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Nomenclatures

A . Area (m?)

b . Corrugation depth (m)

D : Diameter (m)

Co . Specific heat (kJ/kg - °C)

dp . Differential pressure (kPa)

f . Friction factor

G : Mass flux (kg/m? - s)

h . Convective heat transfer coefficient (kW/m? - °C)
k : Thermal conductivity (kW/m - °C)

L . Length (m)

m : Mass flow rate (kg/h)

N : Number

NTU : Number of heat transfer unit

Nu : Nusselt number

Pr : Prandtl number

Q . Heat transfer rate (kW)

Re : Reynolds number

T . Temperature (C)

t . Thickness (m)

U . Overall heat transfer coefficient (kW/m? - C)

Collection @ chosun



Greeks

a : Chevron angle (° )

€ . Effectiveness

A . Corrugation pitch (m)

P . Viscosity (kg/m - s)

P : Density (kg/m®)

) : Enlargement factor

¢ : Corrugation parameter
Subscripts

avg . Average

C : Cold side

ch : Channal

Cross . Cross sectional

eff . Effective

exp . Experimental

f . Frictional

h : Hot side

hy . Hydraulic

1 . Inlet

LMTD . Logarithmic mean temperature difference

0 : Outlet

port : Plate heat exchanger port

pred . Predicted

tot : Total

w . Plate heat exchanger width

wall . Plate heat exchanger wall
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Abstract

Analysis of heat transfer and pressure drop
characteristics of solution heat exchanger according

to temperature and mass flow rate

Junhyeok Yong
Advisor : Prof. Cho, Honghyun
Department of Mechanical Engineering,

Chosun University

Among the various cooling and heating systems, the absorption type system
requires less power than the vapor compression type system because it operates
under low temperature and low pressure conditions. In addition, it is eco-friendly
by using an absorbent having no global warming potential and ozone depletion
potential as the working fluid. However, the COP (coefficient of performance)
based on the double-effect absorption system is relatively low (about 1.2~1.5).
Thus, various studies are being conducted to improve the COP of the absorption
type system in many countries. The solution heat exchanger for heat recovery is
a main component of the absorption system, and it can improve its performance
by reusing waste heat thrown away inside the system. Still, research on solution
heat exchangers is not sufficient. Thus, this study analyzed the heat transfer
characteristics and pressure drop of the solution in the plate heat exchanger.

While analyzing the average heat transfer rates of the high and low

_Xi_
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temperature solution heat exchanger, the average heat transfer rate increased as
the mass flow rate and inlet temperature on the high temperature side increased.
In addition, the average heat transfer rate of the high temperature solution heat
exchanger was higher than that of the low temperature solution heat exchanger.
For this reason, it can be confirmed that the calculated average heat transfer
rate of the high temperature solution heat exchanger was higher than that of
the low temperature solution heat exchanger. This is due to the increase in
specific heat with the increase in the temperature of the LiBr solution.

While analyzing the pressure drop of the low-temperature solution heat
exchanger, the high-temperature side pressure drop was the lowest (0.325 kPa) at
the high-temperature side inlet temperature and the mass flow rate of 100C and
150 kg/h, respectively. Also, as the hot side mass flow rate increased and the hot
side inlet temperature decreased, the pressure drop was increased. While
analyzing the pressure drop of the high-temperature solution heat exchanger, it
showed a similar trend to that of the low-temperature solution heat exchanger.
However, it was confirmed that the pressure drop in the low-temperature
solution heat exchanger was lower than that in the high-temperature solution
heat exchanger. This is because the viscosity of the fluid increases with the
decrease in temperature. Finally, the experimental results of the solution heat
exchanger were applied to the Wilson plot method for developing Nu and the
friction factor correlation, and the developed correlation in the existing plate heat

exchanger experiment was compared with the correlation developed in this study.
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Fig. 2.5 Image of temperature sensor

Table 2.1 Specification of temperature sensor

Item Specification
Measurement range -200C ~600C
Diameter 5 mm
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4. A=A AA
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A FAo] 7bed Setrart 730 Model& &3l ZAstth. DE DruckAe] UNIK
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730 Model®] Ht) =4 <t=ele 1,000 Torr (133.3 kPa)olw =A< xtE= +0.5% w] vk
olt}. Fig. 2.6 A1 ARS HolFm Table 2.2& A AAYS BojFoh

(a) UNIK 5000 (b) 730 Model

Fig. 2.6 Image of pressure transmitter

Table 2.2 Specification of pressure transmitter

Ttem Specification Specification
(UNIK 5000) (730 ModeD
Pressure range 0~20 kPa 0~133.3 kPa
Accuracy +0.2% +0.5%
Excitation 4~10 VDC 9~20 VDC
Output 0~5 VDC 0~5 VDC
Time constant < 10ms <20 ms
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5. AFHFA

A2 8 a2 &5 BARRE 2= 99 Aot AFrds A A6
Oval A9] coriolis?] ALTImass Type UE AX sttt AL & 2 1 Zof <=3
e 8999 sEe Aolsith. &9 FEE dSFs] Hdl sid BAE
of Qo 2xd mE EEE SAFeEHN §dq FEE dFsAUth &9
Aol 0-1200 kg/h ol A ZHo) Hrd 54 2248 £01%01T Fig. 2.7&
coriolis?] H#HFfFHFA AHHE RojFw Table 2.3 FFAL A AHSFS 2o
=t

Fig. 2.7 Image of mass

flow meter

Table 2.3 Specification of mass flow meter

[tem Specification
Temperature range -200~200C
Flow range 0~1200 kg/h
Accuracy (Flow rate) +0.1%
Accuracy (Density) +0.003 g/mL
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Fig. 2.8 Image of plate heat exchanger

Table 2.4 Specification of plate heat exchanger

[tem DIC-285 Series DIC-503 Series
Plate width (mm) 105 123
Plate length (mm) 285 503
Number of plates 20 20
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8. §tE Ao BX

(a) Vacuum pump (b) Solenoid valve (c) Timer

Fig. 2.10 Image of the pressure maintaining device component

Table 2.5 Specification of solenoid valve

Item Specification
Model HPS 2130
Max. Pressure 0.7 MPa
Max. Temperature 180C

Table 2.6 Specification of vacuum pump

Item Specification

Model VP-245-220V
Capacity 4.5 CFM
Compression method 2 stage
Motor 0.5 hp
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9. 89 H=
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W9l 5~20 LPMolth. Fig. 2.113} Table 2.7 88 Hzol Ax3} AYS o
o}

Fig. 2.11 Image of solution pump

Table 2.7 Specification of solution pump

Item Specification
Capacity 0.55 kW
Voltage 220 V

Pole 2P

Frequency 60 Hz
Flow range 5~20 L/min
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Fig. 2.12 Image of

pump inverter

Table 2.8 Specification of pump inverter

Item Specification
Model SV220iG5A-4
Max. applicable 0.4~22 kW
Motor output 50/60 Hz
Input 3-Phase 380~400 V
Output 3-Phase 0.1~400 Hz
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12. HlolE =A
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Fig. 2.14 Image of data acquisition system

Table 2.9 Specification of data acquisition system

[tem Specification
Model MX100 (Yokogawa Inc.)
Measurement interval 100 ms (Least)
Supplying Voltage 100~200 VAC
Aceuranc Thermocouple +0.05% of rdg.
Y DC voltage +0.05% of rdg.
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13. 21t &3 AlA

HHIwEr) o] e & HEAeE 5] Sl Fugr| AT 2 =7 Sl At
AlA (differential pressure transducer, Model 23002 Ax|3ktk 2t AlA el ARS Hg,
2.1500 AAISFATE =Y 2} Al AAR= NPT 1/4 wAbolH Al AReke
I} 2ok Z]F AlA el =4 W= 0-5 PSlojH A8 T= +0.25%°|th

Fig. 2.15 Image of differential

pressure transducer

Table 2.10 Specification of differential pressure transducer

Table 2.10

Item Specification
Model Model 230
Output 4~20 mA
Pressure range 0~5 PSI
Accuracy +0.25%
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14. LiBr &84

LiBr &9& ¢Zeg4 Livgt T2AF Bro)o] SHEE o7 3719 fel s
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LiBr s=8-99] 34542 495 HoFErh

mlm

=

Table 2.11 Specification of LiBr solution

[tem UNIT Specification
LiBr wt% 55=+1

Inhibitor ppm 130~170
LiOH N 0.06~0.09
Calcium (Ca) wt% Max. 0.01
Magnesium (Mg) wt% Max. 0.001
Sulfate (SO,) wt% Max. 0.02
Chloride (CD wt% Max. 0.1
Ammonia (NH;) ppm Max. 0.3

Collection @ chosun



A 3A AEwEy] 29y 2 A

Table 2.14= LiBriwater A3l gt 21-& HojErh 12 52 LiBr +8%0] 521
A2 Zofl= Bo] 32T AL =9 B YT 2% ¥ HFFTFS 40T 2 300 kg/h=z 11
Aaldom 1L & 840 vx g ARGES wslele] APS AP e S5 F
P25+ 80CE Ao F5 WHel= bowt%-62wt%, AFFF2 200~700 kg/h= H
SIAIF ) Table 2.132 water/water Aol tigh Adx21E HoEth 12 9 A2 =9

Az LiBriwater 4383} FYsiH sl 23E 7IHke= LiBr/water A3 Nu &

A2 4 12 gHdudy] LUB/LBNE BEARE] 98] 899 25 9 55 4AA 2
F2AH S AAsIATE T3 TR Al e E48 fls 12 39 o
250} él%%‘%% d3le] W3l w2 AE nlwsith AL SAdwd]

LiBr 899 5= HOwi%E AR o AFidd Jd725E 350

2 = LiBr 899 T5E= 2Wm%=E FAIsIN e &

o = {5 150 kg/hollA 750 kghz S/ AT =31 o

sho] M S IRlsk] sl A7 255 60C, 80C L&

able 2.15= A< S89dwIr|] dI=20E

oFt) e SRFn3r]e] *E‘QZ: 42 Table 2.160] AASHATE 12 AL dy]
=1 Fr

= 8§42 Al FLsHA Sowmnzs A 7‘*‘3}2113}. A& %— Aol <l

S
S
fl
xt
i
N
2
i
o
filo
)
O;Oé
ok
32
gAY
;H

o N R K

4
c

9] Y= 3 %%@ﬁl% FIH A2 S YT RES 100°C°ﬂ/\i 140C7HA] W=
FAoM AFRFS A2 SAQuer] AP FLskA 150 kg/hollA 750 kghz <
7INA SAstAtt Test PHE A&l 1o A a3l SAsialon 3 Ad3dd 15
B¢ HolBE stk Fg 2162 A3l ARSE dudr]e] F4e HAF
Table 2.125 &3l Test PHES] 713}eh4] &4 HBE SRIT 4= St

Collection @ chosun



Collection @ chosun

Cross section

Y

wall

Fig. 2.16 Schematic diagram of the half sectional test plate

heat exchanger



Table 2.12 Geometrical parameters of test plate heat exchanger

Parameters Dimension
Plate width, Ly 0.108 m
Plate length, L 0.203 m
Plate thinckness, tyan 0.0005 m
Corrugation depth, b 0.002 m
Corrugation pitch, A 0.007 m
Chevron angle, a 60°
Number of plates, N 20
Number of channels, Ngy 9
Port diameter, Dport 0.025 m
Table 2.13 Water/water test conditions
[tem Cold side Hot side
Inlet temperature, C 40 80
Mass flow rate, kg/h 300 200~700
Reynolds number 250.4~289.7 210.9~832.1
Table 2.14 LiBr/water test conditions
Item Cold side Hot side
LiBr concentration, wt% - 56, 58, 60, 62
Inlet temperature, C 40 80
Mass flow rate, kg/h 300 200~700
Reynolds number 238~275.6 22.5~140.6
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Table 2.15 LiBr/LiBr test conditions for low-temperature solution heat exchanger

Item Cold Side Hot Side
LiBr concentration, wt% 55 62
Inlet temperature, C 40 60, 80, 100
Mass flow rate, kg/h 350 150, 300, 450, 600, 750
Reynolds number 53.6~132.7 14.7~132.7

Table 2.16 LiBr/LiBr test conditionsfor a high-temperature solution heat exchanger

Item Cold Side Hot Side
LiBr concentration, wt% 55 58
Inlet temperature, C 80 100, 120, 140
Mass flow rate, kg/h 350 150, 300, 450, 600, 750
Reynolds number 97.4~124 34.7~257.2
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(3-3D
Table 3.1 Maximum uncertainties of measuring device
Measurements Model Range Accuracy
Temperature RTD PT100 -2007C ~600C +0.5C
Mass flow rate ALT mass type U 0~1200 kg/h +0.2%
Pressure UNIK 5000 0~20 kPa +0.2%
Density ALT mass type U 0.32~2 g/mL +0.003 g/mL

Table 3.2 Uncertainties of measurements

Measurements Uncertainty
Heat transfer rate +2.41%
Heat transfer coefficient +1.76%
Nusselt number +3.37%
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Fig. 3.1 Energy balance of all experimental conditions
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A6 A FFIdWIr) A5 A= ¢ug= B

Fig. 3.2 Nu = 432 A5S 23 A% 9= 2do] dug]ES BoF) wilson plot
methodE &3l 7/ME Nu & 323 npAls 32s EES (engineering equation
Solver) A5 dl& mdlol gAsty] FZAXMGASF () 2 st (dP)E vlugo =N
S AFSIATE Y9 parameter® AFEnI]Y] 4 AR (AEH Yo, AEH
Fol|, FF HA H FF Fo)), 899 T AXFEF I 1AL Fo YTEE M4
stRom 1 - AL Fo 7 REE ST THREE FEl B EE AlRlsia

5 ()9} A9 NTUOE AR EAN Alkd 12 & 7 255 E335Hith
T AAE 27| JT =9 Hlwstd QAjghe] +0.1TCeo] = A
(regression analysis)2 skl P97 +£0.1C U= 45
ARG Uped T ARISIL -0 2 Alstel FZIHGASF (U2 2385 FRIF)
oh =L i vREA Rals A oS 2dldl Hgste] A

sk dgHo s Askd kst (P sk
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Input data T
Geometry data, | ExportQ, T, U, € ‘
T, x, m of Inlet side

Assume T of solution at outlet side

l

Calculate Properties of solution by

| ThoasT,r01 |

‘.

mean temperature
¥
i Abs(Error)<-0.1
Calculate U using T,y = % ( ) -
¥
| Calculate € and NTU | | |
1 Th,g-a=Th'°' 0.1
| —l L LT | Abs(Error)>0.1
l Yes
| Calculate error : Ty, car - Thiin | 1

Fig. 3.2 Algorithm of plate heat exchanger performance assessment
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A4 L&Y o & dud A5 54 17
AlA HF dHLE 1%

Fig. 412 312 = LiBr % Wl wE w3y} wate/water oy LiBr/watere] Eul
S HAagS HojErh %74]7} =2 7% Aol 200 kgh oA 700 kg/h7t
A Z7Veol wel AGES 7.56 oA 1213 kKW= F7Fskith vhH 12 = {47} LiBr
|1 A9, AR oE dusEe 5\—’5‘}93‘:} T3 LiBrolA s=7F 7K dust
£} Tt 62%Y o ke Tt ﬂﬂl eI AikfaFo] 200
kg/h & o LiBre] 57} 56%0l4 62%= S715tol wel & 2 4.19 kKW oA 3.8 kW
2 AskAal, ol Eoll vlsl 44.5%49.6% A% A4S ngi UeRgt) whA AR
o] 700 kg/h & uwl, LiBr %7} 56%1A41 62%= 5718l mel dudhade 9.49 oA 8.88
kW7IA| ZHAastion, ol Bof nls) 21.7%268% A= 43S Btk 2siale A
el Z7he BYLR] W fAIS) S50 UR FEE FA Qs A 4%
Aol o3k dHGRT FA9 &5 EH"o] o3t dHge] ool SUIsHA HaL oo
=7 LiBro] dudare] 2= % iO} | Eck
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Fig. 4.1 Heat trnasfer rate and heat transfer rate decrement ratio according to the
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A2 A FEIAEAT 1F

Fig 4.2 water/water ¢} LiB/water A& 1. = dekfsk Wil e 249
A9} water/water thH] LiB/water 239 FZIAGAST FH4ES HAF1 ot 1
= A7 Y o "Rl 200 kg/hellA 700 kghz SVl ueh 3 dngtr
o] 2ZAAHGATE 1.38014 2.03 kWmPC 2 Z71slitt 1L = A58AE 56% LiBr
S ARSI W Aol 200 kg/hollA 700 kghz Z71gkl we} F2dRGAT=
0.76°14 1.43 KW/m*C & Z7Fet A9 water/water the] <F 29.7%~44.6% 7rA38kgck w3k
7P w8 5% 62% LiBr& ARk 7 Aol 200 oA 700 kg/h= S715kel w
2 FZIAGATE 0637904 1177 KWIMCE 2718193 o= water/water THH]
42.1%53.7% 7rAde Btk A3 A3 LiBrY 57t s 229dgAsE 2
Ashs Z1E RISkt #HPFudrlelA LiBre] % $7h= As-iAe] HEe] VM=
%13 Re 75 ZaA717] wiwol 24" Re =2 18] tiRdxdgo] AasI dg4ko]

o537] wjzell &l isl LiBro] S2EdeAlT= Hash Aok

ol

)
ngt
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3.0 2.5
Overall heat transfer coefficient Decrement ratio TC,in =40, m¢ = 300 kg/h
4 Water/water —{— i
56% LiBr/water ~ —@— ]
2.5 - 58% LiBr/iwater =~ —A— ./
60% LiBr/water ~ —— — -2.0
] 62% LiBr/water ~ —0— —/
L9
2.0 b=
’ 5
1.5 -
c
£
()
1
(&)
<))
o

Overall heat transfer coefficient (kW/m? - °C)

Mass flow rate of hot side (kg/h)

. 4.2 Overall heat transfer coefficient and overall heat transfer coefficient

=
&

decrement ratio according to the mass flow rate of hot side
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A 3A Nu$F 1

Fig. 43¢ 12 3¢ i W] w2 LiBr/water?t water/water®] Nu & RHoE
o} water/water A3@e] Nu = Aol 200 kg/hollA 700 kgh= F7Fgel wef 13.91
oA 33.39= S7Feth WH, LiBr/water gkl 7 £& %%l 62% LiBre A
o] 200 kghellA 700 kghz Z7Fel weh Nu 4= 65104 151744 Z71skek
LiBr/water dwollA LiBre} F52 T7h= Nu 5 #A2A7IH o= 5 oA
water/water2] Nu = th¥] 46%-60% =& 218 BAch =3k A w521 56% LiBre} 3
3L sER1 62% LBre vlaslis w Aol S7kdel w2t = /A9 w5 2kl 2%
Nu 9] #ol= AH S7Bk= 4%s HAth o= U3 dedst o= B3l &
Eof mE dede] Wdle dRy it o7 tRdME des vEAl e weol
ok
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Fig. 4.3 Experimental Nu according to mass flow rate of hot side
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A 4d S5 AH] OE Nu 5 92 38

HPIwgr|e] Nu = AEHe] 4, fex=d 2 7419 S mel Aolshy 7|&

ATE Bl MEE OUF Nu gRAEe] FAIRE B ATE 71E LBl 2

water/water 2 gollA 7jErE Nu g32)S- &-83e] LiBr/water A gele] HlnE 53l 7]
s}

o
o] A5 AAS ATk Hg 4.4 Ao A& LiBr/watere] Nu 422} 7]

=

Hlwsle] BojFy ok B3l 2 Aqolx 43
Ate] A /\}%% 71%91 73212 Table 4.1 AA= ATk Roetzel et al. [66]7F 7H
5k Nu ZAdaloll 2 A7) LiBriwater 2 E3te tlUdS 749 Nu 4= 8979014 24.79
Aol 2 UpERsttE ol= B o] LiBr/water 718k Nu 4721 6.51~17.933} ®lwsle] =4 =
7HE 7he HolE= AL E1E 4= Utk Roetzel et al. [66]9] Aol ARRE YD wshr)
= Ag do] 176.5 mm, = 71 mm, AEH 77 0.5 mm, FEE =°| 2 mmE B AT
o AL dwdr|ol FAo] FARBHAIT B ATl HBE Z%= 60° o], Roetzel et
al. [66]9] Ao AMgd HPIwhe] 4R Zt=E= 20° = Aolsith

=

dRrH o2 HAPS B3 Nu o dukAolA A Cle Agdd ol o) AA =T
JHe2 JAEHe] Aol o Roetzel et al. [671 & ATe] A< C= 2 037134
0.28~0.324% Th4& 2 Apol& BAYh B3 7|9 AT [66-69]014 AAIE Nu 23]l
LiBr/iwater A@%= tidsh 23 2 A7 Nu o 25 3] 453 IIg 5+ 9
t}. E3), Donowski and Kandlikar [67]17} AAI3F 2lo] 7F4 T4 o|=3519.2 Focke et al.
[44]0] 7V 2F2 eAE RS FRIT = Utk Nu 9 dakaolA = G & G A
T Gud vixle] &5 54T GEHS Wgshy] wiEel 2 g ghe Adolde ZH7te]
ARz Zolof] 7IQIGTE F, 7E AFet B A7 Nu 79 exk= dudt 749
T, A o] gl 7I/Igt wEhA, water/water A3 B3l EE 7]E £
FHAE F3) LiBriwater®] Nu 58 dS53519S W] 10%5 238 2385 HYo = o]
£ utE g3yl At deS RISk

%

o:
i

il
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35

® Water/water of this study m  LiBr/water of this study
v Roetzel et al. [66]

304 @ Donowski and Kandlikar [67] *
» Focke et al. [68]
¢ Longo and Zilio [69]

Calaulated Nu

Experimental Nu

Fig. 4.4 Nu comparison of this study based on LiBr/water to

existing Nu correlations of water/water

Table 4.1 Previous correlations on Nu based on water/water

Author C: Co Cs Coment
Roetzel et al. [66] 0.317 0.703 1/3 400 < Pr < 2000 (a =20°)
Donowski and Kandlikar [67] 0.287 0.78 1/3 10 < Re < 100 (a =60°)
Focke et al. [68] 0.77 0.54 1/3 -
Longo and zilio [69] 0.277 0.766 0.333 200 < Re < 1200 (a =65°)
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Table 4.2= LiBr/water Qg4 LiBre] %o we} 7/dE Nu Al 9 ubeina)
B2l G, GE HAF3 ot 378 = LiBre 57} 56%0lA 62%2 =713kl wet shet

HEl G= 0.28 oA 0.324% S7FIAT S=2hrE Go= 0.677 oA 0.644= ZHAsiith
W07 A-gAle] At LiBre] 5= Nu 5 243h= Re 79} Pro} 42 A3
4 zteth 0l His) LiBre E3hbgo] 7] wiol] #ddwsr] W deadde +

oz &

Aol muilgle] ot FaFdo] SRtk AP udr] Fdel 3 FIFde] A
FIwdr)e] Fdut AFH o2 AH parameter Col 718l Hok =gk LiBr
7} 3712 o, AFRF SV W2 Re 4+ 371 A5 ZolA|=dl ol LiBre
712 Q3 H=rt ZUFeh webA parameter GiE HAEAl Hokh E AT A LiBr
H3slol] W2 parameter G 9F Coi= Nu = AA Qo] 21L& ABEE 7HItE £ AFolA
water/water Elo|E]S 7Hro g sdtd LiBr %9 LiBr/watere] Nu 2] o= A#2le
2] (4-D3} 2oy e Aeale water/water 7% 2211 < Re < 8722 2 246 < Pr <
2.79 o4 #-8o] 7Fs3ith

Lo

off
¢ o
ol F

Ly

t

Nu,, g = ((1.0672 —0.1516) +0.229) Rel 0~ = (0-0r 048 )pp1/3 (4-1)

pre:

Table 4.2 Developed parameters of Nu correlation according to LiBr concentration

LiBr concentration, wt% C1 Co Cs
56 0.28 0.677 1/3
58 0.282 0.671 1/3
60 0.3 0.654 1/3
62 0.324 0.644 1/3

Collection @ chosun



Fig. 4.5% LiBr/water®] A3 2z tjy] 7 Nu oS 329 QA& BRoFEr) o
S Nu 9} AFoA 42 Nu 75 Blagt 239 12 Z deiade] 700 kghellA 60%
LiBr/water®] 2282 0.36%% 2 YAT=E HPow fFFol 200 kgholr 58%
LiBr/water®] -8 215%% Hd ox8-S Btk =3k Nu &0 gk ex= 58%

LiBr/waterd ), A G2 7oA 7P8 Z9ko™ 62% LiBr/watere] 7% vBluwa =2 ¢
AHS Hole Zo = YENTh
8
Working condition
1 A 56% LiBr/water * 60% LiBr/water
B 58% LiBr/water € 62% LiBr/water
4
———————— Ao 259,
_ i *
X * o A° R U N A
et * * * * *
o O - -
= = m ] =
1]
---------------------------------------------------- -2.5%
-4 -
'8 T T T T T
5 10 15 20

Experimental Nu

Fig. 4.5 Deviation of predicted and experimental value of LiBr to water
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As5H L&Y o &Y <u¥r] s 54 1

AlAd AL £9duy] 2ANAMY dud 5

H
"

1. Re & Pr & 1%

Re 4= FAIEE} EobollA] 52 JAMS (dynamic similarity)< S 4

M 5 shdel™ Hg. 518 A= fddustr] oA 1 5 A= 2 A%
H3lo] M2 Re 5 4% 23S RS itk IdH ) HAde) v
= A9 AAAF (1, dynamic viscosity)®] Athz]Ql FakS vtk HA (iquid<t 714
(gas)o] 2=wislel] W& A AHES dolsh 7]ﬂl gas)e| -9 2&4s Al At
7t &50] EdsiAl o]Fofx]7] wiiEel HAAAT) dsdch v 2 Aol LiBr 843
Z& A (liquide] 735 254345 Al 24 2¢E ol AAATE At [39] a2
= A9 AT 257} 100CY o, Aao] SU1gel wel Re g 216904 751 &
13282 F71shs ERlsldnk ol2lgt Re 7= 2] (3-13)el <J3l] Alt=e Ade] AFis:
(G, mass fl) BIEIBAE Z27)0l Y U7 % oA dFfado] S7Hel ‘I}F/‘r
Re % S7IFs IRIE & Aok 12 = FAY ARl 150 kghdd 3¢, 12 =

AT 271 60, 80 2 100C = Z7Igtel wef Re 4= 14.7, 17.9 ¥ 21602 o+ Z7)s)
Row ol o xRSl mE fAe] HAAT HIlE BT F Utk 12 S A9
Aol 150 kg/hd 4% 47 =5 JHglo] & Re 2] & #ol= §iloy 1 =
FA19] Aol 750 kghdd 74 12 = AT 257F SVl w2k 80.8, 1041 H
132.8% Hlwz  WHsldS Bty dadow g ddxdod Y 1 & A7 259
Wl LiBr 89 A-R7F W3t Re = Wslol| o] 2 93Fs v|3S RIS

Ll
v
£
rlr
&
-

Flg 525 A2 89dny] oA 1 & AT 25 ¢ AP{E Wsle] mE Pr
= UeERTE Pr = EAke] 5 &4kt d gkl H1EEH dA9] 9 TS

w2} WAL ZAeME AT we FAlske B Feth o’ br = A9
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4 (u, dynamic viscosity)Z+ 4t HIE (¢, specific heat)3} HlFIshH FAQ] AT (K,
thermal conductivity)e} ¥halegch. 12 = Aa-RaFo] 150 kg/hdd o, 12 = A7 =%
7} 100C oA 60CZE S7Fghel wel 145, 17.7 ¥ 21602 F7EIGT: ol 257 57}
ol we} LiBr 890 9iees S7Iskal e 24shy] wiiolnt [70] =3¢ LiBr &
Ho] Hdx 2571 Fopldl wet FTVEAIRE, S7be] mi¢- A7) wiwel] e 2 I
S0 FF dinl H 0“‘-‘4 FFEL A= Ae A¥FoE nFEAT [40] 1= =
AF 60CY ), 12 = AFFo] 150 kg/hollA 750 kgh=z F71gel w2t Pbr =
2160014 1972 43It ole e & AR S wE dughr]e] %H@Jr =
T REAR= Haskal fTtet S0 BeRE B fHAsky] wiiEeltk 750 kghellA
A =T Ho2EY VIR 8l v AT == U¥l Pr = e S Aol 150
kg/h?l 2Rt 7HAstgith
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m T, =100C T_ =40 T, m_=350 kg/h
® T =80T
A T =60T
150 hi
| |
¢ 100 ®
A
[ ]
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0 T T T T T
0 150 300 450 600 750 900
Mass flow rate of hot side (kg/h)
Fig. 5.1 Reynolds number according to hot side
(low temperature condition)
32
m T, =100C T =40C, m_= 350 kg/h
e T, =80T
A T, =60C
24
A
[ A
o A
°
16 o
°
| |
| |
| ]
8 . , . , . , . , . , .
0 150 300 450 600 750 900

Fig. 5.2 Prandtl number according to hot side
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2. B dAEE 1 ¥

B AolA B3 AALE (Q heat transfer rate)e AAF AHE S3sh=
gEolH 1 F YTeE P AFHE Wl wE wslkE £48k3th Fg 5.3
SHIwI] 2N 12 S FAFAFY wsl mE He dHgES 12 = 2
ZF 150 kgh thH] Ho QAGE & AEE BHAFth 74, AL = A= 40T
55Wt% LiBr 8o 2 ZzFRake 350 kg/hZ FA|H oM 1. = JFL2%7} 10CE 1
ARYE 12 = A9 Aukfko] 150 kghdd o, BT AEES 426 KWE 7P o
S QAGES Yepdon Akfako] 300, 450, 600 2 750 kg/hz =713k whel dg
B2 6.84, 847, 9.83 ¢ 10.34 kW= ZF7lslirh =gk 12 & Aol 150 kghtl =
7 o] 300 kg/he] Hit HLGEY FHEL 60.3%= hE S8t skxuE Ak
o] 450, 600 2 750 kg/h=2 F715tel el 72 98.5%, 130.3% 2 142.2%= /431552

o FECER T

o

Fig. 54+ A& §q9ugr] oA 1 S A7 2529 Wl wE B 4
E2 T Itk 28 2 Aol 150 kghs 7 e
3

=
S
@)
=2
>
=
S
)
fru
o\
\
XN
i
2
R=)
AC)
o
4

i 2l

< F AFHES LA 12 S AL Fo| &5 Ao7} AR w B IHEES
U7 2571 Eokdol wet AFEnd|e] §f -

&o] F7ksk] WEoltt. a2 = Aol 750 kg/h

a U7 257F 60ClA 100C = S71gel wet He QAL E
< 2.97 kWellA 10.34 kW= 2479 S718ke Rlsilth 2E A7 &% =1 (60T, 80T
21000 a2 & AFr Wl mE H dHLE &Y 2y, AR S AT
°] 150 kg/hellA 300, 450, 600 % 750 kglh= S7lghel wet 1214C, 1281C 2 142.2% &F
BEH AR A AR 5 fAY Aexd (A7 25 2 Aol 1A4HNE B5

TPLur|e] H QALELS A2 S5 AT =9 ARl Sl w2t A &
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12 3

T,,=100C, T_=40 T, m_=350kg/h

g 1 V77 Increment base on Q,,, . |
= 104 ® Average heat transfer rate
2 ]
o
o -2
2 "
2 -
[ L
s
] u
]
£ 54 -1
o
(=]
<
S
9 L
< 4 "

T T T 1 T T T T T T T 0

0 150 300 450 600 750 900

Mass flow rate of hot side (kg/h)

Fig. 5.3 Average heat transfer rate and increment according

mass flow rate (low temperature condition)

15
] = 71 =1000C Tej=40 C, mg = 350 kg/h
= e T =80T
X 12+ Mo
Y A T, =60C
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o
= 9
2 ]
® |
=
-~ o
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= [ J
8, ] n
L A
E ° A

1 A
0 —
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Mass flow rate of hot side (kg/h)

Fig. 54 Average heat transfer rate according to inlet

temperature of hot side (low temperature condition)
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3. Nu & &

Nu = fxigo] 4t (diffusion)el] &8l o] FoAl = A=dHG3 ket ofuzg} o]
7 (advection®l] oA = o]FoA & HFEADY] HE&S Uehle Fakdsolth & <
TFoA= AdAHo g ZAH AFLHwsh| ¢ - S 25 7HoE Nu & AES =&

3t wilson plot methodE &3l AXHEIITE 2 (3-2De] A4 < (C, GE ALt
sidom A2 SAdwely] 2oA o) 11 = Re H Pr 5 tidste] Nu = Allkst
Atk Fg 55 A& §A9uer] oA e & Aiw ®sle] & 12 5 Nu
o Hs} 76“%‘“33 Uepdth A & o7 &5 2 deFfao] 40C ¢ 350 kg/hoe= 114
How 31 = 7 &= 9 FIFFEo] 1000 ¢ 150 kghdd o, 12 =9 Nu =
5612 7P wigit) HlH 1.2 = AERREFo] 300, 450, 600 2 750 kg/h=Z Sl w2t
9.6, 134, 16.8 ¥ 20.12 F7I3FS Ikt e S AFFFe] 300 kg/hel -9 150
kg/h vl 72% FEEAL 12 ZF AiFfrdol 300 kgh ooz Sl we} 1 =
Nu 4= 150 kg/h oiH] 139.2, 199.3 2 257.7% SI= Tk

Fig. 5.6& T.& = LiBr 89| §17 Lx=mslo| rq# o = Ny 4 HWsle Bejzrh
2 = HeFfo] 150 kg/hi 7P e 7, 32 & T 2571 60T, 80C ¥ 100T
Z713o] whel 7& = fAl2] Nu 4= 4.83, 521 187 5612 Z/bergth =3 1
= Agkgero] 750 kgh 7P B2 A9, 1.& = 4T 2571 60T, 80T 2 100C
Z71ste] W 1.e = ] Nu 4= 1653, 1827 127 2012 Zvlskact e 54
< 2= = AT 259 TV Nu = SV dddo] oS AFS B3l wAsk
ok SEA BA% vke} Zo] 12 = §AY T % 7k Re 9] S € Pr 7o) T
A9 Ao 2 T 2% Hslol] b2 Nu &= Hslol| 9Jof Re 49 7 F&Ado] Pr 4=
o] A JdRT TA FEFHEs ERIF & 9tk FEoR, BE dF 2527 (60T,
80C 2 100C)e] Qo] me = Aekgafo] 150 kg/holAl 450 kghe 273kl wel me
= Nu 5 BF 135.2% Z718I9on 118 = Ao 450 kghollA 750 kghz 27}
shol) wiel Hit 48.7% 75Tk
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25 5
T, =100C, T_ =40 C, m_= 350 kg/h

V] Increment base on Nu,
209 m Nuof hot side [ L4

2
=
<
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15 F3 Z
] u x
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= z
10 4 - -2 =
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] L E
o
L] (3]
54 -1 £
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Mass flow rate of hot side (kg/h)

Fig. 5.5 Nu number and increment ratio according to mass flow

rate (low temperature condition)

30
—=—T, =100C T,,=40 T, m_, =350 kg/h
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5] —® Tu=80C
—A—T, =60C
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> 15
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Mass flow rate of hot side (kg/h)

Fig. 5.6 Nu number according to inlet temperature of hot side

(low temperature condition)

Collection @ chosun



4, FEEAAT R dFEdeAs 12

E]]%O,—_ﬁ_ﬂdﬁ]—? (h, convective heat transfer coefficient)= thi @2l o8] 14 FH
oA Aol E& A= 715 YeRIE AlFEN el WZH= (Newton® s law of
cooling) oAl §4 259} T8 59| A=A A o+ itk #FFuE fA7F 52
+ 7427 Dy, hydraulic diameter)o] FaL of2] 5o M| A5H FX2=4 A W
o] ARt 225 S| ok 1 E=E 4 (3-2003 Zo] JLE Nu & gk
fAlo] dA=% (k, thermal conductivity)E &l A& ‘;‘l I =9 HFEALATE A
2ksldt). Fig 5.7 A& Sddwshy| 17401]*1 12 = AT 25 B AR WSl

2 1L = UFEHNASY) FEEAGAGTE RoFET 1 S YT &5 2 AR
Zo] 60C % 150 kghdd wl, 12 = g9 FINGAFE= 0603 kWint - C2 713
volth 18 = YT EJ} 60°C oﬂH 80C % 100CE Z7)3ol| uje} 12 /f; %xau ul

80C <} 100C e diF Z‘_Tﬁ'ﬁﬂ = 9.79% 2 20.17% 5“]'549}\14 3L a2 S U 2=
2 AEgFaFo] 60C 2 750 kg/hdd wl, 12 = FIAADATFE 2.079 kW - ColH ¢
T 2571 80C 2 100C & 718l whgh 2349 2 2.64 KW/ - CE 3¥E Ak 1.8 =
Aepiaro) 74 L 750 kghel A4 7 L= 600 24 el 80 2 100C 2]
FUADASE 12.08% 2 2694% WPAEATE The-S 2L = Aeka wslo] WE 1L

= FEAHATE 2EEE EE AT 2% (60T, 80C ¥ 100C) =i 1L =
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W3} Aol FARItE e S A7 25 B ARl 60C 150 kg/h?l ZxolA
FEIAGAFE 0419 kW' - Colr 12 = 47 257} 80C 2 100C = 713kl
2} 0451 ¥ 0.484 kW/n? - CE Z7}sttk olnf & 2 I 2% 60C =71 tju] 80T
2 100C o] FZIAASAS FFE 7.53% L 1557%0Ick =3, 1.2 = Y7 o= 9 2
Fhgo] 60C 2 750 kghd o), FLAADALFE 0.846 kKW' - C2 T 257} 80T
2 100C 2 Z7kgkel whe 0.921 2 1.004 kWit - C2 Z7Isi9ich olw AT &% 60T
221 gin) §0C 2 100C ) FZAADASFE 89% 2 1863% A=A e e =
AT %5}01] e FTEIAGAT Wt E4AAet 1L & 7 257} 60T, 80T
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Convective heat transfer coefficient (kW/m? - °C)
o

Fig. 5.7 Overall heat transfer coefficient and convective heat transfer
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Convective heat transfer coefficient T,=407T, m = 350 kg/h
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Overall heat transfer coefficient (kW/m? - °C)

coefficient on hot side according to mass flow rate and inlet temperature
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Il Pressure drop of hot side m_ = 350 kg/h
—o— Increment of pressure drop
8 - - 24
? J L
o
< 64 - 18
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S 1 L
T
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[}
[72] 4 L
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o o -6
0 -0
0 150 300 450 600 750 900

Mass flow rate of hot side (kg/h)

Increment (dP_-dP . )/dP, )

Fig. 5.8 Pressure drop and increment ratio according to mass

flow rate of hot side (low temperature condition)
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Low temperature condition
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Fig. 5.9 Pressure drop according to inlet temperature of hot

side (low temperature condition)
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Fg 5108 318 gALw3ly] oA 1 = JF 25 2 ARG Wl s
Re & W35 BHoFEH 11 & o7 25 9 Fo] 100C 2 150 kgh¥d 49 12
= Re 7= U7E 7P Witk 1 S 7 2571 100C oA 120C 2 140CE 3718
o] wlg} Re 7= 39.2 L 4392 wAsHA Z7ekiek T3 112 = Akfko] 750 kgh
d A AT 2% 100C, 120C % 140CAA2] Re 4= 183.2, 219.4 2 257.2=2 H|nlZ]
A W th ol 1 & JT 259 VIR &l AsAle AT ol e
2 32 = Re 97} 3718] wiolth. 1 & A Wl w2 Re &~ WslE 4
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T 2ART} Eo} fA19 B4z 71908 wjEo|th
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Zraata Pt 7o HHen I 7kAdy] it A& gagwdy] 21 9@ 1
2 §AGwE] 2 12 F Pr ¢ vl A, AL SRInIr] 24 e
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Mass flow rate of hot side (kg/h)

Fig. 5.10 Renolds number according to mass flow rate of hot

side (high temperature condition)
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m T, =140C T, =80C, m_= 350 kg/h
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Mass flow rate of hot side (kg/h)

Fig. 5.11 Prandtl number according to mass flow rate of hot

side (high temperature condition)
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Average heat transfer rate (kW)

Average heat transfer rate (kW)
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Fig. 5.12 Average heat transfer rate and increment ratio

according to mass flow rate of hot side

(high temperature condition)
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Fig. 5.13 Average heat transfer according to inlet temperature
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sk BofFa gk AL S U7 e% 2 AkRPol 80T 5l 350 kgho® wAsdL
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Fig. 5.14 Nu number and increment ratio according to mass

flow rate of hot side (high temperature condition)
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Fig. 5.15 Nu number according to inlet temperature of hot side

(high temperature condition)
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Convective heat transfer coefficient T,=80 T, m_= 350 kg/h
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Fig. 5.16 Overall heat transfer coefficient and convective heat transfer
coefficient of hot side according to mass flow rate and inlet temperature of

hot side (high temperature condition)
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Il Pressure drop of hot side m_ = 350 kg/h |
—2— |ncreament ratio of pressure drop —_
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Fig. 5.17 Pressure drop on hot side and increment ratio according

to mass flow rate of hot side (high temperature condition)
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Fig. 5.18 Pressure drop according to inlet temperature of

hot side (high temperature condition)
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Nu = 0.273 Re"693pr /3 6-1)

Fig. 519+ £ 475 3l 7/WdE Nu = 23 7|&23 004 AAZE Nu = ]
S ¥ AZS HojFrk Kwon et al. [12], Kim et al. [30] z8]az Song et al. [31]&
LiBr/LiBr da3tol] o3t 7]&=EF o™ Roetzel et al. [66], Donowski and Kandlikar [67],
Focke et al. [68] Z12]a1 Longo and zilio [691= water/waterell gt EAEE o5 2
o} vlw BA-& st T3k Table 518 53l 7|£232 Nu = & 743 4
T G, G 2 G oF BPIu] MR HJEE 4% (F IIE F Atk & I
= x33 71283 (UBr/LiBr 2 water/watene] A<= G= tiF-E 0.3, 0.333 2 1/32 3
S IR o AFIuwsr)e] FA © ALY S0 wEt dolgt A G
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719] ABE Zdxs fgiiE 60 02 dwdy] Fael o8] AAHEE A5 G 0.2540.35
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Roetzel et al. [66]= HIE3E water/water A3 Q] = G2 0.7 o FU S E water/water =

A9 Nu 5 A4 712717}k v 7hne e 81T 5 ok
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2 ATl AR Nu & APd¥ LiBr/liBr 34 7[S9 vaE 28sR|
Water/water 72437 th2A] LiBr/LiBr 71243 Nu 4 442 2 A7 Nu ++ 4
P FARIA o™ HBE ZAETE FA] Adolgh Kim et al [30]19] AAE A9/star 24t
& 20% o= JERSTE Kwon et al. [12]0] ARS-S AFFudbr]o] fBE 2t 60" 2
2 AFolA ARER 41BE e} FUSHAIRE MR Alo]x, MR FA () B F
B9 HH| (V)& 22 AFZRQD Fio] sl A7 AFIusr] 43 t27] wiel
AR Nu 75 a8 20%ETE -2 ER1% 4= Qlth Song et al [3119] Nu = AFd= £
04?4 Nu & ZAFAES Bl 23, 7 A7olA] AHES AP dusr]e] 5 =0 (b 2

F29] 12 (1)7} 0.002 2 0.007 mZ TR om HaB *J]Hi ZtEe) W& Z}o)7t
A5tk &3k Song et al. [3119] ATollA HBEE Z=r} 55.7 ) #¥Eng]e] Nu
T B A7 ARG YA YEsteow exks 18% ool E&E A Wk, Song et
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il

Collection @ chosun



Table 5.1 Summary of Nu correlations from the previous studies

Author Fluid Ci Cy Cs Coment
This study LiBr/LiBr 0.273 | 0.693 1/3 a=60"
Kwon et al. [12] LiBr/LiBr 1.078 | 0.403 | 0.333 a =60 "
Kim et al. [30] LiBr/LiBr 0.35 0.54 0.3 a=30"
Kim et al. [30] LiBr/LiBr 0.138 | 0.757 0.3 a=45"
Song et al. [31] LiBr/LiBr | 0.2446 | 0.676 | 0.319 a=55.7"
Song et al. [31] LiBr/LiBr 0.2597 | 0.677 | 0.413 a=785"
Roetzel et al. [66] Water/water | 0.317 | 0.703 1/3 a=20"
Donowski and Kandlikar [67] | Water/water | 0.287 0.78 1/3 a=60"
Focke et al. [68] Water/water | 0.77 0.54 1/3 -
Longo and zilio [69] Water/water | 0.277 | 0.766 | 0.333 a =65 "

45
®  This study X Previous study of water/water [65-68]
A Kwon et al. [12], a=60° 8
¢ Kim et al. [30], a=30° =
364 @ Kimetal. [30], a=45° 8
Song et al. [31], a=55.7° g2 g K
® Song et al. [31], a=78.5° g B
= X - X ® .-
Z 27— 2 8=
+20% . §.-
o ° br X 8.
o n o8B -
- H, .9
L BEXge” B
S 18+ g A L-A
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S 5% = et
. LT | ]
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Fig. 5.19 Comparisons Nu of this study based on LiBr/LiBr to
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Table 5.2 LiBr/LiBr 43S 33 71 2859 vEAs Z#4s Hlalsto
HojErh =3, Fig 5202 Re o Wsto] wg & A9 mpEA 9 7|EA T2
npEAE vlaskit 2 A7E S8 EE vhEAle= Kim et al. [301& A<

, Song et al. [31]1& 714 H& n@ALE

Uetllom o= 7857 9 & & xS I FEAoZE 7Ilsky] wiEolth
Kwon et al. [12]o] A}&3F B3 dw37]= Song et al. [31]3 B AFoA A3
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Table 5.2 Summary of friction factor correlations from the previous studies

K
f=o Re"
Author Fluid C K n Coment
This study LiBr/LiBr - 1.731 0.14 L=0.203 m, o =60 "
Kwon et al. [12] | LiBr/LiBr - 85.627 | 0.782 1=0.289 m, « =60 "
Kim et al. [30] LiBr/LiBr - 5.43 0.15 L=0.618 m, «=30"
Song et al. [31] | LiBr/LiBr | 3.124 | 461.6 1.112 L=0.466 m, «=78.5"

8
—— This study ——Kwon et al. [12]
—— Kim et al. [30] Song et al. [31]
6 -
S
g
T 4
2
ke
i
2 -
0 T T I
100 200 300 400 50C
Re

Fig. 5.21 Comparisons friction factor of this study to existing Nu

correlations of previous studies (LiBr/LiBr condition)
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