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Typical Single Phase Design

Flow out Flow in

[ — —

—_— f———————
Flow in Flow out

Fig. 1 — Typical flow distribution structures evolved from
flute-type manifold.
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Fig. 2 — Flow channel bifurcation and the structure for a 90-
degree channel turning after bifurcation ((a) Turning with
sharp corner; (b) Turning with round corner; (c) Circular
turning).

da C

Fig. 3 — Overview of bifurcation flow distributors in

INTEENATIONAL JOURNAL OF HYDROGEN ENERGY 3§ {QDIU) gI186—9198 different structure of the 90-degree turning of flow

channels ((a) Turning with sharp comer; (b) Turning with
round corner; (c) Circular turning).
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FIGURE 12.7 Manifold configurations: (¢) U-flow or parallellow configuration; (b) Z-flow, S-
flow, or reverse-flow configuration. Pressure profile in (¢} U-flow configuration, (d) Z-flow
configuration. In these configurations, (¢) typical flow distribution, and (/) typical temperature
distribution. [Parts (e) and (f) from Thonon, 2002.]



Liquid Flow Distribution Characteristics in Compact Parallel Flow

Heat Exchangers, Part I: Typical Inlet Header, Applied Thermal Table 1. The geometric sizes of the test sections.
Engineering, Vol. 31, pp. 3226-3234 (2011). -
Liquid Flow Distribution Characteristics in Compact Parallel Flow om A @m) W (mm) AR (mn) - t(mm)  b(mm) L (mm)
Heat Exchangers, Part Il: Modified Inlet Header,” Applied Thermal 12 12 0.442 185 6 120
Engineering, Vol. 31, pp. 3025-3242 (2011). 185 120
3 9 9 0.785 135 5 110
D.16 35 90
7 7 1.298 18,5 5 120
0-14 12 12 0.196 19 6 120
0.12 2 9 9 0.349 19 5 120
7 7 0.557 19 5 120
0.10
B 0.8
0.06
U-type, rectangular header Limm
noa F —— O =05L/min, ®=00120 o
’ —=— = 1L/min, = 0.0200 =T
—e——2L/min, §=0.0320 ‘
0.02 f —o—0=3L/min, ®=0.0345 ! '
—o—(Q=4L/min, & = 0.0332 F 10 mm
L M M L M M L M M B4mp, b
0.00 SN ) —
0 1 2 3 4 5 6 7 8 9 10 = -
NO. of tube 1
L . . Wiz _
(a) Flow ratio of the typical rectangular header for U-type flow. o L
0.16 T
3-way )
0.14 F Pump  valve Filter Magnetic flow meter @
”‘”Z C
<} Outlet header +—>U-type
Ztype ‘
0.10 T . E Pressure tap
] Tank 3 hole 0.5mm
0.08 |
b Water thermostat E l
g oo )
Z-type, rectangular header i
004 F —&— Q=0.5L/min, ¥ =0.0149 Distance between |
- g:;igﬁ z:g:gi‘; two adjacent tubes
0.02 —e—(=3L/min, & =0.0403 a D are 10mm
—{—Q=4L/min, ¢ =0.0393 8 T
0.00 . . . . =
0 1 2 3 4 5 6 7 8 5 10
NO. of tube NO.9| |-
(b) Flow ratio of the typical rectangular header for Z-type tlow.

. . N Inlet header
Fig. 2. Flow ratio of the rectangular header for U-type and Z-type flows.




distribution when jet
flow pattern prevails

0.16
0.14
0.12
0.10
B 008
0.06
= & = Z-ypesimulaion L=90, J=1 Limin, #=0.0239
0.04 F sesB e Ztope aumulation L="90, Q=2 Limin, $=0.0250
0.02 —— F-type expeiment, L=90, =1 Limin, $=0.10244
—{F— Z-type experiment, L=50, =2 Limin, ¢ =0.0354
0.00 " N . " N " N
0 1 2 3 1 5 6 7 8 9 10
NO. of tube

F.ig. 7. Numerical simulation of flow ratio for Z-type flow vs. data.

]
Velocity [ms]

Fig. 8. Velocity simulation in 9%9 mm header with 90 mm length and D = 3 mm tubes

Unit : mm
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(a) Diagram of the modified header
with a trapezoidal blocker.

90

(b) Diagram of modified header with a
multi-step blocker.

& Lnit: mim
4 Plate thickness is Tmm
—3 The i b two aclj holes are 3mm

1. plate. Unit: mm
i win @ 0 ;“’ Plate thickness is 1mm
-0~ B T 4 FE8E AL The distance betwaen two adjacent holes are 4mm
— i

. . . . a ! .( Ji{;ﬁ\iﬁéo:oaoocooooooo
(c.1)The inclined baffle plate installing I L I
in the header @ a1

(c.3) The dimensions of the #2 baftle
(c) Diagram of the modified header and batfle plates.

Unit:mm

The distance between two hole is 10mm
w. Hole Hole Hole Hole Hole Hole Hole Hole Hole
B #2 #3 #A #5 #6 #7 #8 49

[ 00 06 0 ¢ © O ¢
-5, 10 oo

- -

%

L |

(d) Modified header with installed baffle (d.1) Dimensions of baffle tubes.

Hole Hole Hole Hole Hole Hole Hole Hole Hole
Baffle tube #1 #2 #3 #4 #5 #6 #7 #8 #9
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (num)

#1 4 3.7 3.2 3.2 3.2 3.2 3.2 3.2 3.2
#2 4 3.5 3 3 3 3 3 3 3
#3 3.7 3.2 2.8 2.8 2.8 2.8 2.8 2.8 2.8
#4 3.5 3 2 2 2 2 2 2 2
#5 3 2.2 1.5 L5 L.5 L.5 1.5 1.5 1.5
#6 2.8 2 1. 2 2 2 2 2
#7 3.8 2.2 L.5 L5 L.5 L.5 1.5 1.5 1.5

(e) The hole diameters for 7 baffle tubes

Fig. 1. Diagram of the modified headers.
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Fig. 4. Flow ratio of the modified header with multi-step blocker for U-type and Z-type

Unit : rm

U-type, multi-step header
——(= 05/ min, & =0 0093
—8— Q= L/min, &= 00142
—e—Q=2L/min, &=0.0214
——0=31/min $=00277
—o—Q=4L/min, &=0.0159

4 5 [} 7 8 9
NQ. of tube

(a) Flow ratio of the multi-step header for U-type flow.

10

Z-type, multi-step header
—k—Q=05L/min, & =0.0114
—8—Q=11L/min, &=0.0171
—— =71 /min, & =00751
——Q=3L/min, & =0 0268

—0—Q=4L/min, & =00238

4 5 6 7 8 9
NO. of tube

(b) Flow ratio of the multi-step header for Z-type flow.

tflows.

10

0.16
I1
0.11 F
0.12 F
0.10 F
g 008 }
0.06
U-type, header with #1 baffle plate
004 F —b— Q=051 min, & =0.0067
—®— (=1L /min, & =00108
—8—Q—2L/min, & =0.0164
0.02 r ——(Q=3L/min, & =0.0175
—o—Q=4L/min, ®=0.0104
0.00 i L L L L i L L i
0 1 2 3 4 5 6 7 g 9 10

NO. of tube

(a) Flow ratio of the modified header with #1 baffle plate for U-type flow.

0.16
0.14 F
012 F
0.10 F
B 008 }
0.06 }
Z-type, header with #1 baffle plate
004 F ) ——(=05L/min. ¢ =00113
—8— (=1L /min, & =00188
002 F —e— (=21 /min, & =0.0282
I —o—=3L /min & =00285
—O—Q=4Lfmin,®=00244
0.00 . . . A A h N .
0 1 2 3 4 5 6 7 8 9 10

ND. of tube
(b) Flow ratio of the modified header with #1 baffle plate for Z-type flow.

Fig. 5. Flow ratio of the modified header with #1 baffle plate for U-type and Z-type flows.
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i 12 !
7 1 ;2 s !
016 - e 0.16
L 35 | L ]
0.14 } L - — ] 014 } (d) Modified header with installed baffle
90
012 F 012 F i
0.10 f 010 F
p oos } p 008 }
006 F ooe b
U-type, header W'Fh #2 baffle plate U-type header with baffle tube & 7
004 F —&— )=10.5L/rnin, & =0.0029 0.04 —&— (=05 L/min, & =0C017
®—0Q=1L/min, #=0.0153 ' —8— =11 fmin, & =0.0031
002 F Q:ZL!mp,qb:0.0Bz —8— =21 /mmn, $=0.0052
—o—0Q=3L/min, #=00255 002 F —o— Q=31 [1n, &= 0.0040
0.00 L N L L O~ 0=4L /min, $=£0200 L —o—=4L fmin, = 0.0040
0.00 . . . . ; X . . .
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 5 3 9 10
NO. of tube
NO. of tube
(a) Flow rario of the modified header with #2 baffle plate for U-type flow. (a) Flow ratio of the modified header with #7 baffle tube for U-type flow.
0.16
0.16
0.14 F
014 |
012 r 012 }
0.10 F 010 b
B 008 F p oos |}
006 } 006 |
Z-type, header with #2 baffle plate Z-type header with baffle tube # 7
ooa | —&— (3 =0.5L/min, & = 0.0119 0.04 } —&— Q=05 L/ mia, & =0.0043
' & —8— Q=1L /rmin,  =0.0189 —®— Q=1L{min &=00073
. —®— =7L/min, & =0.U10Z
002 b —.—Q=2Lfm%n,d>=0.0283 002 | — Q= 3L, /min, © = 0.0081
—o—Q=3L/min, & =0030% —o— Q=4L /min, @ =0.0074
—O— Q=41 /min, & =0 0252 0.00 L : : L . . 4 4 .
0.00 . . . . ; f h . .
0 1 2 3 4 5 6 7 8 9 10
0 1 2 3 a 5 6 7 8 9 10 NO.of tube
NO. of tube (b) Flow ratio of the modified header with #7 baffle tube for Z-type flow.

(b) Flow ratio of the modified header with #2 baffle plate for Z-type flow.
Fig. 9. Flow ratio of the modified header with #7 baffle tube for U-type and Z-type
Fig. 6. Flow ratio of the modified header with #2 baftle plate for U-type and Z-type flows. flows.
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Review on two-phase flow distribution in parallel

channels with macro and micro hydraulic diameters:

Main results, analyses, trends, applied thermal engng., > e
59, 2013, 336-353.
Two-phase flow distribution in - 5
manifolds with parallel channels N3 il
4 v v
Geometrical Operating <::| ! .
{ Factors J |:'|> [ Conditions ] ol
: = o | g —_—
{ Channels J[Feedmg TubeJ [ Header J erma
conditions -ﬁ Non-adiabatic Scosty
>{ Shape | Surface
Length -pl Mass Flow rate Tension
>{Lene Length | Length l-»[Flow pattern)-*( ) L»{ Wetting
A Hydraulic Hydraulic -)(Vapor Quality)
| Diameter ™ Diameter

Number

Intrusion

N
N

Position

ﬂ

Header

_{Orie ntation

_.[

Channels
Orientation

reader
(Manifold)

-~

N\ <

-

»

Horizontal

Horizontal

Vertical

Downward

Fig. 2. Factors influencing the two-phase flow distribution in headers with parallel channels.




Review on two-phase flow distribution in parallel channels with macro and micro hydraulic diameters:
Main results, analyses, trends, applied thermal engng., 59, 2013, 336-353.
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(a) Horizontal Header — Vertical Channels (b) Horizontal Header with Horizontal (c) Vertical Header with Horizontal Channels
Channels

(a) Uneven local pressure distribution in the inlet/exit headers
apparent at the channel entrance/exit caused by the specific
placement of the inlet/outlet pipes, fluid distribution in the
headers, buoyancy effects, and two-phase separation.

(b) Uneven flow resistances in the parallel channels caused by
variations in the channel dimensions, different tube lengths,
uneven fouling, density and viscosity variations, and the
presence of two or more phases.



* R-410A, upflow, side
inlet and end inlet

zzem. (I 0 J&J

Figure 3. Cross section of minichannel tube.

Table 3. Range of Experimental Parameters

;;;;;

Collecting
manifold

Baffle

Distributing (15

Heat Exchanger

manifold
/ Condensing

Unit

{ Main MFM '— g:':;

d MFM: Mass flow meter

DP: Differential p di , P: P e tr
SG: Sight glass, T: Thermocouple, W: Power meter,

Figure 1. Schematic diagram of experimental setup.

Experimental Parameters Range Rear Sight Glas
Transparent Tube
Inlet temperature 7.2°C
Inlet quality 0.3 .
Refrigerant R-410A .t\ Eicas
Manifold inlet mass flow rate, g/s 30/45/60 Main body
Heat load, kW 0/5/10
. Bottom cover
Heat exchanger tube pitch, mm/tube 8/10/12
. .. . Front Sight Glass
Location of inlet End/Side
18/24/30

Number of heat exchanger tubes in parallel

Figure 2. Exploded diagram of flow visualization section.



LidUid-vapor interface | CTube group number

FLFLJA

Flow distribution for (@) Endinlet, 7, =30g/s (b) End Inlet,,,,,, = 60 g/s

side inlet is better than‘ inlet

end inlet e
(c) Side inlet, 1, ,, =30 g/s (d) Side Inlet, 71, ;, = 60 g/s
Figure 4. Flow visualization in distributing manifold (10 mm tube pitch, 10 tube groups,
adiabatic, x4,,,,: 0.3).
Table 4. Normalized Standard Deviation of Liquid MFR
MFR 30 g/s SS g/s
Inlet Location End Inlet Side Inlet End Inlet Side Inlet
Branch tube no.: 30 eca 0.408 0.320 0.549 0.286
Branch tube no.: 24 ea 0.450 0.235 0.595 0.202

Branch tube no.: 18 ea 0.466 0.256 0.631 0.249




Branch tube group inlet & outlet vapor quality Branch tube group inlet & outlet vapor quality

20 (R-410A, End Iniet, MFR:60g/s, TP:10mm, TN:30ea) 20 (R-410A, Side Inlet, MFR:60g/s, TP:10mm, TN:30ea)
Inlet: open symbol —=— 0.00 kW . —&— 0.00 kW
Outlet: closed symbol = 4.06 kW gﬁ;ﬁ:ﬂ%w 5 4.99 kW
15+ —&— 8.02 kW 15 ¢ . —&— 9.03 kW

Branch tube group vapor quality

1 2 3 4 5 6 7 8 9 10 T 2 3 4 5 6 7 8 9 10
Branch tube group No(i) Branch tube group Nof(i)
(a) Vapor Quality Distribution

Liquid mass flow rate ratio Liquid mass flow rate ratio
30 (R-410A, End Inlet, MFR.60g/s, TP:10mm, TN.30ea) 40 (R-410A, Side Inlet, MFR:60g/s, TP:10mm, TN:30ea)
—&— 0.00 kW —&— 0.00 kW

25 + —H=— 4.06 kW B— 4.99 kW

—A&— 9.03 kW

20

Liquid mass flow rate ratio (%)

Liquid mass flow rate ratio (%)

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 & 7 8 9 10
Branch tube group No(i) Branch tube group No(i)
(b) Liquid Mass Flow Rate Distribution

Figure 6. Effects of heat load on refrigerant distribution (10 mm tube pitch, 10 tube
groups, MFR: 60 g/s, x4,,,7,,:0.3).



~ The gravitational force and the momentum difference between
the liquid and the vapor phases affect the phase separation in
the horizontal manifold. Low momentum vapor on the top layer
is easily taken off in the branch tubes near the inlet, while the
high momentum liquid on the bottom layer travels farther
toward the far end of the manifold.

* For the end-inlet location, the profile of the branch tube inlet
vapor quality is of a “stepwise” shape. As the manifold inlet
mass flow rate increases, the number of branch tube groups
having almost 100% tube inlet vapor quality also increases
because the liquid-vapor interface is located closer to the end
of the manifold due to the increased momentum. (upflow)

* For the side-inlet location, there are no regions with 100%
branch tube inlet vapor quality, and the profile of the branch
tube inlet vapor quality is symmetric. The branch tube inlet
vapor quality is about 60% to 70% near the inlet and about 20%
near the end of the manifold. Between these two regions, the

branch tube inlet vapor quality decreases steadily along the
manifold.




Two-Phase Flow Distribution to Tubes of Parallel Flow Air-Cooled Heat
Exchangers, Heat Transfer Engineering, 26(4):3-18, 2005

- ERRRRR AR,
C!assnﬂcahon of header flow ]HHHW H Hﬂ
direction: > } JU J)J)

(a) horizontal reverse flow,

Rl

(@) (b)

(b) horizontal parallel flow

(c) horizontal normal flo -
(d) vertical reverse flow
(e) vertical parallel flow

(f) vertical normal flow.




Refrigerant
in

Refrigerant [
out

Total flow area; 576 mm®
Dy, =32 mm
|
“'fz% %
i
& 5
_ _ E]
1.8 mm
—‘l P 31.4 mm
1 I -/J
: 25 mm I
(a)
1 25.4 mm |

(e e e | )
0.4 mm _‘_‘ Pm_ | ;
E— g
g
Individual channel area: 1.7 mm’
Total flow area: 19.6 mm’
Hydraulic Diameter, D,: 1.3 mm
(b) _
Figure 10 Dimensions of specific header and flat tube: (a) D-shaped header qu llid
cross-section, (b) tube cross-section. (C)

Figure 9 Hornzontal Header—Vertical Tube junction (HH-VT): (a) illustra-
tion of multi-pass design, (b) bottom-dividing header, (c) top-dividing header.



(a)

[ iomid fliow rations with varions onalities in different size headers: (al normal size header. (h) normal- and half-size header

re 11

40

D_=9.525 mm, Q=36 g/s, x = 0.33

30k

Liquid Percentage, (%)

Figure 12

0=

| I

I] r A i
1 1 3

Branch #

(a)

L | 1T 7 1T " f B LI DL DL DL DL DL DR DL B |
—o—x=0.3,5TD=1.53 | L Symbols; Hollow - Normal size -
—&— x = (.8, STD=1,92 ] 1k & Filled - Half size -

| —o—x=0.3, STD=1.53
E 6F o L STD=0.7T8 -
1 1 —a—x = (L8, 5TD=1.92
g 5k —h— STD=0.87 -
L . lI -
L L .
] o 4 IIE':' n"ll'
m r | | r
J = ik "lll |I \d || .
l".‘:5{'/E atiat
Even flow distribution 1k IH Even flow distribution -
n a N
WAL N /
---------------- 1 b
0 .\1 _».HEE "ﬁig—t“—:g—:t_:ﬁ\ﬂ A=A
[ | 1 I & i L L | T U R U SN 1
12 4 16 18 0 L] 1 4 3 ] 10 12 14 16 18 20

(b)

Down Flow

Reducing the inlet

header provide slight

improvement

Higher flowrate provide
better flow distribution

D_=9.525mm, Q_=10 g/s,x=0.2

Liguid Percentage, (%)

3 4 3

Branch #

(b)

Distribution results for a 9.525 mm-diameter normal inlet as affected by inlet flow rate and vapor quality [10, 11]: (a) good flow distribution, (b) poor



Ant. J. Heat Mass Transfer, 2009, 52, 442-450, HFE-7100, 4 different flow patterns in

header, stratified, stratified jet, liquid jet, liquid film (For down flow)

2000 d=-]7,3mm. fluid:HFE7100, Tsat=60"C, g=0kW/m*
1800 —Model of Zurcher 2002
1600 B E—
;“? 4 Stratified e
1400 [
%, Bubble W
= 1200 o Wavy Ehania
=) —
g 1000 Intermittent * Annular
E —
o 800 Tt
a e
= 600 highly disturbed Annular
o ]
400 ’ * *
. " H
I N :
200 : B e 4
s Wav . = =
Stratifieck Y i | S —
0 0.50 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Quality
Fig. 4. Flow pattern data at the manifold inlet.
5 G (ke/bu’s)
a Stratified  syatified Suratrified
wosms | i 4 """ *\FFEY+H
T T 858 2 v e\ 4+
2000 e\s + 43
IS5 256 o & *® + o+
b. Stratified jet . .
tratified jet .- vv . Statiiied jet 2000 0 ¢ T
{upfmi) <1 === = b 4
0.5 < Uy (ns) ‘L‘::“x - 2] 150 s >
LEREED fosl o o~ .
70| © © *
e Liguidjet | IF o e =
W Liquid jet 5 14 15 26 25 30 35 40 45
I me) <2 — x(%,
YTy
o Stratified §
1 ¢ Stratified jet JS
: droplets -
d. L.‘.qmdﬁbﬂ -—[ FI: i A = Liguid jei + fragmentation JF
u; > 2ms  Annwer  Liquidfilm ___ + Liguid fitm + fragmentation FF

F
- P
i —
. N

IRRRRRE

G=100 kg/m’s G=250 kgin’s
x=20% x=20%
a b
. accumulation
- stratified jet kqmd _,ret af qu d ¢5 30 i
T IFIHTIHFIHW
C d
. Sintified sraified  jiguid film 173
TTTTTTTT [RARRRAR
Fig. 8. Flow structure in the header of smaller diameters.
_[37» Fp— _Jl_LJL_L_bl:;‘eLS_'L_'Lpaw
H_/avystb'an_'ﬁed ——
] = | gua
| T
interface waves
s /
- esessse i For up flow
ULJUUI_JULL_
Wx =20% AT
hqmd_,ex v the walf
Q M—
disurbed jet Y | ey liguid jet_

«. Horizontal channels

| )
AULLLLLLL
liquid film * 3
| 25

x=45%

5. Vertically upward channels

Fig. 9. Different flow structures in the manifold for different channels’ orientation (G =200 kg/m? s). (a) Horizontal channels and (b) vertically upward channels.

Fig. 5. Flow structure in the 50-mm diameter header.



— liquid case b —liquid
case @ £ = 20% . VEQOUF
25 G=10kgm's | vapour 25 i
e, P=dLIN kP o %0053 Lo F=95-110kPa | o G=T0kgim?s S
O %02 JE o 2 — 0 G =200 kg/m?s JS

= o G=400ky'ms JF |
é 1.5
i

Tubea

Ag 6. Influence of the inlet quality and flow rate on the two-phase distribution. Vertically downward channe] | ¢ mq.r= 50 mm).,

Higher inlet quality provide better flow distribution

Higher mass flowrate into the header give better flow distribution

Vapor phase distribution in larger header is better than smaller diameter

For low mass flux, liquid phase distribution is not significantly changed with header diameter

For high mass flux, significant change of the flow distribution is seen.

4 1\. T . — Tiquid
_ — 1 Y- _I=_‘.. = = s RN
25 [N x=20% _I'q""' ® 1 =250 kgim3s o d EFI:Imm
Y G = 100 kg/ms “o-vapaur ] — 7.5
\ ricenll 3] P=92.- 115 kPa o aanmm
3 "" P=95- 120 kPa I ;'JEI'IIIII

""- i . 17 Jmm

Flow ratio




4
4
— liqui - 1 ) — liquid
35 | G =200 kg/m?s liquid a5 4 G =200 Riﬁn{\ — V(; .
S x=10% "o T vapour x=35% .
3] - P =90-120 kPa ¢ Vertically downward 34 P =90-120 kPa © Ver‘FlcaIIy downward )
o O Horizontal o Horizontal
o 2.5 & Vertically upward 025 1 & Vertically upward .
g s g
2 S
o 32
w 1.

Place restriction at the
header inlet lead to jet
flow and improve the
flow distribution

dﬁopletsjets

aannnny SEERREBEE

Fig. 13. Flow patterns after the two expansion devices. (a) Expansion orifice and (b) splashing grid.

25
o G =250 kg/mas
0 G=250kgimes x pre-evaporator= 20 & G =100 kg/mzs
4 ey = U =
5 X pre-evaporator = 5% & G =100 kg/m2s 2 - P.r'm‘fure rfrvfp 69123 kPa —liquid
Pressure drop = 35 -70 kPa — liquid > = 1qui
- - - vapour
15 = = - vapour

Flow ratio

Flow ratio

Tube

Tube

Fig. 14. Distribution profile in the presence of a splashing grid for certain inlet flow rates and qualities.




For vertically downward channels, better distribution for both
phases as mass quality increases.

— Influence of the mass inlet velocity - more visible at high mass
velocity. Reducing the header diameter deteriorated the two-phase

distribution.
Horizontal distribution channels showed enhanced vapour and
liquid distribution even at low inlet mass quality.

For vertically upward channels, no improvement even for high
inlet mass quality.

Expansion devices has a great influence on the flow structure by
forming a liquid jet in the header. High jet velocities rendered
the distribution more homogeneous and improves the two-
phase distribution.

The presence of high-momentum phases and especially that of
liquid favours the occurrence of impacts, fragmentation of
liquid phase, the presence of a homogenized multidirectional
two-phase structure and this renders the distribution more
homogeneous. (Disperse the liquid phase is the key..)




(Wl‘c). |
15 s : U“’
— | 1.4] 10)
14 =]
]

Header _ |

Two-phase flow behavior inside a header connected N
to multiple parallel channels, Experimental Thermal =
and Fluid Science 33 (2009) 195202 | Do =

* Air/Water System et

Fig. 2. Configuration of the test section without membranes.

Partition (End Plate)

0.005 \
tiyin = 0.023 kg/s,mym = 0.008 kg/s Recirculation
. . v
RegionA |
0.004 T :‘ ...... A oy, - .&_ mg Region C -
) L ; .
2 \. ¥ + i g
g 0.003- g :
© ' : Parallel Channels
3 : Region B
3 A : .
& 0.002 ; I ¢
3 | - AEE
= : i 5 =
i : x_,-é-"’_.. : A Region A
0.001 3= & 3
= Fix & : R 4
; s By : & =
# R 2
il : ; 5
0000+ T T T T T T T T T T Q
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 e} .
Ehainel s > Feeding tube header
> e,
Flow Direction L
(a) Two-phase Flow distribution (b)  Two-phase Flow visualization

Fig. 4. Effect of the end plate on the flow configuration inside the header (after Lee [12]).



Flow pattern inside the header
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Air-water, G = 70 - 130 kg/m?s, x = 0.2-0.6. The flow in the header inlet was
annular. D =17 mm), 30 vertical flat tubes (hydraulic diameter, Dh =1.32 mm)
Int. J. of Multiphase Flow 32 (2006) 1340-1353

g g -+ +
> o - -
Parallel Reverse Parallel Reverse
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Fig. 1. Four different methods of flow distribution.
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Fig. 3. Cross sectional view of the flat tube used in this study (unit: mm).
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Fig. 10. (a) Typical flow pattern in a lower header with upward flow configuration and (b) corresponding water and air distribution.
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Effect of quality

Except for the low quality (x
= 0.2), the quality does not

significantly affect the water
or air distribution for x > 0.4.

At x = 0.2, staghant water
region forms at the rear part
of the upper header, and no
flow is observed. The
stagnant region disappears
at higher quality. Fig. 12c
shows that no stagnant
region exists at h/D =0.

Fig. 12. Effect of quality on air and water distribution in the header of upward configuration at G = 100 kg/m’>s: (a) A/D = 0.5,

(b) /D =0.25 and (c) A/D =0.0.
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MASS FLOW RATE DISTRIBUTION AND PHASE SEPARATION OF R-22 IN MULTI-
MICROCHANNEL TUBES UNDER ADIABATIC CONDITION, Microscale
Thermophysical Engineering, 8:129-139, 2004

R-22 in multi-microchannel tubes . ap £
under adiabatic condition. 2 Nm:emm & whﬁefgﬁm
The test section consisted of inlet o6sx1se s \ —
and outlet headers with the inner B =7 o t;\ oo
diameter of 19.4 mm and 15 Outlet header /\\ (¢ 22 round tube)
parallel multi-microchannel tubes. Separator | Brecnsulr

Each microchannel tube had 8 -1/

rectangular ports with hydraulic
diameter of 1.32 mm. 15 tubes

The key experimental parameters
were the orientation of the header

(horizontal and vertical), flow — o
direction of refrigerant into the In-line flow

Inlet header (in-line, parallel and 2

cross flow), and inlet quality (0.1, Cross flow Parallel flow
0.2, and 0.3) (b)

Figure 2. Details of the test section. (a) Headers and microchannel tubes (vertical header); (b) Flow direction
into the inlet header (horizontal header).



Results

I. The effect of inlet quality on the mass flow rate distribution and phase separation
in the microchannel tubes was negligible.

2. The effect of the orientation of the header on the mass flowrate distribution and
phase separation was the largest among the test parameters.

3. Horizontal header showed better mass flow rate distribution and phase separation
characteristics than vertical header.

4. Both parallel and cross-flow conditions showed better mass flow rate distribution
and phase separation than in-line flow condition,

15 tubes

Table 1. Standard deviation of the phase separation ratio

Xin
Flow
Header direction 0.1 0.2 0.3
Vertical In-line 2.24 0.72 0.64 In-line flow
Parallel 3.06 0.78 0.68
Cross 2.11 0.71 0.62 f A
Horizontal In-line 1.68 0.78 0.71
Parallel o 0.75 0.66 Cross flow ~ Parallel flow

Cross — 0.79 0.70
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Figure 3. Liquid and vapor mass fraction for the vertical header.
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Two-phase flow distribution in compact heat exchanger manifolds,
Experimental thermal and fluid sciences, 2004, 28:209-215
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At low quality (x~0.1), significant variation in liquid flow distribution is seen
either for upflow or downflow but no significant change in vapor distribution.

Further increase the vapor fraction shows very minor change in distribution for

both liquid and vapor phase.
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Effect of inlet configuration on upward branching of two-phase refrigerant in
a parallel flow heat exchanger, Int. J. Refrig., 36 ( 2013) 1062-1077, 1- flat
tubes, 70 to 130 kg/m?s and quality from 0.2 to 0.6
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Fig. 1 — Flow inlet configurations.
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Fig. 2 — Cross-sectional view of the flat tube used in this
study (unit: mm).
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Fig. 1 — Flow inlet configurations.

Table 3 — Standard deviations of the liquid and gas flow
ratio.

Gkgm*s!) x

Standard deviation

[N 9 Parallel Normal Vertical
[ Zi I(CFR—I - 10)
SD = V N Liquid Gas Liquid Gas Liquid Gas
70 0.4 0.41 0.70 0.40 0.62 0.24 0.29
100 0.2 0.19 0.45 0.38 0.75 0.26 0.33
100 0.4 0.29 0.69 0.53 0.50 0.27 0.25
100 0.6 0.36 0.81 0.56 0.37 0.20 0.23
130 0.4 0.44 0.61 0.54 0.42 0.35 0.31
Average 0.34 0.65 0.48 0.53 0.26 0.28




Downflow shows much worse distribution, no
influence on vapor flow, parallel is the worst for

vertical

Fig. 12 — Flow distribution data for upward and downward flow at G = 130 kgm ?s ' and x = 0.4.
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Difference between air/water & R-134a (downflow)
High inertia of air/water leads to two higher mass flowrate at front and

- rear part. R-134a shows continuous drop
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Fig. 12 — Air—water and R-134a flow distribution data at G = 100 kg m~2 s~ and x = 0.4.



Effect of the header pressure drop induced flow maldistribution on the
microchannel evaporator performance, Int. J. refrig., 36 (2013), 2176-2186
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Fig. 12 — Evaporator surface temperature profiles at a fixed bulk exit superheat of 5 °C.




12% 33

Fig. 4 — Schematic drawing of flow paths in microchannel
evaporator.

microchannel hydraulic diameter
varies from 0.8 mm (baseline) to 0.4
mm while keeping other
parameters and operating
conditions constant.

A smaller microchannel diameter
the normalized liquid mass flow
rate becomes more uniform among
parallel tubes. This is because the
tube pressure drop increases, and
therefore the ratio of outlet header
DP to total evaporator DP is
reduced, as shown in Fig. 14
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Fig. 13 — Liquid flow rate distribution as a function of
microchannel diameter.
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Fig. 18 — Comparison of surface temperature profiles of two

different microchannel evaporators.

Table 3 — Geometric parameters of#1 (baseline) and#2
{new) microchannel evaporator.

#1 #2
Port diameter (mm) 0.8 0.55
Part No. (per tube) 19 7
Tube Mo. 34 35
Tube length (mm) 275 490
Outlet header diameter (mm) pil 37.5
Aspect ratio 0.79 294
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Fig. 17 — Effect of the evaporator aspect ratio on the cooling
capacity and the pressure drop ratio.

Better flow distribution can be achieved via

1) Enlarging outlet header diameter;

2) Increasing heat exchanger aspect ratio
(ratio of length to width);

3) Reducing microchannel port size.



Two-phase refrigerant distribution in a two row/four pass parallel flow minichannel
heat exchanger, Experimental Thermal and Fluid Science 77 (2016) 10-27

* Multi-pass, R-410A —— -
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Fig. 2. Cross-sectional geometry of the flat tube (unit: mm). W= ) =2
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Fig. 1. Refrigerant-side circuiting (top row-crossing header, bottom row-crossing
header) investigated in this study.
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Two-Phase Flow Distribution to Tubes of Parallel Flow Air-Cooled
Heat Exchangers, Heat Transfer Engineering, 26(4):3—-18, 2005

* Previous research and the patent literature show
two basic approaches to improved flow
distribution:

— install obstacles (weir, inserts, or throttle plates) at the
inlet end of the header or adjust the tube projection
in the header

— install special distributor devices in the header, which
locally feeds the fluid to the branch tubes. The use of
a small diameter distributor tube (or similar) with
small spaced exit holes along its length appears to be
a viable concept to obtain good flow distribution.



| Refrigerant distribution in a parallel flow heat exchanger having vertical headers
Y| and heated horizontal tubes, Experimental Thermal and Fluid Science 35 (2011)
920-932

Vertical headers, two passes with a target capacity of 1.0 kW.

Refrigerant (R-410A) enters the left header,

To simulate an actual evaporator, tubes are heated to yield a test
section outlet superheat of 5 °C. Inlet and out-let locations were
systematically varied in a search for an optimum position.

outlet ¢m
inlet mp

T
header flat tube

Fig. 2. Schematic drawing of the parallel flow heat exchanger considered in the
present study.
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2-pass
Inlet at the top portion gives better
distribution

Table 4

Thermal performance degradation by mal-distribution.
Inlet Top Middle
Outlet Bottom Middle Top Bottom Middle Top
G (kg/m?s) 50 60 70 60 60 60 60 60
deg (%) 552 215 55 6.49 1.57 132 9.63 134
AP (kPa) 6.14 621 683 945 6.76 6.83 10.1 8.27

Fig. 8. Typical flow distribution data and flow pattern photos and sketches, data taken at G = 60 kg/m? s with top inlet and bottom outlet.
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- The effect of the flute orientation in terms of
' \ ) . the B angle, showed an optimum operating
~~ condition, for all the flow rates here
| A AL A A v B=180°,  investigated, when the flow from the flute is
""""" FIOR T R , downward (3 = 180°). On the other hand, flute
exits upward (p = 0°) do not yield meaningful

sha [ ©000000000000000 {3

shg [ ©00600006000060006 <3 flow distribution enhancements.
The best results were obtained when the flute
16h [_ 0000000000000000 | holes were facing in the opposite direction to

o5 Biecitup s the vertical channel inlet, i.e. for B = 180°.
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Fig. 4. a and b. Gas and liquid flow ratios inside parallel channels. Comparison
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Figure 19 Front view of heat exchanger [16].

[16] Chiba, T., and Toshihara, T., Heat Exchanger with a Distribution
Device Capable of Uniformly Distributing a Medium to a Plurality
of Exchanger Tubes, U.S. Patent No. 5,901,785, 1999.
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Figure 20 Inlet distributor tube with sieve-mesh distribution [5].

[S] Haussmann, R., Distributing/Collecting Tank for the at Least Dual
Flow Evaporator of a Motor Vehicle Air Conditioning System,
U.S. Patent No. 6,199,401 B1, 2001.



Osthues, J., Petz, M., and Zeitvogel, B., Plate Heat Exchanger
with a Refrigerant Distributor, U.S. Patent No. 5,806,586,
1998.

The flow distribution in the header of these inventions [23—25] depends
on the shape, size, space of the holes, and the small distributor tube
diameter. Among these, the small distributor tube diameter is a dominant
parameter that strongly influences the two-phase flow characteristics in
the tube. These designs will require modification if the operating
conditions (total number of tubes, the refrigerant flow rate, or the inlet
vapor quality) change.

Flow out |
-

Flow in >‘Q< :
S I —_—t—mr— s —_——
] OK _____ R ..... ,!cl ..... ..L

i = \\
\/ porous element

spaced holes

Figure 21 Schematic diagram of a conventional plate evaporator [25].



Each separating plate has a hole
(51a-53a) that serves as a flow
distribution orifice, which
distributes to that chamber and
feeds the refrigerant to the next
chamber. The orifice diameter in
the plates is decreased as the
distance from the refrigerant
inlet is increased. The flow
distribution in the header
depends on the location and
number of throttle plates and
orifice size. The design must be
modified for a different total
number of tubes or other
operating conditions.

[30] Nagasawa, T., Torigoe, E., and Makihara, M., Refrigerant Evapo-
rator with Refrigerant Distribution, U.S. Patent No. 6,449 979 B1,
2002.

(b)

Figure 22 Distributor concept described by Nagasawa et al. [30]: (a)
schematic perspective view of the evaporator, (b) schematic perspective view

showing a lower tank portion.



Ayub, Z. H., Distributor for Plate Heat Exchangers, U.S. Patent
No. 6,179,051 B1, 2001.

* The angled grooves
in the distributor and
the outer walls form
a passage (49) to
distribute the fluid
flow into the
respective channels
(15) associated with
each plate passage in ... cocuo i
the exchanger.

passage

changer, (b) cross-sectional view of flow distributor [31].
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Figure 8 Typical conical distributor based on flow homo-
genization.
Developing Adiabatic Two Phase Flow in Headers — * ¢ ¢ ¢
Distribution Issue in Parallel Flow Microchannel Heat

Exchangers, Heat Transfer, Engng., 25(3):61-68, 2004 pigyre 9 Distributor based on full separation and equal distribu-
tion of each phase.



Improving two-phase refrigerant distribution in the manifold of the refrigeration
system, Applied Thermal Engineering 28 (2008) 2126—-2135; R-134a4, inlet

pressure of 173.5 kPa and mass flux of 130-145 kg/m?2 s.
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Fig. 3. Sectional view and photograph of the distributors used in the present study.
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Fig. 4. Outer-wall temperature distributions of the outlet in the manifold
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tube connected with the internally-spirally micro-fined tube and (c) the
distributor within a roller.
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New approach to improve performance by venting periodic reverse vapor flow in
microchannel evaporator, Int. J. Refrig., 36 (2013) 2187-2195

Vapor venting provided a 5% increase
of cooling capacity and 3% of COP

Table 1 — Cycle configurations with different valve
setups.

when operated at identical test Cycle

Bypass valve Venting valve
conditions, while the maximum COP DX Closed Closed
improvement was approximately 10%- FGB Open Closed

FGBR Open Open

12% when capacity is matched by
reduction of compressor speed.

Expansion

\ Valve

v

Bypass Valve

ﬁ To Compressor
™NE

Mass Flow
Meter

FGB: flash gas bypass
FGBR: revised flash Tank —
gas bypass Open - FGBR

Venting
Valve

Microchannel
Evaporator

i
ot

.................................

Header

Fig. 2 — Detailed layout of the revised flash gas bypass with venting reverse vapor flow.
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Fig. 2 - Double-row parallel-flow microchannel condenser.

26 tubes --1st pass

20 tubes --2nd pass

SIPINIRIDIBIRIRIBIRINT

STSTITRTRIBIRIRIY

(b)

14 tubes --3 rd pass

d
d

Fig. 3 - Tube pass scheme and thermocouple arrangement.

JRIIDTRIBIBID
JRIRIRTRIRIG

—]
=
7 mithih
thermocouples [[;
+g£Fms
Fig. 1 - (a and b) Double-row liquid-vapor separation . _
micrachannel condenser. E

ow2
400 :Rowl l% "
o, LSMC PFMC ﬁAirﬁ

3954 & . “ny --m-- The frontrow --4-- The front row
G ++0-+ The back row v+ The back row

14 tubes -4 th pass

12 tubes --5 th pass
10 tubes --6 th pass

SIVIRIBID!
SINIRINRIN.

w
©
=4
!
L BED
i

@
ol
o
-

- R134a : L
37.0 4 Xm=0.58 H T A

Ts=40°C T

36.5 { G=702kgm’s | i 7
q"=1.33KWm” P T

i D i et el Ll bl Experimental investigation on the thermodynamic performance

Fo g ) of double-row liquid—vapor separation microchannel condenser,
Fig. 5 - Tube wall temperatures along the flow length. Int. j' Refrig.’ VOl. 67’ 2016’ pp. 373_382'




I st pass

24

.

2nd pass

18

3rd pass

12

(a)

3"-yapor pass

2nd-yapor pass

11

Ist pass

21

2" Jiquid pass

&
—p
:

3% Jiquid pass

4th pass

Fig. 4 - Schematic of the condensers: (a) Baseline

Y iR Y . Ry T Sy L. |

(b)

F———

36

T.,~78.4°C, T,=37.6 °C
8.7% 7.4%
34 = ‘ 335 T,=73.5°C, T.,=39.8 °C
1.4%
32 1 312 I
311 o i . 30.9
i 52%, 307 304 ——
= 30 | ]
P 28.6 Ti=64.9 °C, Toy=41.1 °C
L0 PR B < s o Ky
5 28 c o cl o
£ 4 b B O IE
£ 3 |E|T - 3| E|lx
2 ilc | T |0 ® o | =@
Blo 8K B8 8 R
6118 1= | x| I=| XD
= | co|we c | Wl e
® |0 o |0 i1 0| o 0O
E s || Elslcls
24 i = © =1l ® | = o
) P Q 4 @ = oy e
€ 28/ 2 |8 8488
m ® o0 Q0| ml®
22
M35a L35a 135a

@m_ref_bas_model ©im_ref _sep_model Om_ref bas_exp ©m_ref_sep_exp

Fig. 10 - Mass flow rate Meet for the two condensers at the same To; and Tero, at three operating conditions.

35

3.0

25

S0 o i« (et

1.5 4 Bascline 135a
 Separation [35a

1.0 + Baseline M35a
* Separation M35a

0.5

0 2 4 6 8 10 12 14 16 18 20
Subcooling [°C]

Fig. 12 - COP comparison for refrigeration systems with
baseline condenser and separation condenser at superheat
of 10 K and at the matched capacity.

Improvement of condenser performance by phase
separation confirmed experimentally and by
modeling, Int. J. Refrig., Vol. 78 (2017) 60-67.
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ig. 2 — (a) Picture of the condenser with liquid—vapor separation baffles. (b) Schematics of the heat exchangers.

Performances of a split-type air conditioner
employing a condenser with liquidevapor separation

baffles, Int. J. Refrig., ( 2012), 278-289
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Fig. 1 — Schematics diagram of liquid—vapor separation
condenser.

The results showed that the enhanced
condenser unit could supply the equivalent
cooling capacity and energy efficiency ratio
(EER) as those of the baseline one at the
standard cooling condition when it had only
63.1% condenser heat transfer area and
80.3% charge amount of the baseline unit.
With the optimal capillary tube length of 700
mm, the cooling capacity of the LSC unit just
decreases by 2.9% as well as EER by 2.3%
while charge is added to 18% more than the
charge at the maximum EER.



Visualization of flow distribution in rectangular and triangular header geometries,
Int. J. Refrig, 76 (2017) 170-183

Rectangular Header
W=52.8 mm
[« >

IH =11.3 mm
Din=6.35 rrWt.
Len= 212 mmI H “ Dy
>

P=15mm

Stratified-Smooth

Stratified-Wavy

Triangular Header

Header Smooth Film
Inlet ,
< Outlet
Channels
Fig. 2 - Schematic of header geometries tested with key Wavy Film

dimensions.

Table 3 - Important operational and geometric
parameters.

Churn-Turbulent

Parameter Values

Inlet Quality 0.05-0.35

Average Channel Mass Flux 50.0-300 kgm?s Fig. 3 - Photographs of flow regimes observed in the
Outlet Channel Diameter 1-3 mm rectangular header.

Inlet Mass Flux 2.60-200kgm2s!

Feeder Tube Diameter 6.35 mm

Rectangular Header Dimensions 52.8 mm x3.50 mm x 11.3 mm A i r-Wa t e r Syste m

(LxW xH)
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Influence factors of flow distribution and a feeder tube compensation
method in multicircuit evaporators, Int. J. Refrig., 73 (2017) 11-23.

e @ No.1 (L1)
No.2(L2)
j_.'.!;.zv\-:._?':l 7 No.3 (L3)

i No.4(L4)

Feeder tube Evaporator

Distributor

Table 1 - Test samples configuration.

Sample L;/mm L,/mm L;/mm L;/mm H/ mm

1 300 300 300 300 200
2 300 300 300 300 100
3 300 300 300 300 50
4 500 400 400 300 200
5 700 500 500 300 200
6 300 300 400 400 200
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Fig. 3 - Superheat distribution performance in four
evaporator circuits for (a) sample 1 with H= 200 mm, (b)
Fig. 7 - Flow behavior for distributor: (a) pathlines in the sample 2 with H= 100 mm, and (c) sample 3 with
distributor, liquid phase volume fraction (b) in inlet tube, (c] H=50 mm

in the distributor with vertical installation, (d) in the *

distributor with inclination installation.



Enhanced condensation heat transfer for

dielectric fluid within microchannel heat

sink,Int. J. Heat Mass Transfer, 106 (2017)
518-525
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Fig. 8. Ratios of heat transfer enhancement and pressure drop reduction between
micro-drainage channel and conventional channel for all mass flux and
orientations.
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Fig. 2. Micro-channel cheat sink with micro-drainage channel.

Flow direction —

(a) micro-channel heat sink without micro-drainage channel

H drained channel

(b) schematic of the drainage channel

(d) drainage channel with t = 0.004 s
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(e) drainage channel with t=0.008 s

(f) drainage channel with t =0.012 s

Fig. 4. Flow pattern for microchhanel heat sink with and without micro drainage subject to horizontal arrangement (G =100 kgm *s ', 0=0°, Xavg =0.19).
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Performance of a finned-tube evaporator optimized for different refrigerants and
its effect on system efficiency, Int. J. Refrig, 28 (2005) 820-827

-0—o- @ -o—=
1 r a0 -\ 33 *,
o R32
a9 ,-f"'f-”’-':_—_—_—-).;“"h s _--4& R4l0 x 1?\. ., /i f
e = —4RI% H —a‘- -?—‘.-—-?‘.- -
. ¥ s g - mR22 1 4 5
ﬁ 8 r e H R134a
0, - - - ';l—'"—— — R600a 1.5 Circuits
T r
.-
o-o—e-o—5- = -
b - /; [f 5 3
p—o- —€—‘—i—>——= ——-.' S — & — 55
5 1 1 1 1 1 ] L] i 20 21 2 23 P4
! £
1 1.5 2 3 4 oplimized oo oS- 8 oS- oS- 0
Mumber of refrigerant circuitry s e s me e E
Fig. 4. Evaporator capacities for manually developed and ISHED1- 2 Circuits

optimized circuitry designs.

o-C—=-q F-G—65--8 e——a—:—_}——rg\

Table 2
L . - - —v.— —f—)—'—)‘
Evaporator design informaton / ? f
ltems Unit Value . "Zf 3.:' - _4. 5. 5
Tube length mm 500
Tube inside diameter T 9.2 3 Circuits
Tube outside diameter mm 10.0
. oY1 95
Tube spacing _ I 254 P ——D P e
Tube row spacing I 22.2 FER 2?*»\ 2 \k 3 3 M 35 36
L] L}

Number of tubes per row 12 ) G- F--G—8 5—8-—p
Number of depth rows 3 /: Moo e /"’ go@ 222 B /"
Fin thickness T 0.2 H--—8 — - H--—8 -
F_ . a4 1 ] 3 4 -] 3] 7 | g 10 11 12

in spacing fmm 2
Tube inner surface Smooth
Fin geometry Louver 4 Clrcults

s = i = —1 =
Air volumetric flow rate m min 25.5

Fig. 3. Manually developed 1.5, 2, 3, and 4-circuit designs (side
view; circles denote tubes; continuous lines indicate returm bends on
the near side of the heat exchanger, broken lines indicate retum
bends on the far side, full creles indicate outlet tubes).




Concluding Remarks

Flow distribution is highly dependent on the flow pattern in header.

Normally placing higher resistance at downstream (heat exchanger
tubes..) would provide better flow distribution.

Flow distribution also depends on the upstream conditions into the
header.

Geometric dimensions plays essential role in flow distribution. Inlet
location into the header also influences the flow distribution
appreciably.

Flow direction/header direction also affects the flow distribution.

Normally inlet quality imposes very minor influence of flow
distribution, however, if a restriction is added to produced mist flow,
better flow distribution occurs.

Some liquid/vapor separation mechanism can effectively improve
the distribution either in evaporator or condenser.
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