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Outline

» Background and motivation

* Visualization of liquid flow
e Co-current
* Counter-flow

« Cooling performance
* Co-Current

« Counter-Flow
 Effect of Flooding

* Pressure drop
e Summary
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Introduction

O«—

Air-Conditioning and Natick, MA
Refrigeration Center

(2014-2019) Senior Engineer

Thermal Sciences

Y Failure analysis/root cause investigation
*Design
*Aging infrastructure assessment and risk
management

*Regulatory and litigation support
L_aboratory testing
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Background

» A-frame forced-draft condensers with flattened steel tubes

(EPRI 2015)

 Are liquid flow patterns similar?
 Are cooling capacities equivalent?

Experimental pressures: 52-108 kPa [7.5-15.7 psi]

Inlet quality = 1
. GS K
& N Iy
8 2 % 2
N
S 4
4 AF
AT
0
. Ambient air

Co-current tubes Counter-flow tubes
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Visualization




Co-Current: Visualization along Length of Tube (10.7 m)

Half tube installed in facility

Half condenser tube w/ Half tube inlet w/ flanges
Full condenser tube polycarbonate window (no PC window)
- - dulvs BE

e Cuton centerline
» Polycarbonate
window added

L _— —_— _— —_— _— —_— _— —_— _— —_— _— —_— _—

I ]
I ]
I ]
I ]
I ]
| Tl
I 214 mm 5
I 200 mm I 7]
I 1 — 6.3 mm
I ]
I ]
I ]
| X
I - L»y
— } —_— -
19 mm
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Flow Pattern Observed while Varying Tube Inclination

30° inclination

/5% inclination
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N q” =12 kW m=
QS G=9.3kgm?st

Co-Current Tube: ¢ = 43°

)
v,=0.88 ms?
v,=02mst i Ty S
Stratified
8 IYeellcPlr s < dRL EYponent’







Co-Current Tube: ¢ = 75°

— -1

5 —  Vvi=l4ms 1

q" = 12 kW m? vy=02ms
G=9.9kgm?s?
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5.7 m Tubes: Co-Current and Counterflow
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5.7 m Tubes: Co-Current and Counter-Flow

Co-current Counter-flow

Ejector loop
to remove
non-condensables

, Ejector loop
-
! Condensate to remove
Trap on-condensables
. Condensate
Boiler 1 Drain Flowmeter
Q=24 kW
Condensate Pump Condensate

Boiler 2

Q = 45 kW Q

Receiver
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Co-Current Tube: ¢ = 2°

Ps =70 kPa
G=27kgm?s?
Annular
Flow
Qtratified Flow FH >
p |
\ ’ Ps = 78 kPa
\\ G=28kgm?st
Stratified flow
w/ smooth - bs = 78 kPa
condensate ‘ 9=2 57m | G=28kgm?s
surface at outlet ' _ Droplet
P
Falling angle of droplets ailing
indicates annular flow at P& |[8
. . . 0)
Inlet will quickly become o
stratified: E:
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Counter-Flow Tube: Stratified Flow at Condensate Outlet, ¢ = 5°

ZIL=1

Smooth condensate surface

- — KO
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Counter-Flow Tube, ¢ = 20°

 \Very thin film — annular flow “\a

>

View A-A
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Counter-Flow Tube, ¢ = 5°

 Film depth increases slightly — onset of ‘flooding’

A

View A-A
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Counter-Flow Tube, ¢ = 1.5°

-

—

 Film depth increases due to ‘“flooding’

-

Stratified™
condensate

L

View A-A
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Counter-Flow Tube, ¢ = 0.5°

 Thicker layer of condensate due to ‘flooding’
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View A-A
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_ P =90 kPa (13 psi)
Counter-Flow: Onset of Flooding Va =8 ms” (261ps)
V,=2.5ms
¢ = 20° ¢ =5° ¢ = 1.5 ¢ =0.5°
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y—
=
S =
&» 3
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Condensate Depth

« Condensate depth is equivalent for co-current and counter-flow condensation

®CC,p=5°
14 ® CC,p=30°
XCF, ¢=5°
=12 X CF, ¢ =30°
=
= 10
o xe
(«b]
O 8 xe G=4kgm2sl
(€D
§ 5 P, = 105 kPa
o
g 4
O
2 <
Condensate Flow X
0 %

-0.25 0.75 1.75 2.15 3.75 4.75 5.75
Z-Position [m]
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Comparison of Forces on Condensate: ¢ = 3°

At low inclination, vapor shear significant for half of condenser length

"~ Fwall 0.02 4 |
— Fgravity I (Ll
F_gravity __ Fvapor -
B ___Fpressure N 001
¢ =3° F_pressure F_vapor — £
I E— 0.00%
G=8kgm?2s?! E
Ps =10 kPa 2
ATai = 73 °C - 1-0.015
L=10.7m F—Wa"/// 2
11T 10 9 8 7 6 5 4 3 2 1 0020
Z Position [m]
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Comparison of Forces on Condensate: ¢ = 60°

At high inclination, vapor shear is insignificant

- 0.6
F_gravity
104 o
\ -
102 £
— 0
¢ =60 F_pressure F_vapor g
o
G=8kgm?s! . -ozé
Ps = 10 kPa B
ATai= 73 °C =
L=10.7m 1 04
F_wall
L 1 | | | | | | | | | _0.6
11 10 9 8 7 6 5 4 3 2 1 0

Z Position [m]
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Cooling Performance Comparison




Air Flow

4 4 4
Counter-Flow Tube T T —— .
— S D ' —
‘ 7z |S&|3O| Condensate Flow S G
1 | ] |
| |
Z[m] 023 -012 0 57 581

Water-Cooled
Inlet

Visualization

23

Air-Cooled
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Temperature Profile Measured in Air- and Water-Cooled Sections
 Water-cooled section to measure local cooling performance

 Equal heat flux In air- and water-cooled sections
Air-Cooled Section Water-Cooled Section
Demonstration of thermocouple insertion
Thermocouple
o o bead covered
by epoxy and b
aluminum tape
[
[
Fins returned to
— original shape
after assembly
o N e ___ Thermocouple




Co-Current: Heat Flux Greatest at Tube Bottom

* AT, g” greatest at bottom of tube

* q pottom = 11 X q"top

Tair Ts ‘ ’
qn ) q
G=3.7kgm?s1 200 *
ATai =49.2°C
Ps =90.2 kPa + ®
quality = 0.4 150 O
¢ =0.5°

X Position [mm]
| —
o
o

Py O

o o

o Tw
q

) —+- °
012 | ‘+ | o &Y

0 20 40 60 80 100
q" [Wm2]/Ta, Tw, Ts [°C]

a1
o

o
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Capacity Depends on HTCs, HTCa, ATa-s

e Q = UA X LMTD

-1
Ag tw 1
YT (HTCaana Ky, T HTCS)
° LMTD — (TS_TaQ;qu TCLO)
lrlTs—Tao
HTCa HTCs Ta Ts

| —
o
&
>
&
(qe)
D
+—
p)]

N
\4

ATa-s
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Counter-Flow: Heat Flux Greatest at Tube Bottom

* AT, q” similar to co-current

_ T ° ®
+ q” Tailr 4 'S
G=4.2kgm?s1 200
ATai=61.1°C
Ps = 87.6 kPa + q
quality = 0.4 150 O
¢ =0.5°

X Position [mm]
Q
o

X
o | ®Ta o | + | © . . L»Y

0 20 40 60 80 100
q" [W m-2]/ Ta, Tw, Ts [oC]
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Equal Capacity in Co-Current and Counter-Flow Tubes

36
¢ o5ms = 0.504*ATatf | A
34 , F R2=0.97 u*‘ ....................
5 ’ I \\‘\\\\\\\ss\\\\\‘ A
32 “\nn\\\\u“
30 |
‘ @ ............
| Vair 2'5 S-l 4-'..... .Q .....
. 28 ...... o
P - ®e"®
PO | | .
26 | «® o
Cpo@ ...... O R2 | 1.0
24 ...................... @ @
Valr 2.0 S 1 --------------- ..-' -.. ---------
22 .............
® 200
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Flooding of Counterflow Tubes Reduces Capacity

30

° V=2 mst
20 ¢ @

N
oo
—(—
——

Capacity [kW]

N
~
—(—

CF
26

AT, =70°C
P, =110 kPa

25

0 5 10 15 20 25 30 35 40 45
Tube Inclination [°]
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Flooding of Counterflow Tubes Reduces Capacity

37
36

A % _
39 A Vair = 2.5 ms!

Capacity [kKW]
w
|_\

29 o @ ° i + + Vair = 2 ms

27
® AT, =70°C
26 CE P, =110 kPa

0 5 10 15 20 25 30 35 40 45
Tube Inclination [0]
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Flooding Reduces Capacity due to Condensate Accumulation

HTCa HTCs TaTs

Not Flooded

Steam Vapor

X Position

Flooded

-
o
&
>
=
©
[¢B)
+—
(7))

X Position

Increased liquid at bottom of
tube decreases heat transfer

—— e T i = ——

Temperature / HTC
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Pressure Drop




Pressure Drop Comparison

 Co-current

» Total pressure drop decreases as inclination increases due to:

Increase in gravitational pressure (APg) recovery

Decrease in frictional pressure drop (AP;)

e Counter-flow

 Total pressure drop constant as inclination increases due to
Increase in gravitational pressure drop (APQ)

Co-Current Counter-Flow
100 60
80 o ® AP_fr (Experiment) 50 / ——AP_fr (Kang et al 2017)
® o. F ] ® AP_tot (Experiment) 40 = AP _tot (Kang et al 2017)
__ 60 e ° PS ° —_ AP
oy L l ; T ° ——AP_fr (Kang et al 2017) g 30 ! -9
g 40 Iz I ° s —AP.m
a % ——AP_tot (Kang et al 2017) a 20 -
[<B] [<B]
S 20 2
g {—Ap_gl’ § 10
[a o
" g 20 30 40 5 " 0
-20 Va=25ms? 10 P 10 X ¥ 40 X Va=25ms?
Ps = 100 kPa i Ps = 100 kPa
40 G=4kgmZsl 20 G=4kgm2st
Tube Inclination [Deg] Tube Inclination [Deg]
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summary

* Co-current and counter-flow tubes have similar flow patterns and condensate
accumulation

* Co-current and counter-flow tubes have equivalent capacities at typical
inclination angles

* Flooding reduces capacity in counter-flow tubes at low inclinations

* Co-current and counter-flow tubes have highest heat transfer at the air inlet
(bottom of tube cross-section)

* Pressure Drop
* Co-Current pressure drop decreases as tube inclination increases
* Counter-Flow pressure drop increases as tube inclination increases
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Thank you!

Questions?
wdavies@exponent.com
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