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Abstract

Generally, the fire and/or explosion are looked rums main causes behind
marine casualties. This has been backed by rectiistisal data which
showed that approximately 15.4 % of all marine elims are caused by

fire and/or explosion.

The fire accidents on board mostly occur in engioems. Hence, a number
of requirements for the prevention, detection amtinetion of fire in engine
rooms have been incorporated into internationalventions such as SOLAS
(International Convention for the Safety of Life d&ea) and national

regulations of different countries.

Among various fire safety related means availalfieed fire extinguishing

system is used as a last resort to secure firetysafieboard. And out of



many fixed fire extinguishing systems used in eagirooms, CO2 fire
extinguishing system, which uses carbon dioxide(C@8 fire extinguishing

agent, is most common system in use at present.

Recently, however, there is an international trdndban the use of CO2
due to its effect on the global warming. As a resutsearches and studies
are widely being conducted to develop an altereatiire extinguishing

system in lieu of CO2 fire extinguishing systempm@me example being the

water mist fire extinguishing system.

The fire extinguishing capability of water mist efirextinguishing system
depends largely on the water supplying capacitythte protected space and
the diameter of water mists. Consequently, propempp capacity and pipe

size and discharge pressure at water mist nozgevery important.

To select proper pump capacity and pipe size, ateuestimation of flow
rate and pressure at each position of piping systermequired. And for the
accurate estimation, a pipe network analysis need be carried out.
However, since the conventional pipe network anslysethod such as
Hardy-Cross method cannot analyze the flow rate amessure at each
position of water mist system, flow energy loss lesaon and pipe network
analysis method, which consider characteristicswater mist system, were

developed in this study.



Furthermore, to confirm the correlation between ftiischarge pressure at
water mist nozzles and the diameter of water miatg,omputational analysis
for the flow characteristics (CFD) was performedngsthe actual dimension
of water mist nozzle. The result of analysis showedt the water mist
diameter gets smaller with the increase in disahapgessure. Also, it was
confirmed that the increased discharge pressurdslgéa increase in surface
area, i.e. heat transfer area, resulting in entthnéee extinguishing

capability. The comparison of analysis result withe measured result

obtained using PIV showed that they are in agreémealitatively.



Nomenclature

C Hazen-Williams coefficient

D : Inner diameter of pipe, m

f Friction factor

K Nozzle discharge coefficient)(//min)= K+/ P(bar)

K, . Flow energy loss coefficient of pipe fittings andlves

L Length of pipe, m

Ly . Equivalent length of pipe fittings and valves, m

Ly . Summation of length of pipe and equivalent length pipe

fittings and valves,L;=L+L;, , m

P; . Pressure Loss, Pa

P, 5 : Pressure loss calculated by Hazen-Williams eqoativar
Q : Flow rate, n¥s

Qy . Flow rate for Hazen-Williams equation, /min

Re . Reynolds number

V . Mean velocity in pipe, m/s

Greek letters
€ . Pipe wall roughness, m
p © Density, kg/n

1 . Absolute viscosity, Psec
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Table 1-1 Casualties from 1996 to 2003 recorded

in the IMO database (Total 3,079 ships)

Type of casualty Number of Ships Portion
Grounding 640 20.8%
Machinery damage 505 16.4%
Fire/explosion 475 15.4%
Hull failure/failure watertight doors 458 14.9%
Collision 435 14.1%
Capsizing/listing 211 6.9%
Contact 123 4.0%
Heavy weather 50 1.6%
Damage to ship or equipment 45 1.5%
Other 118 3.8%
Unknown 19 0.6%

4.094-898% 3.890.6% 20.8%

~R, /S e

14.1%
16.4%
O Grounding B Machinery damage
O Fire/explosion O Hull failure/failure watertight doors
M Collision O Capsizingllisting
B Contact COHeavy weather

O Unknown

Bl Damage to ship or equipment B Other

Fig

.1-1 Casualties from 1996 to 2003 recorded
in the IMO database (Total 3,079 ships)
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Fire Extinguishing
System

Fire Pump Main Fire Pump
.
Emergency Fire Pump
.
] Extingli:ﬁirfggystem CO2 System
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Fig. 1-2 Onboard fixed fire extinguishing systems
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Fig. 1-3 Relation of number of water mist versus tal surface area
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Table 2-1 Comparison of Reynolds Number between
sprinkler system and water mist system

Sprinkler System

Water Mist Systen

—

Pipe Size 25A, Sch.40 15A, Sch.40
Inner Dia. of Pipe 26.2 mm 15.3 mm
K factor of Nozzle 80.0 1.0
Discharge Pressure 1 bar 100 bar

Flow Rate 80 liters/min 10 liters/min

Mean Velocity 2.473 mls 0.907 m/s

Density 995.4 kg/rh 995.4 kg/m
Absolute Viscosity 7.4x16 Pasec 7.4x10 Pasec
Reynolds Number 8.72x10 1.87x1d
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Friction factor, f
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Fig. 2-1 Moody chart by Colebrook-White equation ad
comparison of Reynolds Number between spiinkler sysm and
water mist systen
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Table 2-2 Recommended values of absolute roughnest effective
height of pipe wall imegulaiities for use in DarcyWeisbach equation

Pipe Material(New)

Design Value ofe

ft mm
Copper, Copper nickel, Drawn Tubing 0.000005 0.001%
Stainless Steel 0.00015 0.045
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Friction factor, f
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0.09 4 R R AL A A R
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Fig. 2-2 Cornelation of Darcy equation and Hazen-Wliams equation
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Friction factor, f
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Fig. 2-3 Comparison of Colebrook-White equation and
Hazen-Williams equation with exception condition ofNFPA Code 750 6-2.1.
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5.0

—a— Darcy-Weisbach equation
—e— Hazen-Williams equation

4.0+ . "
Calculation condition

- Density: 995.4 kg/m®

- Absolute viscosity: 7.4X10" Pa.sec
3.0 -Pipelength:10m
- Inner Diameter of pipe: 16.1 mm
- Hazen-Williams coefficient: 150
- Pipe wall roughness: 0.045 mm

2.0+

Pressure loss, bar

0.0 . , . , . , . , .
0.0 4.0x10" 8.0x10"* 1.2x10° 1.6x10° 2.0x10°
Reynolds number, Re

Fig. 2-4 Comparison of pressure loss by Darcy-Weiabh equation and
Hazen-Williams equation for same pipe

1.0

dPH: Pressure loss by Hazen-Williams equation
dPD: Pressure loss by Darcy-Weisbach equation
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0.8+

0.6

Ratio of pressure loss, dPH/dPD

0.5 — —————rr ——rrrr
10° 10

Reynolds number, Re

Fig. 2-5 Pressure loss ration of Fig. 2-4
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Pressure loss, bar

Fig.

Ratio of pressure loss, dPH/dPD
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Calculation condition
- Density: 995.4 kg/m®
- Absolute viscosity: 7.4X10™ Pa.sec
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- Hazen-Williams coefficient: 150
- Pipe wall roughness: 0.045 mm
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Comparison of pressure loss by Darcy-Weiabh equation and
Hazen-Williams equation for same pipe
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Fig. 2-7 Pressure loss ratio of Fig. 2-6
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Table 2-3 Equivalent length of pipe for copper fiings and valves

(NFPA Code 750 Table 6-3.6.1, unit = m)

Fittings Valves

Inner
Nomlnal ElbOW 900 Tee

Di O w
. ia. o wm o |5 | 9Q
Diameter T | 2 |5 ® | o | 3 3

o o = - * (@)
mm | 90° | 45 % 2 3 ® 2 23
> =

3/8 | 8A | 9.53| 0.15 - | 0.46 - - - - 0.4
1/2 | 10A| 12.7) 0.31] 0.15 0.61 - - - - 0.6
5/8 | 15A|15.88 0.46 0.15 061 - - - - 0.7
3/4 | 20A| 19.05 0.61 0.15 091 - - - - 0.9
1 | 25A| 25.4| 0.76 0.31 1.37 - < 015 - 1.
1% | 32A[31.7%5 091 0.31 168 0.15 0.15 015 | - 1
1% | 40A| 38.1 1.22 046 2183 0.15 0.15 0.5 +~ -1
2 | 50A| 50.8/ 1.68 0.61 274 0.15 0.15 0.15 0,15 229 72
2% | 65A| 63.5 2.13 0.76 3.66 0.15 0.15 0.81 05 3
3 |80A| 76.2| 2.74 107 457 031 031 -4 046 472 4
3% | 90A| 88.9] 2.74 1.07 4.2f 0.31 0.31 o1 + 3
4 |100A 101.6 3.81 152 6.40 0.31 0.31 0.61 88 5
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Fig. 2-8 Comparison of NFPA Code 750 Table 6-3.6.4nd the present results
(continued)
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Equivalent Lenght, m

Equivalent Lenght, m

Fig. 2-8 Comparison of NFPA Code 750 Table 6-3.6.4nd the present results
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] Tee - straight
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044 - - --Linear Fitting
Present Result
0.3 =
0.2 b 1
0.1 -
0.0 T T T T T T T T T
0 20 40 60 80 100

Inner Diameter of Pipe, mm

Tee - straight, L, =0.0041D

(continued)
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Equivalent Lenght, m

Equivalent Lenght, m

Fig. 2-8 Comparison of NFPA Code 750 Table 6-3.6.4nd the present results
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Ball valve
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0.0 T T T T T T T
0 20 40 60 80 100

Inner Diameter of Pipe, mm

Ball Valve, L, =0.006D

(continued)
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0.8

] Gate valve 7
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Fig. 2-8 Comparison of NFPA Code 750 Table 6-3.6.4nd the present results
(continued)
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Check Valve
6| —®— NFPA Code 750
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Fig. 2-8 Comparison of NFPA Code 750 Table 6-3.6.4nd the present results
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Table 2-4 The proposed equivalent length of pipe tings and valves used for
water mist system

90° elbow or bend L;=0.0375D
45° elbow or bend L;=0.015D
Tee - branch L;=0.063D
Tee - straight L,=0.0041D
Coupling L,;=0.0041D
Ball Valve L;=0.006D
Gate Valve L;=0.0069D
Butterfly Valve L,=0.062D
Check Valve L;=0.058D

* Ly : equivalent lengthmn

D : inner diameter of pipemm
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Table 3-1 Node equation for Fig. 3-4

Node Equation
1 QL+t Qpt+ Q=0
2 T @t Gy =0
3 — B+ s+ =0
Node
_ 4 Cpt Qs+ Qr=0
Equation
5 — At Qg t Oyt @3 =0
6 sz + Gy =0
7 QT @t Qut Q=0
Table 3-2 Loop equation for Fig. 3-4
Loop Equation
Loop
Equation
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3.7.1 Hardy-Cros§{(Loop by Loop Flow Correction)
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Fig. 3-5 Sample loop piping system for calculation
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Fig. 3-6 Initial guess for Hardy-Cross method
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Table 3-3 Calculated results by Hardy-Cross method 1st iteration

Node (I[?m) f (r';]) (mDm) R RG 2RQ AQ
Iter.: 1, Loop 1

1| 2| 150.00| 0.049 4 25 1.622E+10 101371/18B1096932.55

2| 4| 30.00 | 0.050 3 25 1.237E+10 3093.41 12373631.79

4| 7| 10.00 0.052 4 25 1.716E+10 476.56 5718708.44

7| 6| -50.00| 0.049 4 25 1.636E+10 -11361.1227266690.73

6| 1| -50.00| 0.049 7 25 2.863E+10 -19881.9647716708.77

73698.05 | 174172672.28 -25.39

2| 3| 120.00| 0.049 6 25 2.436E+10 97422.6397422627.39
3| 5| 20.00 | 0.050 3 25 1.250E+10 1388.9y 8333801.49
5| 4| -20.00 | 0.050 6 25 2.500E+10  -2777.93 16667602.98
4| 2| -30.00 | 0.050 3 25 1.237E+10  -3093.41 12373631.79

92940.25 | 134797663.6b

4| 5| 20.00 | 0.050 6 25 2.500E+10 2777.98 16667602.98
5| 8] -10.00| 0.052 4 25 1.716E+10 -476.56 5718708.44
8| 7| -40.00| 0.049 6 25 2.462E+10 -10941.4032824213.68
7| 4| -10.00 | 0.052 4 25 1.716E+10 -476.5¢ 5718708.44

-9116.59 60929233.54

Iter.: 1, Loop 2

1| 2| 124.61| 0.049 4 25 1.623E+10 70022.6867431035.55
2| 4| 461 0.055 3 25 1.365E+10 80.67 2098858.79
4| 7| -15.39 | 0.051 4 25 1.682E+10 -1106.13 8625965.42
7| 6] -75.39| 0.049 4 25 1.629E+10 -25716.0040933868.95
6| 1| -75.39| 0.049 7 25 2.851E+10 -45002.9971634270.66

-1721.78 | 190723999.35
2| 3| 120.00| 0.049 6 25 2.436E+10 97422.6397422627.39
3| 5| 20.00 | 0.050 3 25 1.250E+10  1388.97 8333801.49
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Node (lfm) f (;) (mDm) R RG 2RQ AQ

5| 4| -20.00 | 0.050 6 25 2.500E+1p -2777.93 16667602.98

4| 2| -461 0.055 3 25 1.365E+10 -80.67 2098858.79
95952.99 | 124522890.65 -46.23

4| 5| 20.00 | 0.050 6 25 2.500E+10 2777.93 16667602.98

5| 8| -10.00| 0.052 4 25 1.716E+10 -476.56 5718708.44

8| 7| -40.00| 0.049 6 25 2.462E+10 -10941.4032824213.68

7| 4| 1539 | 0.051 4 25 1.682E+10 1106.18 8625965.42
-7533.90 63836490.52

Iter.: 1, Loop 3

1| 2| 124.61| 0.049 4 25 1.623E+10 70022.6867431035.55

2| 4| 50.85 | 0.049 3 25 1.227E+10 8809.74 20791601.46

4| 7| -15.39 | 0.051 4 25 1.682E+10 -1106.13 8625965.42

7| 6| -75.39| 0.049 4 25 1.629E+10 -25716.p040933868.95

6| 1| -75.39| 0.049 7 25 2.851E+10 -45002.9971634270.66
7007.30 | 209416742.02

2| 3| 73.77 | 0.049 6 25 2444E+10 36939.1260091221.93

3| 5| -26.23| 0.050 3 25 1.241E+10  -2372.9110852432.03

5| 4| -66.23 | 0.049 6 25 2.446E+1D -29810.8054009135.39

4| 2| -50.85 | 0.049 3 25 1.227E+10  -8809.74 20791601.46
-4053.44 | 145744390.80

4| 5| 66.23 | 0.049 6 25 2.446E+10  29810.3054009135.39

5| 8| -10.00| 0.052 4 25 1.716E+10 -476.56 5718708.44

8| 7| -40.00| 0.049 6 25 2.462E+10 -10941.4032824213.68

7| 4| 1539 | 0.051 4 25 1.682E+10D 1106.18 8625965.42
19498.47 | 101178022.93 -11.56

Iter.: 1, Final
1| 2| 124.61| 0.049 4 25 1.623E+10 70022.6867431035.55
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Node (Ime) f (;) (mDm) R RG 2RQ AQ

2| 4| 5085 | 0.049 3| 25 | 1227E+10 8809.74 2079160146

4l 7| 383 | 00s6| 4| 25 | 1857E41p  -75.49] 236833164

7| 6| -7539| 0049 4| 25 | 1629E+10 -25716.0040933868.95

6| 1| -7539| 0049 7| 25| 2851E+10 -45002.9971634270.66
8037.94 | 203159108.25

2| 3| 7377 | 0049 6| 25| 2444E+10 36939.1260091221.93

3| 5| -2623| 0050 3| 25| 1241E+10 -2372.5110852432.03

5| 4| 5467 | 0049] 6| 25 | 2451E+1D -20352.2444672067.54

4| 2| 5085 0.049] 3| 25| 1227E41D -8809.74 20791601.46
5404.63 | 136407322.96

4| 5| 5467 | 0049 6| 25 | 2451E+1D 20352.2444672067.54

5| 8| -21.56| 0050 4| 25 | 1663E+10 -2147.9811953779.32

8| 7| 51.56| 0049 6| 25 | 2453E+10 -18116.5642162119.42

7| 4| 383 | 0056] 4 | 25 | 1857E+10 7549 236833164
163.08 | 101156297.93

- 69 -




Table 3-4 Summary of calculated results by Hardy-Gyss method

Q Q H Q H Q H Q H
Node (lpm) [ (lpm) | (Pa) | (pm) | (Pa) | (pm)| (Pa) | (pm)| (Pa)
Initial Iter.=1 Iter.=2 Iter.=5 Iter.=13
1| 2| 150.00124.61 122.24 121.89 121.89
21 4] 30.00| 50.85 51.22 51.47 51.47
4| 7| 10.00| -3.83/8.04E+03 -4.859.85E+02 -4.916.09E+00 -4.916.92E-06
7 | 6| -50.00|-75.39 -77.76 -78.11 -78.11
6| 1| -50.00(-75.39 -77.76 -78.11 -78.11
2| 31]120.00 73.77 71.02 70.42 70.42
3| 5| 20.00(-26.23 -28.98 -29.58 -29.58
5.40E+0 1.02E+0 5.97E+0 6.79E-06]
51 4| -20.00| -54.67 -56.07 -56.38 -56.38
4 | 2| -30.00|-50.85 -51.22 -51.47 -51.47
4| 5| 20.00| 54.67 56.07 56.38 56.38
51| 8| -10.00| -21.56 -22.92 -23.20 -23.20
1.63E+02 1.90E+01 1.05E-01 1.20E-07
8| 7| -40.00| -51.56 -52.92 -53.20 -53.20
71 4| -10.00f 3.83 4.85 491 491
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Table 3-5 Calculated results by Hardy-Cross methodat 13th iteration

2 i
Node | o fs8 (tf;r) (tf;)r)
1 2 121.89| 0.049 4 25 66999.76 5.00 4.83
2 4 51.47 | 0.049 3 25 9025.78 4.33 4.24
4 7 -4.91 0.054 4 25 -121.32 4.24 4.44
7 6 -78.11| 0.049 4 25 -27601.54 4.24 4.%2
6 1 -78.11| 0.049 7 25 -48302.69 4.52 5.00
6.92E-06
2 3 70.42 | 0.049 6 25 33674.07 4.33 3.99
3 5 -29.58 | 0.05(0 3 25 -3009.11 3.99 4.02
5 4 -56.38 | 0.049 6 25 -21639.17 4.02 4.24
4 2 -51.47 | 0.049 3 25 -9025.78 4.24 4.33
6.79E-06
4 5 56.38 | 0.049 6 25 21639.17 4.24 4.02
5 8 -23.20| 0.05Q 4 25 -2481.79 4.02 4.05
8 7 -53.20| 0.049 6 25 -19278.70 4.05 4.24
7 4 491 0.054 4 25 121.32 4.24 4.44
1.20E-07
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Hardy-Cros§! 2 Loope] HARFH AQS ALt A= tE Loopd
TEor 2fEo] = Wi = §3 Loopitel AdHAlE ®BA
3 Wrte WS A&t Fig. 3-31A49F Zo] Loop 1, Loop 2%
Loop 3= o|FZl wj#gS Hardy-CrosglS o]83te] ajAsts 49,
Loop 1, Loop 2% Loop 39 =A== Aito] o] FXIthA, Loop 2} Loop
3l FEo= Falgls 45 vldel dia] Loop FIA AxtE Axrt
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Table 3-6 Specification of water mist system and elooard ship

Applied standard for type approval IMO MSC/Circ.913
K-factor of the nozzle 4.76

Max horizontal nozzle spacing 4 mx4m
Min. operating pressure at nozzle 7.5 bar
Min./Max. vertical distance from fire hazards 0.5/m7 m

Main Enigne
Generator Engine
Boiler Burner
Incinerator Burner
- H.F.O Purifier

Protected fire hazards

13100 Teu Class

Applied ship Container Ship
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Table 3-7 Input data for calculation

Node ND Sch. L?rrr]gth E(Iri\)/ (B:-aiez:h) Elgbogw Valve Fa}f:tor
1 2 50A 40 0.28| 0.00 0 0 Gv| 0.00
2 3 50A 40 0.21| 0.00 0 0 0.00
3 4 50A 40 0.12| 0.12 0 1 0.00
4 5 50A 40 0.10| 0.00 0 1 0.00
5 6 50A 40 1.00| 1.00 0 1 0.00
6 7 | 40A 40 | 0.15, 0.00 0 1 GV, 0.00
7 8 40A 40 0.69| 0.00 0 0 0.00
8 9 40A 40 4.08| 4.08 0 1 0.00
9 | 10 | 40A 40 | 0.37| 0.00 0 1 0.00
10 | 11| 40A 40 0.50, 0.00 0 1 0.00
11 | 12| 40A 40 7.78| 7.78 0 1 0.00
12 | 13 | 40A 40 1.35| 0.00 0 1 0.00
13 | 14| 40A 40 | 14.00 0.00 0 1 0.00
14 | 15| 40A 40 4.65| 0.00 0 1 0.00
15 | 16 | 40A 40 | 0.75/ 0.00 0 1 0.00
16 | 17| 25A 40 4.00| 0.00 1 0 0.00
17 | 18 | 25A 40 1.25| 0.00 0 1 4.76
18 | 19 | 25A 40 | 4.00, 0.00 0 0 4.76
19 | 20| 25A 40 4.00/ 0.00 0 0 4.76
20 | 21| 25A 40 4.00/ 0.00 0 0 4.76
21 | 22| 25A 40 | 4.00, 0.00 0 0 4.76
22 | 23| 25A 40 4.00/ 0.00 0 0 4.76
23 | 24| 25A 40 4.00/ 0.00 0 0 4.76
16 | 25 | 40A 40 1.25| 0.00 0 0 4.76
25 | 26| 25A 40 4.00/ 0.00 0 0 4.76
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Node ND Sch. L?rrrlf)]th E(Iri;/ (B:-aiech) E?t?cjw Valve Faitor
26 | 42 | 25A 40 2.00| 0.00 0 0 0.00
42 | 36 | 15A 40 2.00/ 0.00 1 0 4.76
42 | 27 | 25A 40 2.00| 0.00 0 0 4.76
27 | 28 | 25A 40 4.00, 0.00 0 0 4.76
28 | 29 | 25A 40 4.00, 0.00 0 0 4.76
29 | 30 | 25A 40 4.00, 0.00 0 0 4.76
30 | 31| 25A 40 4.00, 0.00 0 0 4.76
16 | 32 | 25A 40 4.00, 0.00 1 0 0.00
32 | 33| 25A 40 1.25| 0.00 0 1 4.76
33 | 34| 25A 40 4.00, 0.00 0 0 4.76
34 | 37 25 40 4.00f 0.00 0 0 4.76
37 | 38 25 40 4.00f 0.00 0 0 4.76
38 | 39 25 40 4.00; 0.00 0 0 4.76
39 | 40 25 40 4.00f 0.00 0 0 4.76
40 | 41 25 40 4.000 0.00 0 0 4.76
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Table 3-8 Comparison of calculated results

K FHCO04 SIS(H-W) Error
Factor | Q(lpm) | P(bar)| Q(lpm) P(bar Q P

Node

18 4.76 13.30, 7.799 13.3 7.80 0.000% 0.038%

19 4.76 13.20| 7.685 13.2 7.68 0.000% 0.039%

20 4.76 13.10| 7.604 13.1 7.60 0.000% 0.039%

21 4.76 13.10, 7.550 13.1 7.55 0.000% 0.040%

22 4.76 13.10| 7.519 13.1 7.52 0.000% 0.040%

23 4.76 13.00| 7.504 13.0 7.50 0.000% 0.040%

24 4.76 13.00, 7.500 13.0 7.50 0.000% 0.040%

25 4.76 13.50| 8.055 13.5 8.05 0.000% 0.037%

26 4.76 13.40| 7.900 13.4 7.90 0.000% 0.038%

36 4.76 13.30| 7.798 13.3 7.80 0.000% 0.038%

28 4.76 13.20| 7.745 13.3 7.74 0.752% 0.039%

29 4.76 13.20, 7.713 13.2 7.71 0.000% 0.039%

30 4.76 13.20| 7.698 13.2 7.70 0.000% 0.039%

31 4.76 13.20| 7.694 13.2 7.69 0.000% 0.039%

33 4.76 13.30, 7.799 13.3 7.80 0.000% 0.026%

34 4.76 13.20| 7.685 13.2 7.68 0.000% 0.013%

37 4.76 13.10| 7.604 13.1 7.60 0.000% 0.013%

38 4.76 13.10 7.550 13.1 7.55 0.000% 0.013%

39 4.76 13.10| 7.519 13.1 7.52 0.000% 0.013%

P
8
i’
8
P
i’
8
8
8
1
27 4.76 13.30| 7.800 13.3 7.808 0.000% 0.038%
8
6
i
i’
1
6
b
1
0
9)

40 4.76 13.00| 7.504 13.0 7.50 0.000% 0.013%

41 4.76 13.00, 7.500 13.0 7.500 0.000% 0.000%

* The pressure loss was calculated by Hazen-Williaequation
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Table 3-9 Comparison of calculated results

K FHCO04 SIS(Darcy) Error
Factor | Q(lpm) | P(bar)| Q(lpm) P(bar Q P
18 476 | 1330 7.799 1528 10.302 12.958% 24.296%

Node

19 4.76 13.20| 7.685 15.19 10.185 13.101% 24.546%

20 4.76 13.10| 7.604 15.13 10.103 13.417% 24.735%

21 4.76 13.10 7.550 15.09 10.0%0 13.188% 24.876%

22 4.76 13.10| 7.519 15.07 10.019 13.072% 24.953%

23 4.76 13.00| 7.504 15.06 10.004 13.679% 24.990%

24 4.76 13.00f 7.5000 15.0% 10.000 13.621% 25.000%

25 4.76 13.50| 8.055 15,50 10.609 12.903% 24.074%

26 4.76 13.40| 7.900 15.39 10.448 12.930% 24.387%

36 4.76 13.30 7.798 15.31 10.346 13.129% 24.628%

27 4.76 13.30| 7.800 1531 10.346 13.129% 24.609%

28 4.76 13.20| 7.745 15.27  10.292 13.556% 24.747%

29 4.76 13.20 7.713 15.2% 10.260 13.443% 24.825%

30 4.76 13.20| 7.698 15.24  10.245 13.386% 24.861%

31 4.76 13.20| 7.694 15.23 10.241 13.329% 24.871%

33 4.76 13.30  7.799 15.28 10.302 12.958% 24.296%

34 4.76 13.20| 7.685 1519 10.185 13.101% 24.546%

37 4.76 13.10| 7.604 15.13 10.103 13.417% 24.735%

38 4.76 13.10, 7.550 15.09 10.0%0 13.188% 24.876%

39 4.76 13.10| 7.519 15.07 10.019 13.072% 24.953%

40 4.76 13.00| 7.504 15.06 10.004 13.679% 24.990%

41 4.76 13.00) 7.5000 15.0% 10.000 13.621% 25.000%

* The pressure loss was calculated by Darcy-Welsbaguation
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Table 3-10 Calculated results by FHCO04

Node | Node Q(ipm) Press.(s) Press.(e) Length | Elev. | Eq. L
(s) | (e) (bar) (bar) (m) (m) (m)
1 2 290.0 | 11.096| 11.09( 0.280  0.000 0.210
2 3 290.0 | 11.090| 11.087 0.210  0.000  0.000
3 4 290.0 11.087 11.063 0.120 0.120 0.850
4 5 290.0 11.063 11.051 0.100 0.000 0.850
5 6 290.0 11.051 10.929 1.000 1.000 0.850
6 7 290.0 10.929 10.887 0.150 0.000 0.850
7 8 290.0 | 10.887| 10.858 0.690  0.000  0.000
8 9 290.0 | 10.858| 10.258 4.080 4.080 0.640
9 10 | 290.0| 10.258] 10.216 0.370  0.000  0.640
10 11 290.0 10.216 10.167 0.500 0.000 0.640
11 12 290.0 10.167 9.049 7.780 7.780 0.640
12 13 290.0 9.049 8.965 1.350 0.000 0.640
13 14 290.0 8.965 8.346 14.00 0.000 0.640
14 15 290.0 8.346 8.122 4.650 0.000 0.640
15 16 | 290.0 8.122 8.064 0.750  0.000  0.640
16 17 91.8 8.064 7.863 4.000 0.000 1.280
17 18 91.8 7.863 7.799 1.250 0.000 0.430
18 19 78.5 7.799 7.685 4.000 0.000 0.000
19 20 65.3 7.685 7.604 4.000 0.000 0.000
20 21 52.2 7.604 7.550 4.000 0.000 0.000
21 22 39.1 7.550 7.519 4.000 0.000 0.000
22 23 26.1 7.519 7.504 4.000 0.000 0.000
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Node| Node Q®lpm) Press.(s) Press.(e) Length | Elev. | Eq. L

(s) | (o) (bar) (bar) (m) (m) (m)

23 24 13.0 7.504 7.500 4.000 0.000 0.000
16 25 106.3 8.064 8.055 1.250 0.000 0.000
25 26 92.8 8.055 7.900 4.000 0.000 0.000
26 42 79.5 7.900 7.842 2.000 0.000 0.000
42 36 13.3 7.842 7.798 2.000 0.000 1.220
42 27 66.2 7.842 7.800 2.000 0.000 0.000
27 28 52.9 7.800 7.745 4.000 0.000 0.000
28 29 39.6 7.745 7.713 4.000 0.000 0.000
29 30 26.4 7.713 7.698 4.000 0.000 0.000
30 31 13.2 7.698 7.694 4.000 0.000 0.000
16 32 91.8 7.694 7.863 4.000 0.000 1.280
32 33 91.8 7.863 7.799 1.250 0.000 0.430
33 34 78.5 7.799 7.685 4.000 0.000 0.000
34 37 65.3 7.685 7.604 4.000 0.000 0.000
37 38 52.2 7.604 7.550 4.000 0.000 0.000
38 39 39.1 7.550 7.519 4.000 0.000 0.000
39 40 26.1 7.519 7.504 4.000 0.000 0.000
40 41 13.0 7.504 7.500 4.000 0.000 0.000
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Table 3-11 Calculated results by SIS(by Hazen-Willims equation)

Node | Node Q(ipm) Press.(s) Press.(e) Length | Elev. | Eq. L
(s) | (e) (bar) (bar) (m) (m) (m)
1 2 290.3 11.104 11.098 0.280 0.000 0.210
2 3 290.3 | 11.098| 11.095 0.210  0.000  0.000
3 4 290.3 11.095 11.071 0.120 0.120 0.850
4 5 290.3 11.071 11.059 0.100 0.000 0.850
5 6 290.3 11.059 10.937 1.000 1.000 0.850
6 7 290.3 10.937 10.895 0.150 0.000 0.850
7 8 290.3 | 10.895| 10.865 0.690  0.000  0.000
8 9 290.3 | 10.865| 10.265 4.080 4.080 0.640
9 10 | 290.3| 10.265| 10.222 0.370  0.000  0.640
10 11 290.3 10.222 10.174 0.500 0.000 0.640
11 12 290.3 10.174 9.054 7.780 7.780 0.640
12 13 290.3 9.054 8.970 1.350 0.000 0.640
13 14 290.3 8.970 8.350 14.00 0.000 0.640
14 15 290.3 8.350 8.126 4.650 0.000 0.640
15 16 | 290.3 8.126 8.067 0.750  0.000  0.640
16 17 91.8 8.067 7.866 4.000 0.000 1.280
17 18 91.8 7.866 7.802 1.250 0.000 0.430
18 19 78.5 7.802 7.688 4.000 0.000 0.000
19 20 65.3 7.688 7.607 4.000 0.000 0.000
20 21 52.2 7.607 7.553 4.000 0.000 0.000
21 22 39.1 7.553 7.522 4.000 0.000 0.000
22 23 26.1 7.522 7.507 4.000 0.000 0.000
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Node| Node Q®lpm) Press.(s) Press.(e) Length | Elev. | Eq. L

(s) | (o) (bar) (bar) (m) (m) (m)

23 24 13.0 7.507 7.503 4.000 0.000 0.000
16 25 106.4 8.067 8.058 1.250 0.000 0.000
25 26 92.9 8.058 7.903 4.000 0.000 0.000
26 42 79.5 7.903 7.845 2.000 0.000 0.000
42 36 13.3 7.845 7.801 2.000 0.000 1.220
42 27 66.2 7.845 7.803 2.000 0.000 0.000
27 28 52.9 7.803 7.748 4.000 0.000 0.000
28 29 39.6 7.748 7.716 4.000 0.000 0.000
29 30 26.4 7.716 7.701 4.000 0.000 0.000
30 31 13.2 7.701 7.697 4.000 0.000 0.000
16 32 92.1 8.067 7.865 4.000 0.000 1.280
32 33 92.1 7.865 7.801 1.250 0.000 0.430
33 34 78.7 7.801 7.686 4.000 0.000 0.000
34 37 65.4 7.686 7.605 4.000 0.000 0.000
37 38 52.2 7.605 IRS51 4.000 0.000 0.000
38 39 39.1 7.551 7.520 4.000 0.000 0.000
39 40 26.1 7.520 7.505 4.000 0.000 0.000
40 41 13.0 7.505 7.500 4.000 0.000 0.000
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Table 3-12 Calculated results by SIS(by Darcy-Weislzh equation)

Node | Node Q(ipm) Press.(s) Press.(e) Length | Elev. | Eq. L

(s) | (e) (bar) (bar) (m) (m) (m)

1 2 334.2 | 14.100f 14.092 0.280 0.000 0.364
2 3 334.2 | 14.092] 14.089 0.210 0.000 0.000
3 4 334.2 14.089 14.052 0.120 0.120 1.976
4 5 334.2 14.052 14.026 0.100 0.000 1.976
5 6 334.2 14.026 13.891 1.000 1.000 1.976
6 7 334.2 13.891 13.805 0.150 0.000 1.829
7 8 3342 | 13.805/ 13.775 0.690 0.000 0.000
8 9 334.2 13.775 13.131 4.080 4.080 1.545
9 10 334.2 13.131 13.048 0.370 0.000 1.545
10 11 | 334.2| 13.048 12958 0.500 0.000 1.545
11 12 334.2 12.958 11.792 7.780 7.780 1.545
12 13 334.2 11.792 11.666 1.350 0.000 1.545
13 14 334.2 11.666 10.988 14.000 0.000 1.545
14 15 334.2 10.988 10.717 4.650 0.000 1.545
15 16 334.2 10.717 10.617 0.750 0.000 1.545
16 17 105.9 10.617 10.392 4.000 0.000 1.714
17 18 105.9| 10.392 10.302 1.250 0.000  1.0R0
18 19 90.6 10.302 10.185 4.000  0.000  0.000
19 20 75.4 10.185 10.103 4.000 0.000 0.000
20 21 60.3 10.103 10.050 4.000 0.000 0.000
21 22 45.2 10.050 10.019 4.000 0.000 0.000
22 23 30.1 10.019 10.004 4.000 0.000 0.000
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Node| Node Q®lpm) Press.(s) Press.(e) Length | Elev. | Eq. L

(s) | (o) (bar) (bar) (m) (m) (m)

23 24 15.1 10.004 10.000 4.000 0.000 0.000
16 25 122.5 10.617 10.609 1.250 0.000 0.000
25 26 | 107.0| 10.609] 10.448 4.000 0.000 0.000
26 42 91.6 10.448 10.388 2.000 0.000  0.000
42 36 15.3 10.388 10.346  2.000 0.000 1.014
42 27 76.3 10.388 10.346  2.000 0.000  0.000
27 28 61.0 10.346 10.292 4.000 0.000 0.000
28 29 45.7 10.292 10.260 4.000 0.000 0.000
29 30 30.5 10.260 10.24% 4.000 0.000 0.000
30 31 15.2 10.245|  10.241  4.000 0.000  0.000
16 32 105.9 10.617 10.392 4.000 0.000 1.714
32 33 | 105.9| 10.392) 10.302 1.250 0.000 1.020
33 34 90.6 10.302] 10.185 4.000 0.000  0.000
34 37 75.4 10.185 10.103 4.000 0.000 0.000
37 38 60.3 10.103 10.050 4.000 0.000 0.000
38 39 45.2 10.050 10.019 4.000 0.000 0.000
39 40 30.1 10.019 10.004 4.000 0.000 0.000
40 41 15.1 10.004| 10.000 4.000  0.000 0.000
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Fig. 4-1 Computational grid

- 107 -



15

Fig. 4-2 Water mist mozzle

Fig. 4-3 Water mist nozzle
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Fig. 4-4 Detail of water mist nozzle tip
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Table 4-1 Calculated conditions

Case 1 Case 2
D, ,;(mm) 0.8 D, ,;(mm) 0.8
Discharge Pressure(bar) 50  Discharge Pressure(bar)
K factor 15 K factor 15
Density(kg/nf) 1000 Density(kg/r) 1000
m(Kg/s) 0.0253 m(Kg/s) 0.0357
Spray Angle 60° Spray Angle 60°
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g Aol Al-8-%¥ CFD Solvel= ANSYS-CFX V11.0°]™ Lagrangian-Eulerian
9l (particle tracking modef§ 483t 3|48 a3t CRXE 7653
A& 9%k d 24 Lagrangian-Euleria?- 2 3} Eulerian-Eulerian® @S A&

sl+=dl Droplet 217 % droplet] break-up33S A3 2A} & 4= Quhe

-

Ao A Lagrangian Particle Tracking-2-> Eulerian-Eulerian= 2] 1|3 &

A7 E zH=1}. Particle tracking2 22 718 particleS ©HY A (phasep. 2 H.

particle =212 78 particle?] 217 ZElg o] 7FsslA| v, -5 HellA] o]
5ok point® 145 7] wjZol & el A A S 2EA e whEbA
particle®] o]-s Tl W& FH F dFadrt AR EA o, particlel A
o] ¢} W= (vortex shedding)f-sttel, A AIS 9 BAE 758t 1
L 7P A ] particle?] Al FAIFol U AFEA Foll #ek ¢ A
s, 217 3l7t vkl aled E = 7% Eulerian-Euleriand - W ol 1] 8
ARl

oX

L Qsk A]~® 317t A1 particle 7717} W 3tsls A &, dA
d F e FHo] Utk

E]E
45 5T 5 fla &A

iV
g
i
)
N
e
el
by
>
o
N
do
215

Eulerian-Eulerian’d =+ i o] J#}¢] 71 A ¢l

)

- 110 -



=

> =Za v oA, diFel o3 w7,
7141 2Fe] A3 A8 93 primary break-up] W&kl 1

SR

article> t}A] secondary break-up 24 &= A o]

BAb=Zof th3} particle break-up?td S e

©

&
(3]
AN

Injection Nozzle I. DengeFpty Dilite Speay.—
° o
o
Liquid o 2
— Dispersed Flow
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(4-6)
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Fig. 4-8 Varation of water mists diameter(continugl)
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Table 4-2 Maximum diameter of water mist versus disharge pressure

Discharge Pressure Max. diameter of water mist
(bar) (mm)
50 0.1259
100 0.1104

Table 4-3 Total surface area discharged water mistsersus
discharge pressure

Discharge Pressure

50bar 100 bar
Flow rate(ni/sec) 0.0253 0.0357
Maximum diameter of
] 0.1259 0.1104
water mist(mm)
Volume of
, 1.045x10" 7.045x10
one water mist(f)
Surface area of
, 4.980x10° 3.829x1¢
one water mist(f)
Number of discharged
_ , g 2.417x16° 5.069x10°
water mists during 1 second
Total surface area of
discharged water mists 1203.518 1940.994

during 1 second(f
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Table 4-4 Maximum traveling distance of water mists

Maximum traveling distance of water mist(m)

Time

(sec) Discharge Pressure: 50 bar Discharge Pressure: af
0.01 0.2785 0.2490
0.02 0.3508 0.2821
0.03 0.4304 0.3176
0.1 0.5607 0.4323
0.2 0.6706 0.4852
0.3 0.7210 0.5322
0.4 0.7675 0.6178
0.5 0.9124 0.8195
0.6 1.028 1.062
0.7 1.093 1.406
0.9 1.337 2.261
11 1.680 3.134
1.3 2.138 3.528
15 2.653 3.804
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Maximum traveling distace of water mist, m

—A— Discharge Pressure = 50 bar
—&— Discharge Pressure = 100 bar
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Fig. 4-11 Maximum traveling distance of water mistversus
discharge pressure
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Fig. 4-11 Varation of water mists diameter, bottomview(continued)
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Fig. 4-12 General amangement for PIV measurement

TN "LLS Probe

Experimental Apparatus

: < |7 High Speed
Laser AOM Head ,\;lr;ﬂ%elﬂ:for m Camera

Y Gated L.I.
CCD Camera

CCD Camera

Digital CCD
Camera

Hi-8mm
Camcorder

—l
Oscilloscope Pulse Generator

L ]

o Grabber
s, D E—

Backup Device

- 1 ;
ﬁ - — |
———
P or DVD Recorder

Sync Controller Laser Disk Recorder
Host Computer &CACTUS2000 orVideo Tape Recorder

Printer

Fig. 4-13 Typical flow chart for PIV measurement
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Fig. 4-14 Discharged water mists
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Fig. 4-15 The analysis result by PIV Measurement
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Solid Cone Type Nozzle Hollow Cone Type Nozzle

RN

Fig. 4-16 Measuring point of diameter of water mis

Table 4-5 Results of PIV measurement

s Spray Pressure Spray SMD Dv0.9
Position (bar) Angle (um) (um)
center 50 110° 49.58 148.46
b/2 50 110° 55.25 203.12
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Fig. 4-18 Components of Water mist nozzle in Fig.-23
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Table 4-6 Water mist diameters measured at 1m undethe nozzle

Q)

NJ

Disch.| | \elocity] sSMD | Dv0.1 | DvO5 | DvO.9
Nozzle Press.|Position
(m/s) | (um) (um) (um) (um)
(bar)
Center| 15.50 78.5 53.6 84.5 128.
#1
b/2 8.03 73.1 50.7 77.2 115.4
Center| 11.61| 82.4 58.1 87.4 125.
#2 | 80bar
b/2 9.03 74.2 52.2 78.6 115.4
Center| 14.47| 75.8 52.2 81.6 124.
#3
bl2 | 12.84 | 74.2 46.3 84.5 131.4
Avg. Center] 11.91| 76.37| 52.18 82.3 1234
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