ol
L)
o
>
L)
)
'y
gie

MED 954108 445719 9%
A o A AL

A Study for the Suction Chamber Shape of Thermal
Vapor Compressor for MED Type Desalination Plant

20084 24



A DSETACE w+eereereereerersessestestrtsestentetssentet et st te s ettt et ss et e e nens iii
RF- 7] T wrerrereeeesersernemsssississrssis sttt e Vi
;(1]1?@- Al B e 1
L1 TR wreereereeemenntiseiee s 1

1.2 TFA] O] @1 T et e 10

1.3 B G TE0] U] § e 13
A2 O] EFJ AL ereerereenrrerestrstne s 15
2.1 A7) 0] ZFIEO] B weeerertisistinneniieeiiee e 15

2.2 AR BRI 20

23 T2 1 Z ol Al WD g ... 29

04 T)FA] QA TEAO] B OIAEE BAT coorrrrrernnnririienen 929

25 UFEA Z2HA A Gl Al 37

96 T] A BT H o] O] G EFA] e A4
RS G R] B A] cerrerrerrreerrensserseiseiss e 47
31 B AFPA U279 SR e, 51

3.2 ZEX] B AT HL ceerereie e 55

33 A AT AT T LI e, 64

331 TEw=Z9 SR aA AT e, 64

10
-
=
%
iy
i
4
—t

332 YA YFelAe



3.3.3 YA ol A 9

104

—gﬂ/j'

xok

o)
&

3.34 YA oA 9

122

122

_EH

132

142

144

o A
=~

FRA

A47 A

- 144

=

I

To-

156

®
il
|

_X_u

!
o

R



Abstract

A thermal vapor compressor 1s the equipment which
compresses a vapor to a desired discharge pressure. Since it
was first used as the evacuation pump for a surface condenser,
it has been widely adopted for energy saving systems due to its
high working confidence. The primary advantages of the thermal
vapor compressor are simplicity of an operation, no mechanical
driving device and have no moving parts.

Thermal vapor compressor is constructed of three basic parts
a jet nozzle, a suction chamber and a diffuser. The high
pressure steam is supplied to a steam chest and then expanded
through the jet nozzle which is the shape of converging and
diverging nozzle and makes the steam accelerating up to Mach
number 2.5 to 4.0. The accelerated motive steam is injected into
a suction chamber, which entrained the surrounding vapor.

The suction chamber has the lowest static pressure in the
thermal vapor compressor, which is approximately equivalent to
the suction pressure. The suction fluid enters into the suction
chamber and is mixed with the motive steam in the diffuser
inlet. The Kkinetic energy of the motive steam is transferred to

the suction fluid through the diffuser throat. By the mixing



process of the motive steam and the suction fluid, the motive
steam is decelerated while the suction steam is accelerated and
their velocity energy is converted to the pressure energy. It
means that the mixed steam is re-compressed to the discharge
pressure through diffuser outlet.

In the present study, the geometrical analysis of the shape
between the jet nozzle and the diffuser inlet, the drag force was
calculated by means of the integrated equation of motion and the
computational fluid dynamic (CFD) package called FLUENT. The
computer simulations were performed to investigate the effects
by the various suction flow rates, the distance from jet nozzle
outlet to the diffuser inlet and the dimensions of the diffuser
inlet section through the iterative calculation. In addition, the
results from the CFD analysis on the thermal vapor compressor
and the experiments were compared for the verification of the
CFD results.

In the case of a jet nozzle, the results from the CFD analysis
showed a good agreement with the experimental results.
However, a fairly large deviation was found in the static
temperature corresponding to saturation temperature which is

determined by the suction pressure. The reason for the

_iV_



disagreement in the temperature might result from the fact that
all flow was considered with an isentropic process in the CFD
analysis while the actual flow was not isentropic. Furthermore,
in this study, a special attention was paid on the performance of
the thermal vapor compressor by varying the diffuser
convergence angle of 1.0°, 4.0° and 7.0°. With the increase of the
diffuser convergence angle, the suction capacity was improved
up to the degree of 4.0° while it was decreased over the degree
of 4.0°. However, the discharge pressure was increased when the
diffuser convergence angle was reduced.

From this study, it was found by comparing with an
entrainment ratio and the discharge pressure that the thermal
vapor compressor has three operating regions, which are called a
chocked flow, an un—chocked flow, and the reversed flow of a
suction flow, respectively. When comparing with the CFD
analysis and the experimental results on the thermal vapor
compressor, the former showed a larger value of 25 % than the

latter.
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Table 1.1 Performance comparisons between the MSF &

MED type desalination plants

Specification Unit MSE MSE MED-TVC
cross tube long tube

Production per unit m’/h 1.000 1.000 1.000
Total no. of units 4 4 4
Plant availability % 95.0 97.0 96.0
Feed treatments Anti scale Acid Anti scale
No. of stages 20 48 6
Brine top temp. C 110.0 112.0 65.0
MP steam pressure bar A 6.0 6.0 6.0
MP steam enthalpy kJ/kg 2,980.0 2,980.0 2,980.0
MP stem consumption |kg/hr 1.9 1.6 103.0
LP steam pressure bar A 2.0 2.0 2.0
LP steam enthalpy kJ/kg 2,792.0 2,792.0 2,792.0
LP stem consumption |kg/hr 122.0 68.0 0.0
Gained output ratio 8.1 14.4 9.7
Electric power kW 2.866 2.468 1.100
Anti scale dosing rate opm 30 0.5 95

on make—up




Table 1.2 Cost analysis of the MSF & MED type

desalination plants

) MSF MSF
Case Unit MED-TVC
cross tube long tube

Estimate overall 5 6 5

] Euro 21.6X10 22.8%<10 20.1X10
Installation cost
Operating time hr/year 8,322 8,497 8,410
Maintenance cost Euro/year 200.0 150.0 180.0
Investment cost Euro/m® 0.23 0.23 0.21
MP steam cost Euro/m® 0.01 0.01 0.04
LP steam cost Buro/m® 0.31 0.17 0.00
Electric cost Euro/m? 0.12 0.10 0.05
Chemical cost Euro/m® 0.03 0.03 0.02
Personal cost Euro/m” 0.02 0.02 0.02
Maintenance Euro/m® 0.02 0.02 0.02
Total specific cost | Euro/m® 0.73 0.58 0.72
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(a) Mach number
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(b) Density ratio
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(c) Pressure ratio

Fig. 2.3 Typical flow state of 1-dimensional nozzle flow
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Fig. 2.5 Typical CFD results at the motive nozzle by
FLUENT code.
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Table 3.2 Thermal property of water vapor

Properties Unit Values Remark
Specific heat capacity, Cp | J / (kg K) 2,014.0
Thermal conductivity, k W/(m K) 0.0261
Viscosity, kgm/(m s) | 1.34x10°
Molecular weight, M kg/kmol 18.015
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Fig 3.4 Static pressure distribution along the center line of

jet nozzle (BIV-4, Ps=12.0 kPa)
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Fig 3.6 Temperature distribution along the center line of

jet nozzle (BIV-4, Ps=12.0 kPa)
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unit : m/sec
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1.0He+03
9 H6e+02
9.13e+02
8.69e+02
8. 26e+02
7.82e+02
7.39e+02

6.950+07—
6.52e+0

([T
4.78;:02 ““‘“““ i

4.35e+02
3.91e+02
3.48e+02—
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(b) BIV-4, Ps=12.0 kPa
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unit : m/sec
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(c) CIV-4, Ps=12.0 kPa

Fig 3.7 Velocity distribution along the jet nozzle
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Fig 3.8 Velocity distribution between the diffuser inlet &

diffuser throat outlet (At center line)
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Fig 3.9 Velocity distribution between the diffuser inlet &

diffuser throat outlet (At wall)
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unit : m/sec
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9.56e+02
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8.26e+02
7.82e+02
7.39e+02
6.95e+02
6.52e+02
6.08e+02
5 65e+02
5.21e+02
4 78e+02
4.35e+02
3.01e+02
3.48e+02
3.04e+02
2.61e+02
2.17e+02
1.74e+02
1.30e+02
8.69e+01
4.35e+01

RO (c) C-TI-3, Ps=12.0 kPa

Fig 3.10 Velocity distribution between the diffuser inlet

diffuser throat outlet
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Fig 3.11 Velocity vector distribution of suction vapor

according to the y-direction
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Fig 3.12 Pressure distribution between the diffuser inlet

& diffuser throat outlet (At center line)
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unit : Pa
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Fig 3.14 Total pressure distribution between the diffuser

inlet & diffuser throat outlet
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unit : m?/s?
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Fig 3.15 Turbulence of kinetic energy between the diffuser

inlet & diffuser throat outlet
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unit : m%/s®
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Fig 3.16 Turbulence of dissipation rate between the

diffuser inlet & diffuser throat outlet
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Table 34+ IM-39 &% (Ps=12.0 kPa, Pd=22.0 kPa)ol 4
OEA F27bel 10° 40°, 70°0] 3t ZRe] f3S vpepdch

Table 349 o] FAS7I7F festad F27F Basty, o= o

Table 3.1 Calculation results according to the convergence

angle of diffuser inlet (Critical flow conditions)

Convergence Flow; Rate, kg/sec Entrainment
Angl Rati
nee Motive Suction Discharge ato
1.0°
0.09966 0.08023 0.17989 0.81
(AII-3)
4.0°
0.09966 0.08799 0.18766 0.88
(BII-3)
7.0°
0.09966 0.08194 0.18160 0.82
(CII-3)
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Fig 3.17 Velocity distribution along the center line of

thermal vapor compressor (BII-3, Ps=12.0 kPa)
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(b) Detail of diffuser part

Fig 3.18 Static pressure distribution along the center line

of thermal vapor compressor (BII-3, Ps=12.0 kPa)
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Fig 3.23 Velocity distribution along the center line of

thermal vapor compressor
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Fig 3.24 Static pressure distribution along the center line
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Table 3.5 M-49 %3 (Ps=12.0 kPa, Pd=25.0 kPa) | 4]
1.0°, 4.0°, 7.0°0 tigk 259 FFS dERWTE AIT-49] 74 $-dl=
AAFHZX7 =g A$ Bll-4= Holdd, Cll-4+= FTA+%
o] A3 fl& dFBack flow)7} FA = 4 -0 th

Sroll Al Ak mpe} o] FSIFVI7F frEshel FE7L af

Table 3.5 Calculation results according to the convergence

angle of diffuser inlet (Non-critical flow conditions)

Convergence Flow Rate, ke/sec Entrainment
Angl Rati
nee Motive Suction Discharge ato
1.0°
0.09966 0.08023 0.17989 0.81
(AI-4)
4.0°
0.09966 0.04286 0.14252 0.43
(BII-4)
7.0°
0.09966 -0.00890 0.09056 -0.09
(CIm-4)
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Table 4.1 Dimension of experimental TVC (Case-A)

Unit Dimension Remark
Nozzle throat diameter (0] 17.8
Nozzle outlet diameter [0} 33.3
Diffuser inlet diameter [0} 87.6
Diffuser throat diameter [0} 78.0
Diffuser outlet diameter ¢ 202.7
Nozzle angle 1 5.0
Diffuser convergence angle N 1.0
Diffuser enlargement angle ° 8.9
Diffuser inlet length mm 546.8
Diffuser throat length mm 234.3
Diffuser outlet length mm 800.0
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Table 4.2 Dimension of experimental TVC (Case-C)

Unit Dimension Remark
Nozzle throat diameter [0} 17.8
Nozzle outlet diameter [0} 33.3
Diffuser inlet diameter o 145.1
Diffuser throat diameter (0] 78.0
Diffuser outlet diameter () 202.7
Nozzle angle 1 5.0
Diffuser Convergence angle i 7.0
Diffuser enlargement angle 2 7.0
Diffuser inlet length mm 546.8
Diffuser throat length mm 273.4
Diffuser outlet length mm 300.0
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Photo 4.1 Experimental thermal vapor compressor

(Case-C)

Photo 4.2 Experimental plant of MED-TVC pilot plant
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Table 4.3 Experimental data sheet of thermal vapor

compressor . Case-A

Motive Condition

Suction Condition

Discharge Condition

Time Press.,| Temp. | Flow, |Press.,| Temp. | Flow, |Press.,| Temp. | Flow,
(kPa) | (K) |(kg/hr)| (kPa) | (K) |[(kg/hr)| (kPa)| (K) |(kg/hr)
15:20 | 266.0 | 402.7 | 360.0 | 146 | 53.4 | 310.0 | 205 | 70.3 | 670.0
15:40 | 266.0 | 402.7 | 360.0 | 124 | 51.3 | 280.0 | 155 | 726 | 640.0
16:00 | 266.0 | 402.7 | 360.0 | 13.9 | 53.4 | 310.0 | 17.3 | 70.7 | 670.0
16:20 | 266.0 | 402.7 | 360.0 | 135 | 52.6 | 300.0 | 174 | 70.0 | 660.0
16:40 | 266.0 | 402.7 | 360.0 | 13.7 | 53.0 | 300.0 | 174 | 70.1 | 660.0
Motive steam pressure reduced (Turn-down to 1.2 Bar G)
17:10 | 220.0 275.0 | 131 | 51.7 | 3450 | 170 | 67.1 | 620.0
17:30 | 220.0 275.0 | 128 | 51.1 | 3250 | 163 | 665 | 600.0
17:50 | 220.0 275.0 | 128 | 509 | 3350 | 164 | 66.6 | 610.0
Vacuum breakol] €]%F TVC suction & discharge pressure control
1830 | 266.0 | 402.7 | 360.0 | 139 | 53.2 | 320.0 | 220 | 725 | 600.0
1845 | 266.0 | 402.7 | 360.0 | 14.3 | 53.7 | 330.0 | 226 | 720 | 690.0
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Table 4.4 Experimental data sheet of thermal vapor

compressor : Case-C

Motive Condition

Suction Condition

Discharge Condition

Time Press.,| Temp.| Flow, |Press.,| Temp. | Flow, |Press.,| Temp. | Flow,
(kPa) | (K) [(kg/hr)| (kPa) | (K) |(kg/hr)| (kPa)| (K) | (kg/hr)
14:00 | 266.0 | 402.7 | 360.0 | 16.0 | 53.2 | 350.0 | 21.0 | 745 | 670.0
14:20 | 266.0 | 402.7 | 360.0 | 14.8 | 53.7 | 325.0 | 206 | 74.1 | 710.0
14:40 | 266.0 | 402.7 | 360.0 | 135 | 524 | 350.0 | 183 | 73.6 | 700.0
15:00 | 266.0 | 402.7 | 360.0 | 13.5 | 52.7 | 340.0 | 178 | 735 | 710.0
15:20 | 266.0 | 402.7 | 360.0 | 14.0 | 53.1 | 340.0 | 174 | 735 | 710.0
Motive steam pressure reduced (Turn-down to 1.2 Bar G)
16:20 | 220.0 275 | 132 | 519 | 340.0 | 170 | 67.1 | 630.0
16:40 | 220.0 131 | 514 | 325.0 | 16.3 | 66.5 | 600.0
17:00 | 220.0 13.0 | 514 | 3350 | 164 | 66.6 | 610.0
Vacuum breakel] 2]3F TVC suction & discharge pressure control
17:30 | 266.0 | 402.7 | 360.0 | 154 | 554 | 380.0 | 245 | 71.0 | 740.0
17:45 | 266.0 | 402.7 | 360.0 | 155 | 54.8 | 380.0 | 249 | 725 | 740.0
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