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Experimental and Numerical Investigation on Effects of Single Horizontal

Opening and Fire Source Conditions on Fire Phenomena in Enclosure

Min Yeong Park

Division of Architectural and Fire Protection Engineering,

The Graduate School, Pukyong National University

Abstract

In this study, the effects of single horizontal opening and fire source
conditions (.e., horizontal opening area, heat release rate, and fire source
location) on = fire phenomena in enclosure were experimentally and
numerically investigated. Through a series of experiments, the temperature
distribution in enclosure and the velocity through the horizontal opening
were measured. In addition, the flows through the horizontal opening were
visualized and their mass flow rates were estimated. Then, the numerical
simulation using fire dynamics simulator (FDS) was performed considering
the experimental conditions. Through comparing the numerical simulation
results with the experimental ones, the accuracy of the numerical
simulation using FDS was examined.

The temperatures in the enclosure decreased with increasing the
horizontal opening area and decreasing the heat release rate. Under the
smaller horizontal opening area condition, the effect of fire source location
on the temperature in the enclosure seemed to be insignificant. However,
under the larger horizontal opening area condition, the case of center
located fire source showed lower temperatures in the enclosure than that
of side located fire source. Under the center located fire source condition,
when the horizontal opening area increased from 1% to 5% of the floor
area, both of average velocity and average outflow velocity through the
horizontal opening increased. However, when the horizontal opening area

increased from 5% to 10% of the floor area, the wvariation in velocity

- viii -



seemed to be minor. In addition, the case of center located fire source
showed higher average velocity and average outflow velocity than that of
side located fire source. Through the visualization of flows through the
horizontal opening, it was found that the bidirectional flow patterns were
observed under all conditions. Based on the flow visualization results, the
correlation to predict the smoke outflow area was proposed. Using the
measurement results of average outflow velocity and smoke outflow area,
the mass flow rate was estimated. Under the same fire source location
condition, larger horizontal opening area and heat release rate resulted in
increasing the estimated mass flow rate. Additionally, under the same
horizontal opening area condition, the case of center located fire source
exhibited larger estimated mass flow rate than that of side located fire
source. Through comparing the results between experiment and numerical
simulation, it was confirmed that the general trends of temperature, and
flow velocity and mass flow rate through horizontal opening were similar,

and their quantitative differences were presented and discussed in detail.
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Figure 1.1 Flow patterns through horizontal opening.
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Figure 2.3 Locations of temperature measurements.
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(a) Horizontal opening area = 0.0196 m” (1% of the floor area)
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(b) Horizontal opening area = 0.1024m? (5% of the floor area)
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measuring
point

(c) Horizontal opening area = 0.2025 m* (10% of the floor area)

Figure 2.4 Locations of velocity measurements in horizontal opening (top-view).
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Figure 2.5 Locations of velocity measurements in horizontal opening (side-view).
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Table 2.1 Summary of fire source conditions

Inner diameter (mm) 36.6 66.1 90.9
Outer diameter (mm) 40.0 70.0 95.0
Fuel pan
Inner height (mm) 22.5 37.0 52.5
Outer height (mm) 25.0 40.0 55.0
Fuel type Methanol
Fuel
Amount of fuel (ml) 10 35 65
Average HRR (kW) | 0.14 (£0.015) | 0.60 (£0.029) | 1.26 (£0.067)
HRR Total HRR (kW)
0.4 0.9 1.5
(Average HRR+4 moxa)
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Figure 2.6 Fire source.
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oA ARERE WHER S ofdiet Zol Ay ¥ AF 9w
# (Horizontal opening area)2 HORZ 37|33 4% /4% WAoo 3
A owkgs WA e 1, 5, 10%Y 745, Z+7F HO_01, HO_05, HO_102.2 ¥
sttt 3ol =5 (Heat Release Rate)e HRRO. & ¥7]3l¢la g+
=¥E°] 04, 09, 1.5 kWY 4%, 7217t HRR_0.4, HRR_0.9, HRR_15% %4
stttk 3Y 91X (Fire source location)E FSE X%7|stga 39 97}
nleke] Fof, Sl 49, 2442 FS_CENTER, FS_SIDEZ 9 s}%
e Edge 3 AR WAo] e wiy WA o] 1%, skl 4N
=E° 04 kW, 3 $1A7F vtge] $4<9 49 HO_0I&HRR_04&
FS_CENTERS 2 %@ 5 ot ¥ A7 43 238 Table 229 &
oFal o™ & 18 casesol thel A&l

_26_



Table 2.2 Summary of experimental conditions

No. Cases Horizontal o;z)ening Total HRR | Fire source
area (m°) (kW) location
I | HO 01&HRR 0.4&FS CENTER 0.4
2 | HO 01&HRR 0.9&FS_CENTER 0.9 CENTER
3 | HO 01&HRR_1.5&FS_CENTER 0.0196 1.5
4 | HO 01&HRR 0.4&FS SIDE | (1% of the floor) 0.4
5 | HO 01&HRR 0.9&FS SIDE 0.9 SIDE
6 | HO 0I&HRR 1.5&FS_SIDE 1.5
7 | HO 05&HRR_0.4&FS_CENTER 0.4
8 | HO 05&HRR 0.9&FS_CENTER 0.9 CENTER
9 | HO 05&HRR_1.5&FS_CENTER e 1.5
10 | HO 05&HRR 0.4&FS SIDE | (5% of the floor) 0.4
11 | HO 05&HRR 0.9&FS_SIDE 0.9 SIDE
12 |  HO 05&HRR 1.5&FS SIDE 1.5
13 | HO 10&HRR 0.4&FS_CENTER 0.4
14 | HO 10&HRR 0.9&FS CENTER 0.9 CENTER
15 | HO 10&HRR_1.5&FS CENTER 02025 1.5
16 | HO 10&HRR 0.4&FS SIDE | (10% of the floor) 0.4
17 | HO_10&HRR 0.9&FS_SIDE 0.9 SIDE
18 | HO 10&HRR_1.5&FS_SIDE 1.5
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Figure 3.1 Effect of horizontal opening area on temperature distribution.
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Figure 3.2 Effect of heat release rate on temperature distribution.
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Figure 3.3 Effect of fire source location on temperature distribution (HO 01).
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Figure 3.4 Effect of fire source location on temperature distribution (HO_05).
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Figure 3.5 Effect of fire source location on temperature distribution (HO 10).

_37_



dr

oF
|

—
file)

ﬂ

32 % ATHE ¥

7

(e}

3

ay2

PN
T

Fe™ 500

°

=

=

o] n}

1

3

3} ¢

1L

L

TR 5 9115 mm gojzl 140131, A

Figure 2.4¢} Figure 259 YeRAIc)

1
(]

=]

% &=(Average outflow velocity) & W&t} s 23}
b

Figure 3.691 4
n 2= FgFel dial YERHA S, Figure 3.6(a)

321 &3 MTH 98 %
74 %-, Figure 3.6(b)

£ 24 A=
velocity) =, 500—600 s 7+

-

R

i

i

1 vt
7}
o] 5%°1A 10%

o

o 2 g

Ko
=

o}

745l Hl8f

Fele. e w

S

7}

=

of whet

1
=

[¢)

=

&

S
&y

w
WA o vd Ao e

1960 5% =

=5
=

4

o
oF

H

ﬂv_wo

)

|

2

Figure 3.7 <

_38_

3

Lo mA



-
S

T T T T T
t |[FS_CENTER 1
12| |®HRR_0.4 _
® HRR_0.9
1ol A HRR_15 i
£
2038 .
§ Q
Lost -
S
© n
o 04+ .
>
<C
0.2 -
OOk e "R MA BUNE W N e, -
1 " 1 " 1
0.0196 0.1024 0.2025
HO_01 HO_05 HO 10
Horizontal opening area (m?)
(a) FS_CENTER
14 T u > T ] " T
121 03| 7]
210} Foz| -
E\ ¢
>o08} foit i
.G z
Ke]
g 06 L 0Dck s . A |
o ; ‘ ‘
o) I & v FE
g 04 B / Hotizontal opening area (m?) i
>
<
02} i ; ; |
0.0 0 ol A L A A B A A -
1 " 1 " 1
0.0196 0.1024 0.2025
HO_01 HO_05 HO_10
Horizontal opening area (m2)
(b) FS_SIDE

Figure 3.6. Effect of horizontal opening area on average velocity through horizontal
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Figure 3.8 Effect of heat release rate on average velocity through horizontal opening,
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Horizontal opening

(a) HO 01&HRR 0.4  (b)HO 01&HRR 0.9  (c) HO 01&HRR 1.5

(d) HO_05&HRR _0.4 (e) HO 05&HRR 0.9 (f) HO_05&HRR 1.5

(2 HO 10&HRR 0.4  (h)HO 10&HRR 0.9 (i) HO_10&HRR 1.5

Figure 3.12 Visualization of smoke movement through horizontal opening
(FS_CENTER).
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Horizontal opening

(a) HO 01&HRR 0.4  (b)HO 01&HRR 0.9  (c) HO 01&HRR 1.5

(d) HO 05&HRR 0.4 () HO 05&HRR 0.9  (f) HO 05&HRR 1.5

(g HO 10&HRR 0.4  (h)HO 10&HRR 0.9 (i) HO 10&HRR 1.5

Figure 3.13 Visualization of smoke movement through horizontal opening
(FS_SIDE).
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Figure 3.16 Comparison of Ay/A, variation with A./Arbetween Chen (2015) and

present experiments.
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Figure 3.17 Effect of horizontal opening area on estimated mass flow rate through

horizontal opening.
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Figure 3.18 Effect of heat release rate on estimated mass flow rate through horizontal

opening.
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Figure 3.19 Effect of fire source location on estimated mass flow rate through

horizontal opening.
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Table 4.1 Summary of numerical simulation conditions

No. T Horizontal : Fire source Total HRR
opening area (m°) location (kW)
1 | HO 01&FS_CENTER&HRR 1.5 . CENTER
2 | HO 01&FS SIDE&HRR 15 | (170 of the floo | gy
3 | HO_10&FS_CENTER&HRR 1.5 02025 CENTER -
4 | HO 10&FS SIDE&HRR 15 | (0% ofthefloon | op
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1.00 m Mass flow rate

(Depth)

110 m
(Height)

Figure 4.1 Schematic of numerical simulation.

_65_



B

<

o

i
El

~

£}

B

o

o

™
B

—
file)

H}

]

PN
T4

’

o
A%

)
}tH(Figure 2.4, Figure 2.5).

S

} o (Figure 2.3). fr%5 &%

7((—)] S

=z A
= =

95
JeR)

=z
b

=
=

= W-velocity

=
=

o &

6(;:

4% Figure

A

%

1

3]

5]

UERH AT

4.2

42(@)° Jdetilen, =3 ATE T

4% Figure

A9l 10%<0

B

=% 11 AA

On

4.2(b)ell HEFH A

4% Figure 4.2(a)°ll A Vs, Figure

A

o =

1 7t

9
42 V= ZyE 8

el _

il

Vg ne s

1 Plume resolution index(D"/6z)?

95

kA 27 (Characteristic fire diameter), &z

KeX
=

g

/gx

Az A7)
o714 D

z:gl_

A4

-
R

g

=
=

* -
.

Fol LERA R

S

A H7AS okd A )2 Ao

(8)

2/5
7

PecCp o

-

_66_



$1 &71(Ambient air)9] ¥x, ¥4g, =5 veRAY. 3 NRC(Nuclear
Regulatory Commission)ol| A= A4S 218k A4 D/ox HAE 4—
1602 A|¢H*20s 3 Qle}, whabs B Hats|A el p 7

001 me= afd HAitafa Fxo] Agsirbal ddbdry E3h V& A
BIo| = Bo=o) AF FA 9 FAE 2 RYE Hor A

A% AE® 2 AW EY
J A

=i
sttt B sttt gy B AFo s HEHo R 001 me AA =
718 dAstAa, B AteAde]l F A sl 314496070 o]tk ALt
600 s°]™, 500—600 s T-zroll thdk FH ke ALY

X,
-
offt
>,
=)
rlo
ol

_67_



(a) Horizontal opening area = 0.0196 m* (1% of the floor area, HO 01)

(b) Horizontal opening area = 0.2025 m” (10% of the floor area, HO 10)

Figure 4.2 Locations of W-velocity measurements in horizontal opening for numerical

simulation.

_68_



T

4 A3 R BA

A%

Al 5 %

5])4

sk

)
=

Nl

i

Fo] Figure 5.10] YRR L

EEs 7HA8s

e )

Figure

teoh &% JhAs A

)

|

b

1 Figure 5.1(a)=
51(b)= vte WA 9] 10%20 4o dal A

obeloh ek,

W=

]

SF|

gholl uwhet

7}

e
[¢)

%

I et

o

(HO_10)oll A s}

[

2o

= et 5t

ol

Z71(HO_01) el A

bl

_69_



FS CENTER FS SIDE

(a) HO 01

FS_CENTER FS_SIDE
(b) HO 10

Figure 5.1 Visualization of horizontal opening area effect on temperature in

enclosure under different fire source conditions.
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Figure 5.9 Comparison of horizontal opening area effect on average velocity through

horizontal opening between numerical simulation and experiment.
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horizontal opening between numerical simulation and experiment.

_92_



0.05
[ Numerical simulation| |
IR Experiment
0.04 - -
0
)
=<
o 0.03 | -
!
=
o
002} .
()]
(]
@
=
0.01 | =
I 0.0045 0.0046 ]
_ 0.0010 _O'0025
0.00

FS_CENTER FS_SIDE
Fire source location condition
(a) HO 01
0 0.0468
' B Numerical simulation
N Experiment
0.04
0
()]
X
o 0.03
o
2
Ke}
= 0.02
[7)]
(7]
@
=
0.01
0.00

FS_CENTER FS_SIDE
Fire source location condition
(b) HO 10

Figure 5.15 Comparison of fire source location effects on mass flow rate through

horizontal opening between numerical simulation and experiment.

_93_



0.06 T ' T T T
Mass flow rate
O HO_01&FS_CENTER

. O HO_10&FS CENTER
v /A HO_01&FS_SIDE
2004 k| v HO_10&FS_SIDE ' %) i
[
9
©
=
E
2002} : -
@©
Q
© ¥
S
=3 :
pa a

0.00 | A .

1 . 1 N 1 N
0.00 0.02 0.04 0.06

Experiment (kg/s)

Figure 5.16 Difference of mass flow rate between experiment and numerical

simulation.

_94_



7}

o

=

=

T

A7

=]

(e}

b

PN
T

At
Z] o] 4]

B

S

3

PN
AFH 54 91 15 mm Doizl 9]

T

=
=

A A

J

A
pul

A

)
=

Al 6 %

A&
=)

=

&

(e}

=]

Ay

o

o e 72

)oll A Bkl #1%]

7ret

==

sk

S

Z71(HO01

[e)

T

o] %

53 mE AT AnE bl R

I uhepel Fogel

3o

-

R

1011 4]

HO

(

ol
10

ﬂvﬂo
&+

)

3 Aavel A 7k gjols

A}sH

[e)
T

3 A At

13
-7.0% Ve

[e)
= 2

o

=
7

sk

=

7]_81—

=

(¢

o e}

o] npere] F<doll 914
7hek

2]

(¢

=

4, 3

o] nhek M 2] 1904 5%
- 95 -

sFout, mier o) 5% 10%=

S

7}

=

(¢

]

5



i

o
oF

iz

ﬁo
=K
H
i

ﬁo

e
7K

W

S|
o

3 A4k

o] - 349%= et

/:‘:]

0

p—

0
&
3
N

K
o

Ko #5 7hAsh A 2

S

s

e

2)

AJ/A(

=
=

o 2 dlM e fs 7HEE 23t

]_

Al
2l

s

&

EfE ¢7]

)
T

T=

TH SRl A

|

3

O = [e) 2~
= = s, T

=
T

AT-9] Sl A

96%= EFstT

-
R

_96_



References

. Framework Act On Firefighting Services, Chapter 5 (2015).
. National Fire Agency, “Fire Statistical Yearbook™ (2020).
. NFSC 501, “National Fire Safety Code for Smoke Control System” (2017).

Q. Tan and Y. Jaluria, “Mass Flow through a Horizontal Vent in an
Enclosure due to Pressure and Density Differences”, International Journal of
Heat and Mass Transfer, Vol. 44, No. 8, pp. 1543 —1553 (2001).

. W. K. Chow and Y. Gao, “Buoyancy and Inertial Force on Oscillations of
Thermal-induced Convective Flow across a Vent”, Building and
Environment, Vol. 46, No. 2, pp. 315—323 (2011).

. X. Chen and S. Lu, “Fire-Induced Horizontal Vent Flow Pattern in a
Ceiling Vented Enclosure: Theoretical Analysis and Experimental
Verification”, In The Proceedings of 11th Asia-Oceania Symposium on Fire
Science and Technology, pp. 167—179 (2018).

B. Karlsson and J. Quintiere, “Enclosure Fire Dynamics”, CRC Press,
(1999).

. W. G. Brown, “Natural convection through rectangular openings in partitions
—2: Horizontal partitions”, International journal of heat and Mass transfer,
Vol. 5, No. 9, pp. 869—881 (1962).

. A. Mercer and H. Thompson, “An Experimental Investigation of Some
Further Aspects of the Buoyancy-driven Exchange Flow between Carbon
Dioxide and Air following a Depressurization Accident in a Magnox
Reactor”, Journal of the British Nuclear Energy Society, Vol. 14, No. 4, pp.
327—334 (1975).

10. M. Epstein, “Buoyancy-driven Exchange Flow through Small Openings in

Horizontal Partitions”, Journal of Heat Transfer, Vol. 110, No. 4a, pp. 885
—893 (1988).

_97_



11. J. M. Li, J. Q. Zhang, Q. Li, B. S. Zhang, and Y. Jiang, “Combustion
Phenomena of Pool Fire in a Ceiling Vent Compartment: the Vent right

above the Fire Source”, Procedia Engineering, Vol. 211, pp. 358—364
(2018).

12. Q. Li, J. Q. Zhang, J. M. Li, B. S. Zhang and Y. Jiang, “Combustion
Phenomena of Pool Fire in a Ceiling Vent Compartment: the Vent far away

from the Fire Source”, Procedia Engineering, Vol. 211, pp. 388—394
(2018).

13. X. Chen, S. Lu and K. M. Liew, “An Investigation of Horizontal Opening
Effect on Pool Fire Behavior in a Confined Compartment: A Study based
on Global Equivalence Ratio”, Journal of Fire Sciences, Vol. 34, No. 1, pp.
13—29 (2016).

14. X. Chen, “Investigation of Horizontal Vent Flow Behavior Coupling with
Fire Behavior in a Ceiling Vented Enclosure”, Ph.D. Thesis, Hong Kong
University (2015).

15. Q. Li, J. Zhang and S. Lu, “Influence of Roof Opening on Gas
Temperature Rise in an Enclosure”, Procedia Engineering, Vol. 62, pp. 194
—201 (2013).

16. M. Yuan, S. Lu, Y. Zhou, and J. Zhang, “A Simplified Mathematical
Model for Predicting the Vertical Temperature Profiles in Enclosure Fires
without Vertical Opening”, Fire Technology, Vol. 50, No. 4, pp. 929—943
(2014).

17. B. J. McCaffrey, J. G. Quintiere, and M. F. Harkleroad, “Estimating Room
Temperatures and the Likelihood of Flashover using Fire Test Data
Correlations”, Fire Technology, Vol. 17, No. 2, pp. 98—119 (1981).

18. J. Zhang, S. Lu, C. Li, R. K. K. Yuen and Q. Li, “Fire-induced
Temperature  Correlations in  Ceiling Vented Compartments”, Fire
Technology, Vol. 51, No. 2, 369—379 (2015).

19. J. Zhang, S. Lu, C. Li and R. K. K. Yuen, “Vent Location Impacts on

_98_



Building Compartment Fire under Natural Roof Ventilation”, APCBEE
Procedia, Vol. 9, pp. 360—364 (2014).

20. M. Y. Park, J. H. Yang and C. Y. Lee, “Numerical Simulation on Effects
of Horizontal Natural Opening Area and Heat Release Rate on Temperature

Distribution and Vent Flow in Small Compartment”, Fire Science and
Engineering, Vol. 35, No. 3, pp. 23—33 (2021).

21. P. J. DiNenno, D. Drysdale, C. L. Beyler, W. D. Walton, L. P. Richard,
J. R. Hall and J. M. Watts, “The SFPE Handbook of Fire Protection
Engineering”, 3th edition, National Fire Protection Association, Quincy,
Massachusetts (2008).

22. Investigation on Effects of Fire Curtain and Natural Ventilation on Smoke
Behavior in Fire of Theater, Master’s Thesis, Pukyong National University
(2019).

23. E. H. Yii, “Modelling the Effects of Fuel Types and Ventilation Openings
on Post-flashover Compartment Fires” (2002).

24, H. M. Emmons, The flow of Gases thru Vents. Home Fire Project
Technical Report, No. 75 (1987).

25. K. McGrattan, S. Hostikka, R. McDermott, J. Floyd, C. Weinschenk and
K. Overholt, “Fire Dynamics Simulator Technical Reference Guide Volume
3. Validation”, NIST Special Publication 1018-3, Sixth Edition, pp. 70— 74,
2017.

26. K. McGrattan, S. Hostikka, R. McDermott, J. Floyd, C. Weinschenk and
K. Overholt, “Fire Dynamics Simulator User’s Guide”, NIST Special
Publication, 1019, Sixth Edition, pp. 37 (2013).

27. D. Stroup and A. Lindeman, “Verification and Validation of Selected Fire
Models for Nuclear Power Plant Applications”, NUREG-1824, Supplement
I, United States Nuclear Regulatory Commission, EPRI 1011999,
Washington, DC, 2013.

28. S. A. Baek, J. H. Yang, C. S. Jeong, C. Y. Lee and D. Kim,

_99_



“Reduced-scale Model Experiment for Examination of Natural Vent and Fire
Curtain Effects in Fire of Theater Stage”, Fire Science and Engineering,
Vol. 33, No. 4, pp. 41—49 (2019).

29. J. H. Yang, S. A. Baeck, C. Y. Lee and D. Kim, “Examination on
Numerical Simulation Using Reduced-scale Model of Theater Fire:
Influences of Fire Curtain and Stage Natural Vent”, Fire Science and
Engineering, Vol. 33, No. 5, pp. 37—47 (2019).

- 100 -



	제 1 장 서론
	1.1 연구 배경
	1.2 이론적 배경
	1.3 기존 연구 동향
	1.4 연구 내용 및 범위

	제 2 장 실험 장치 및 방법
	2.1 실험 장치
	2.2 실험 조건
	2.3 실험 방법

	제 3 장 실험 결과 및 분석
	3.1 온도 분포
	3.1.1 수평 개구부 면적 영향
	3.1.2 화원의 열방출률 영향
	3.1.3 화원 위치 영향

	3.2 수평 개구부를 통과하는 유동 속도
	3.2.1 수평 개구부 면적 영향
	3.2.2 화원의 열방출률 영향
	3.2.3 화원 위치 영향

	3.3 수평 개구부를 통과하는 유동 가시화
	3.4 수평 개구부를 통과하는 유동의 질량 유량
	3.4.1 수평 개구부 면적 영향
	3.4.2 화원의 열방출률 영향
	3.4.3 화원 위치 영향


	제 4 장 전산해석 조건 및 방법
	4.1 전산해석 조건
	4.2 전산해석 방법

	제 5 장 전산해석 결과 및 분석
	5.1 온도 분포
	5.2 수평 개구부를 통과하는 유동 속도
	5.3 수평 개구부를 통과하는 유동의 질량 유량

	제 6 장 결론


<startpage>14
제 1 장 서론 1
 1.1 연구 배경 1
 1.2 이론적 배경 3
 1.3 기존 연구 동향 8
 1.4 연구 내용 및 범위 12
제 2 장 실험 장치 및 방법 14
 2.1 실험 장치 14
 2.2 실험 조건 22
 2.3 실험 방법 28
제 3 장 실험 결과 및 분석 29
 3.1 온도 분포 29
  3.1.1 수평 개구부 면적 영향 29
  3.1.2 화원의 열방출률 영향 32
  3.1.3 화원 위치 영향 34
 3.2 수평 개구부를 통과하는 유동 속도 38
  3.2.1 수평 개구부 면적 영향 38
  3.2.2 화원의 열방출률 영향 41
  3.2.3 화원 위치 영향 44
 3.3 수평 개구부를 통과하는 유동 가시화 47
 3.4 수평 개구부를 통과하는 유동의 질량 유량 53
  3.4.1 수평 개구부 면적 영향 57
  3.4.2 화원의 열방출률 영향 59
  3.4.3 화원 위치 영향 61
제 4 장 전산해석 조건 및 방법 63
 4.1 전산해석 조건 63
 4.2 전산해석 방법 66
제 5 장 전산해석 결과 및 분석 69
 5.1 온도 분포 69
 5.2 수평 개구부를 통과하는 유동 속도 74
 5.3 수평 개구부를 통과하는 유동의 질량 유량 90
제 6 장 결론 95
</body>

