2007)
Ducoulombier et al. (2011)
KKim and Mudawar (2013)

J

/ Empirical "

Miiller-Steinhagen and Heck (1986)

Xu e Fang (2012)

Sempértegui-Tapia and Ribatski (2017)
Tibirica et al. (2017)

N /

I'he frictional pressure drop prediction methods evaluated were not equally accurate for both channel diameters;

®The prediction methods of Xu and Fang (2012) and Tibirica et al. (2017) predicted the LETeF (D=1.22 mm)
database with MAEs of 6.7% and 15.9%, respectively;
® The prediction methods of Nie e al. (2023) and Muller-Steinhagen and Heck (1987) predicted the .~/ N
CETHIL (D=2.07 mm) database with MAESs of 12.2% and 14.8%, respectively;

® Prediction methods based on homogeneous-model presented progressive reduction of deviations “I { I
with increasing saturation temperature.

COBEM .
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Pressure drop: Comparison against prediction methods

_ 400 | o +30%, 400 | oy +30%,7 100 ' o +30%,7
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E O 84.8°C (MAE: 3.2%) ,” ,8° B O 84.8°C (MAE: 12.0%) 7 B O84.8°C (MAE: 21.5%) 7
< O 100°C (MAE: 7.8%) ., o i_* O 100°C (MAE: 13.9%) ,’ ~ O 100°C (MAE: 16.8%) ,*
= 300F .. / = 300F i = 300 i
= D- mim / = D=1.22 mm / = D=1.22 mm /
) / i 2 / 0 o0 i ) / i
-g // o /// ..g // 5 /// ,.g // ///
= o - "30% = 7/ _-730% £ / o o-%30%
/ il Vs i V; e
: 200 6 e : 200 AN . 200 g o ° " LETeF database
= // e = // 0@ - 2 // o -
S / e o S S ‘g OE%Q/@
i e P e T 4
= , s Overall: = ,/ @;0@/39 g Overall: = s 00% o3¢ Overall:
g0 MAE: 6.7% | B0 MAE: 15.9% | g 1007 ’ MAE: 19.0% |
= p // A3006: 99.2% = i Ragss: 96.1% 2 /// Ko 78.9%
[<P] y2 "] / <%} pa
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~Na ~) ~Na o
= D=2.07 mm / R = D=2.07 mm = o % S | D=2.07 mm ’ oq °o |
& 7 © ' 2 d 8 o d oo .
240’ (}/ OO% ° 2 ///— 340’ (}/ OOCO 8 /O/ 7 340_ O/(; O& (e} // i
000 P 2 700 / [¢) 200 o) o Z200
5 4 S S ROYE X S S yec s CETHIL database
v 30 80, 7 N 8 @ @ ] @ ° S - 1
z 9 > LT o = 7
172 / s 2] / 7] / s
N 7 7] N % e
220 9 e 220 9%%y/° 220 9 e ] “os
7 . s . 7 o
= % > Overall: ;—' % g~ Overall: : L 5% Overall: N \
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Heat transfer coefficient: Heat flux effect

LETeF data: CETHIL data
Low Tyt High 1,
25 . . . 25 ' ' 16 . .
E R1336mzz(Z); D=1.22 mm g g R1233zd(E); D=2.07 mm
NE T4:=79.9°C; G=599 kg/m?s NE "E 14 Tsa:=74.7°C; G=373 kg/m’s
=20 |1 AD = 20 >
E 0O ¢ q'=28.6kWm? i % %% % % % ;I; 512++++ + + + ++
- OO ¢ q'=493 kW/m? - ] =
S oo <$ g'=69.1 kW/m? I = .
2 q;@ b § o o 3 n oF 3 87 = "
8 10 D O O o U O < 10 @ O = - = o | 8 ° pE N
e ¢ o O m| | S 1 AD =6 u
% ® o o o °F 8 E 0O < q'=289 kW/m? § - oo = ”
< o) s O O ¢ q'=50.5kW/m? Y § 4t
= & = Srloo ¢ q'=70.6 kWim? 1 E I AD
= s = . ||® = ¢q'=543 kW/m’ \
o E R1336mzz(Z); D=1.22 mm S 2@ meq'=363 kWm
== " 0 T 4:=100.0°C; G=599 kg/m?s s ® m ¢ ¢'=18.4kW/m>
0 ‘ ‘ ‘ ' ' ' | | 0 ' ' ' '
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Vapor quality [-] Vapor quality [-] Vapor quality |[-]
X2 _\
®Increasing heat flux increases the HTC regardless of vapor quality. However, the effect is more “”
pronounced at low x COBEM...




Heat transfer coefficient: Mass velocity effect

LETeF data:

High q"

]
tn

R1330mzz(Z); D=1.22 mn
T..+=80.0°C: q"=69.1 KW /m?

-
=

[
rn

-oé i%ﬂ':h:lcé o E 'jn ¥E‘

[
=

th

G
G=400 keg'm’s
G=600 kg/mn’s

Heat transfer coelficient |[KW/m?K|

%

@-

=

0.4 0.6 0.8
Vapor quality [-]

0 0.2

e e
S N o O\ GO

Heat transfer coefficient [KW/m?K)|

= k= da O 0D

Low q"

i Z 25
I AD -
00O ¢ G=199 ke/m?s =
O O ¢ G=401kgm?s =
OO O ¢=598 ke/m?s ==,

£

+ 215
=
;v Lo 2
&bi 04 0 o . i
@ i =
® &
T E

= 5
| R1336mzz(Z); D=1.22 mm | =
Toi=79.9°C; q''=28.4 KW/m? ’ S

0 0.2 0.4 0.6 0.8 1

Vapor quality [-]

I
=

-
=

JLETeF
&
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High T, Low T,
™~ T T T T -1 g 25 L 1
R1336mzz(Z); D=1.22 min ~ I AD
Tt =99.9°C: q''=50.5 KW/m? = O O ¢ G=200kgm?s T
E 20 (OO ¢ G=400Xkein’s | 1
— O O ¢ G=600kg/m?s
0 = O O ¢ G=1000 kgm?s -
qf:o%JDomD 1 oY B - 'Els %
= T 0
2K %%aé .
N z 0o goP 0o ” |
¢ ;10'3 %%}@ ﬁu oo o9
= b
I AD Z
OO0 ¢ G=400kg/m?s = 5t 5 1
O 0O ¢ G=599kgn’s = R1336mzz(Z); D=1.22 mmn &
G=799 kg/m?s S T@=79.9C: q¢''=49.3 KW/m*
. . . . am 0 . . . . |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Vapor quality [-] Vapor quality [-]
e e o
vuu —\

|
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Heat transfer coefficient: Saturation temperature effect

CETHIL data:
High T Low Ty
S5 sat " “The effect of mass velocity strongly
_ 14 ' ' 14 ' ' depends on the governing heat transfer
Z Z R1233zd(E);D=2.07 mm .
=121 e "= 12 | Tsa =74.8°C; q"=18.4 kW/m | mechanism
> % .. =
=10t oo " " m = =10 -
= "n .F = + CONVECTIVE DOMINANCE: { G- | HTC
EERRISERIRIEE L P
= = ®
et &= ® o9 - + +. * | . T —
o o ® ® m = NUCLEATE BOILING DOMINANCE: | G 1 HTC
c ° S 6 +++?. - _ or = HTC
3 3 ¢
2 4 r : 4 -
s R1233zd(E) <
= 1AD | D=2.07 mm = 1AD )
- 2 1 @®m ¢ G=375Kkg/m’ - 2 || ® W ¢ G6G=374Kkg/m’ ¢
S ® B ¢ G280 kg/ms | T5q=94.9°C 3 ® B ¢ G=280 ke/m’s
- ® B ¢ G=187kg/m’ | q''=18.4 KW/m> - ® m ¢ G=188 kg/m>s
0 : I : : 0 I I I I .\_Q_/. \
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 N .
Vapor quality [-] Vapor quality [-] “” '
COBEM ...
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Heat transfer coefficient: Saturation temperature effect

LETeF data CETHIL data
High q" Low q" High G Low G
— — - - - - - —22
7 60 — 335 —— szz me
H: o0 ¢ T, ,=790°C H: O 0O <} T =7990( =207 =
:T'__ I N o |) o 30 3 sal ™~ ' - - T ;
z 50 O e || 27 ][00 0 st sisMy 4 T4y 21884t 44
— Lo 13007 = T..=130.0°C =16 + =16} ' o
£ 40 | R1336mzz(Z) | = = = = e "s,.n 4 = e g e = ¢ ’
i D=122 mm E - 14 | = 14 n 9
= 20 G=600 lg/m?s = 20 =120ee® " = = aum *é =129000e® " o . & & +
k) q'=706 kWm? %5 - | * | ¢
=10 = 10
S 3155\@3 o 0O o 0O = - ~ IAD ¢ : I AD *l‘*
5 5 = 5 8 @mer., A =948°C ‘ 5 8 @mer,, =948C
- 20 O 00 O o o u = o 0O & - sat —
= z10® o o0 O = & Z 6|@M T, =847°C Z 6 @M eT, =849°C
2 ooo g o @ 08¢ 5 5o, l|emer—mecC Z o, ||@mer=TdsC .
o 10 ® 1 T 5[Ris6maz(z); D-122 mum 0 =, | R123324(E); D=2.07mm 2 5| RI2332d(E); D=207mm ’
= o G=600 kg/m?s; ' '=50.7 kW/m? = 0 G=373 kg/m?s ¢’ '=54.3 kW/m?® = 0 G=180 kgm?®s ¢ =54.3 kW/m*
= 0 * = - ' == - ' - ' -~ - - - = - - -
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Vapor quality [-] Vapor quality [-] Vapor quality [-] Vapor quality [-]

N

1l

COBEM ..

® Increasing saturation temperature increases the heat transfer coefficient, regardless of vapor quality.




Heat transfer coefficient: Fluid and diameter effects

Fluid effect:

Diameter effect:

LETeF CETHIL
E‘lﬁ . . EEZ . - v - Elﬁ - -
£ 14| El‘]ﬁ{ ¢ ﬁ**% 14 H] % |
= 21883 T bl g 2
=12 % % %% % + = 16| $ =12 ETF %
E % E £
5 107 i el 5 10] %ﬁw : '
=

E 5 =12 ¢ ; z
z 210 : 2
= ﬁ o i =
5 6(|1aAD . 1 5 8L AD ' 5 0 Taop
=z O O ¢ R25fa Z | |®™ ¢ R . = O O ¢ D=122mm (LETeF)
S 4700 ¢ R1336mz(Z) = ® B ¢ RI235zd(E) fu = 4/ [00 ¢ p=207mm (cETHIL)
| 4 r e
= 2}D=122mmn; T, =l00°C E | D=2.07mm; T, =94.9°C | = 2} R245fa; T,,=95.1°C
13 (=399 keg/m’s; g "=29.2 1AW/ % 2 [ G=374 kg/m?s; q''=54.3 kWim? 5 G=373 kg/m?s; ¢"'=35.7 kW/m?
= 0 : 0 - ' - ' < 0 - - - -

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8

Vapor quality [-] Vapor quality [-] Vapor quality [-]

__ Fluid T P, | iy |0 | p | k| &

R245fa 95°C 031
R1336mzz(Z) 95°C 0.22
R1233zd(E) 95°C  0.26

140 kJ/kg 5.2 mN/m 64 kg/m?
130 kJ/kg 7.0 mN/m 41 kg/m?
146 kJ/kg 6.1 mN/m 50 kg/m?

0.066 W/mK 339 Ws%5/m2K
0.058 W/mK 306 Ws%>/m2K
0.063 W/mK 306 Ws%/m2K

e S
T N

Heat transfer coefficient [KW/m?K|

LETeF

Laboratory of
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$

" O O ¢ D=207 mm (CETHIL)

- R245fa; T,,,=74.9°C

ﬁﬁﬁ Hﬁ #H

I A D
O O ¢ D=122 mm (LETeF) 3

G=373 kg/m?*s; ¢''=53.5kW/m?

0 0.2

0.4 0.6
Vapor quality [-]

0.8 1
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Heat transfer coefficient: Comparison against prediction methods

27 evaluated methods

Empirical \ Convective and nucleate boiling superposition \ Phenomenological N Pool boiling
Lazarek e Black (1982) Shah (1982,2017) Ducoulombier et al. (2011) Cooper (1983)
Tran et al. (1996) Gungor and Winterton Del Col (2010) Wojtan et al. (2005) Yun et al. (2005)
Kew and Cornwell (1997) (1986,1987) Kim and Mudawar (2013) Zhang et al. (2018) Cheng et al. (2006)*
Sun and Mishima (2009) Jung et al. (1989) Kanizawa et al. (2016)
Tibirica et al. (2017) Liu e Winterton (1991) Billiet et al. (2018)
Keniar et al. (2020) Choi et al. (2007) Wang et al. (2019)

Saitoh et al. (2007) Luo et al. (2023)

J \_Ozawa et al. (2009) -/ A J

®In general, the heat transfer coefficient prediction methods evaluated were not equally accurate for both channel
diameters;

® Progressive loss of accuracy with increasing T.,; was identified for most of prediction methods evaluated. The
exceptions were those proposed for CO2 TIIEON

«—

® The prediction method of Gungor and Winterton (1986) and its modifications (Wang et al., 2019; Luo
et al., 2023) were the most accurate in the saturation temperatures range of 75-100°C, considering both [ “
channel diameters COBEM ..
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Heat transfer coefficient: Comparison against prediction methods

50

N
<

W
<

Predicted HTC [kW/m?K]

N W W
W = W

Predicted HTC [kKW/m?*K]
()
—]

=)

N
<

[
[—

0 50°C (MAE: 12.2%) 30%,7
0 80°C (MAE: 13.9%)  /
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130°C (MAE: 30.8%),”
/
/ //
/
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The heat flux partitioning model:

] e P Heated surface
RPI model (KRUL & PODOWSKI, 1990): / @ |
I | ; i A
5 . 1 [ | 1
o 7 7 e N " \ @ /
4 = devap + qcluench + dconv ‘_1"; D B S
. ucleation site
4 . e Region
[] Evaporation: i @_1}___-—- Vapor bubble @ ++— affected
fp: Departure Frequency [1/s] N . by the
I — £.N" z D3p. i N'"': Nucleation sites density [1/m?] ‘E"'Hi : bubble
Qevap = fb bPvliv . . —
6 D,: Bubble departure diameter [m] ne \r;— Db
® Quenching:
I r Lwait .
Qquench be Kb — 2€l / ATwall Bubble CyCle.
K} : Area influence factor |[-] — awn/ \
ucicat
n . twaic: Waiting period [s] - — (L
Convection: g;: Liquid effusivity [W+/s/m2K]
iti departure
i ' ”Db waiting .
Aconv = (1 — N"Kp ) heonvATwau — TN
ettt - Il
Aconv: Convection dimensionless area [-] P - t al. (2021) COBEM
apted from Zhou et al. rons

‘ hcony: Convection HTC [W/m?K]



The heat flux partitioning model:

/

. Evaporation:

) - I
CIevap — be

® Quenching:

“RPI model (KRUL & PODOWSKI, 1990):

r I I I
q = Qevap + Qquench + Aconv

fp: Departure Frequency [1/s]
z D3 0yi N'"': Nucleation sites density [1/m?]
6 e Dy : Bubble departure diameter [m]

2
I _ I D twait
Qquench — be Kb 4 28l ATwall

" Convection:

T

K}, : Area influence factor [-]
twaic: Waiting period [s]
£;: Liquid effusivity [W+/s /m2 K]

an

qgonv — (1 — N”Kb T) heonvATwan

\

J

|

Aconv: Convection dimensionless area [-]

‘ hcony: Convection HTC [W/m?K]

JLETeF
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Saturated - L..
flow boiling Subcooled flow boiling Single-phase
Twar®Tsar. x=0 Twan=Tsqr. x<0 [ Twai=Tsat
00O o0 ©00 7,
O D O o |
e '
DA Ol O <5 |
O 00 0,00
|
0 Dot Liguid flow.

rrrrrrrrr

rrrrrr

& & & & & [

PP TP F
9 quench Yevap qﬂtmw

Adapted from Gu et al. (2017)

ll

COBEM .
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Hypothesis of the proposed model

" Saturated flow boiling;

® Annular flow pattern;

® Uniform HTC along the tube perimeter: f_L;

® Uniform wall temperature along the tube perimeter;
® Interfacial disturbance waves neglected;

" Additional heat flux partitioning mechanisms neglected: sliding or lift-off induced
transient conduction (WANG ez a/., 2023);

D, D Lift-off

PPl ( { £
4 / 4" / 4°
7
(\ ) An{‘f //\

«— [ —-s Sliding

Hoang et al. (2017) S.‘J\%\j

COBEM .

- Superposition of bubbles influence area neglected




Bubble dynamic parameters

Departure diameter

Pioro et al. (2004)

— 8.13 —1.09

Dy, = 706 Pr

Valid for:

- Pool boiling

- p,.=0.0003-0.73

- Different surface
materials

- Working fluids
including water,
organic refrigerants,
ethanol and others

Departure frequency

Tibirica and
Ribatski (2014)

D,f9° =3.457 « 1073

Valid for:

- Subcooled flow boiling
Horizontal circular
channels

- D=0.4-2 mm
p»=0.05-0.19

R134a and R2451a

Nucleation sites density

Yang et al. (2016):

N'' = 2800AT.’°

Valid for:

- Subcooled flow boiling

- Vertical rectangular channels
- AT, ,;<11.2°C

- Water, atmospheric pressure

Proposed modification:

N" = a ATy, * p§ * Rej,

a = 1.801 * 1010 [m~2K~119],
b=119[-].c = 2.2 [-],
d =—0.67 [-]

JLETeF

Laboratory of
Thermal Engineering
and Fluid Systems

Waiting time

Murallidharan et
al. (2016):
1

twait = 0.8 (E)
This value i1s considered
in CFD simulation codes,
including 1n the high-
pressure model proposed
by Murallidharan et al.

COBEM .
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Convection heat transfer coefficient 1(0- _JM_m)

T l

®Based on the model proposed by Cioncolini and Thome
(2011) for annular flow.

" This model accounts only for convective effects:

Al,ent — Y(l — C{)A

Ny fitm = hC‘;{’;" ° = 0.077665+"° pr0-52

D: Adapted from Cioncolini and Thome (2010)
i

e e -
67 = A v \/TW/ Pl v WES 7 A Liquid droplet hold-up: ¥ = enty (ﬁ) (1 xx) (le)
slip effects neglected

2(1—ent;)(1-x)GD; (1—entf)(1-x)GD; Entrainment factor (ents) according to Wang et al. (2020)
6" = max \/ 40y ,0.066 o Void fraction («) according to Kanizawa and Ribatski (2016)
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Frictional pressure gradient according to Cioncolini and Thome (2009) N __ hconv o _ 5+ 0.9 py-0.52 1 —
S |
=G [ COBEM....




JLETeF

Laboratory of
Thermal Engineering
and Fluid Systems

Model parameters
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Comparison against database
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Comparison against database
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Comparison against independent databases

20

T T T f
1170 data points +30% 7 &,
- o
MRE=3.7% / o0 © o 270 oP

ot i ° g %ag s A0 °F 0Charnayetal. (2014,2015)
o008 B c0 o O Billiet et al. (2018)
&« W& g B $o77| OPyszetal (2023), Pysz and Mikielewicz (2023)
o S erREe o0 o & Roldao and Tibirica (2024)
§.o) TN | © Mawatari and Mori (2016)
8 cHaehg Lillo et al. (2019)
?‘3 iy Bediako et al. (2024)

s,
=

[a—
rn
{
%
Q
I:,'I;.':
LY
S
o
o]
(]
)
&

)
=
~
~
A
\

[ ]
=
|
|
|
C}'l
df;
|
A

e
e
M

fa e

%

4
i
ryel

Predicted HTC |[KW/m2K]
=
ﬁx
o
o
b
"\
S
Predicted HTC |[KW/m2K]
=
O
O
s
oD
X &F

th

(&
\' L

U

N
\

ok

.

Zoom area /A

I
|
| o
|
I

0 10 20 30 40 50 0 5 10 15 20
Experimental HTC [KW/m?K] Experimental HTC [KW/m?K]

I

COBEM ..




Laboratory of
Thermal Engineering
and Fluid Systems

" Intermittent-annular transition was anticipated with increasing G and reducing Tg,¢. Prediction

methods underpredicted the transition vapor quality at high Tgq¢;

®The onset of liquid film dryout was characterized through temperature measurements and it was
anticipated with increasing G, Ty and q'';

®The frictional pressure gradient increased with increasing G, and reducing D and Tgg¢;

.Two—phase frictional pressure gradient prediction methods were not equally accurate for both channel
diameters;

.Increasing T54t did not compromise the accuracy of the pressure drop prediction methods;

®The heat transfer coefficient increased with increasing T, and q'', while the effect of G was strongly
dependent on the governing heat transfer mechanism,;

“The channel diameter exhibited only a marginal influence on the heat transfer coetficient;

e e 9

“In general, heat transfer coefficient prediction methods were not equally accurate for == A

both channel diameters; [ “ [ '

®The increase in Tggq reduced the accuracy of the HTC prediction methods evaluated; COBEM ...
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®Under similar operating condition, R245fa showed equivalent or slightly higher HTCs and lower
pressure drops compared to its low-GWP substitutes;

" A new analytical-empirical model, based on the heat flux partitioning approach, was proposed to predict
the flow boiling heat transfer coetficient during annular flow in small diameter channels;

“The proposed model achieved the lowest MAE for the overall experimental database obtained in the
present study, 18.2%, predicting 86.0% ot the data within error bands ot +30%. The proposed model

also showed reasonable accuracy for independent datasets from literature;

“The incorporation of a convective heat transter model based on the liquid film thickness variation into
the heat flux partitioning approach seems to be a promising methodology during annular tflow pattern.

COBEM .




" Extend the reduced pressure range evaluated, reaching near-critical values

® Perform critical heat flux experiments;
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= Develop tlow-pattern transition criteria valid under the conditions evaluated in the presente study;

® Evaluate bubble dynamics and two-phase flow constructive parameters (IR + high-speed imaging);

.Improve the proposed model incorporating correlations valid for saturated flow boiling at high

temperatures;

®Extend the application of the proposed model to intermittent and dryout patterns, coup!

ing it with

a flow pattern prediction method valid flow boiling of refrigerants at high T¢q¢ in sma

channels.

|l diameter

1l
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