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• Most prior investigations:

– annular flow

– pure refrigerants
– refrigerant blends at low Pr

– Pressure drop in adiabatic flow

• Commonly used correlations result 
in discrepancies at high Pr

Objectives:
• Local h and DDDDP across V-L dome
• Pr = 0.8, 0.9 
• Develop common, comprehensive 

model for:
• two fluids (R404A, R410A)
• five diameters
• multiple pressures

�
�������
���#����
��$������@��������$'� %%��	#��
� ����&

R-410A

Refrigerant R410A

Tube Size, ID (mm) 0.76, 1.52, 3.05, 6.2, 9.4

Pressure (kPa) 3922, 4412

Temperature ( °°°°C) 61.1, 66.6

Mass Flux (kg/m 2-s) 200 - 800

Quality 0 - 1
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• Most prior investigations:

– Supercritical heating

– Steam and CO 2

Objectives:
• Local h and DDDDP over small 

temperature increments
• P  = 1.0×Pcrit , 1.1×Pcrit and 1.2×Pcrit

• Develop common, comprehensive 
model for:

• two fluids (R404A, R410A)
• five diameters
• multiple pressures
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Refrigerant R410A

Tube Size, ID (mm) 0.76, 1.52, 3.05, 6.2, 9.4

Pressure (kPa) 4903, 5393, 5883

Temperature ( °°°°C) 30 – 110

Mass Flux (kg/m 2-s) 200 – 800

R-410A
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D
(mm)

Lheat –transfer
(m)

Channels Geometry

3.048 0.1524 1 Annulus

1.524 0.3048 10 Multiport

0.762 0.3048 17 Multiport

3.05, 6.2 and 9.4 mm test sections

Multiport Test Section (0.762 and 1.524 mm)

Multiport Test Section    
(Cross-Section)
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(((( )))) (((( ))))test LMTD====�Q UA

(((( ))))pre w,pre w,pre,out w,pre,in ambient= - += - += - += - +� ��Q m i i Q pre,out test,in( , ) ��� �i P x

post,in test,out( , ) ��� �i P x

test secondary pump loss,ambient= - += - += - += - +� � � �Q Q Q Q

(((( ))))post w,post w,post,out w,post,in ambient= - += - += - += - +� ��Q m i i Q
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measured f deceleration contraction expansio nD = D - D + D - DD = D - D + D - DD = D - D + D - DD = D - D + D - DP P P P P

2 2 2 2
2

deceleration
v l v lout in

(1 ) (1 )
�

(1 ) (1 )

� � � �� � � �� � � �� � � �- -- -- -- -
= + - += + - += + - += + - +� � � �� � � �� � � �� � � �- -- -- -- -� � � �� � � �� � � �� � � �

x x x x
P G

r a r a r a r ar a r a r a r ar a r a r a r ar a r a r a r a

2
contraction ratio h

l C

� �� �� �� �� 	� 	� 	� 	
� �� �� �� �D = - + -D = - + -D = - + -D = - + -
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G
P A

C
yyyy
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22 1
1 1
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(((( ))))ratio ratio S
expansion

l

1----
D =D =D =D =

GA A
P

yyyy
rrrr

(((( ))))
C 1/ 2

ratio

1

0.639 1 1
====

� �� �� �� �- +- +- +- +� �� �� �� �
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A
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v
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• � ���� H�)((3)�± �/3/�%�-/G.
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D = 1.524 mm, G = 800.0 kg/m 2s, xavg = 0.30, Pr = 0.80, � Pmeasured = 7.444 kPa
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K ��! ¯ ��� � � ­
K � �'
 ��5� � �'� ­ ��� � � ­
K � �'
 » 	����������� � � ­
K � �'� ­ ��� � � ­
K �����������!�����	���

� ���

�5����5��	�

�
�������
���#����
��$������@��������$'� %%��	#��
� ����&



�#����
���������	�����5�*�	�����������#����
���������	�����5�*�	����������
• �*� ������&�&"�����

��"��'
� �))�%��+�"� &'�,-.

• �  �"�� / �  �0� 1�� ��)) 2� ���)��" �
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1
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2 L

G

d / d

d / d

P z

P z
C =C =C =C =
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f L L G G

d d d d d
d d d d d
P P P P P

C
z z z z z
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-0.3 -0.4
L conf24 ReC N= × ×= × ×= × ×= × ×
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• B����

'�/�G���������
���5�	��5�7��#��� ± )?G

• �����!�����������,���G

-0.3 -0.4
2 L conf
L 2

24 Re 1
1

N
ffff

× ×× ×× ×× ×
= + += + += + += + +

C CC CC CC C

-0.3 -0.4
L conf24 ReC N= × ×= × ×= × ×= × ×
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G 0.5

v l v

J 2.5
xG

gD r r rr r rr r rr r r
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wavy Film PoolNu Nu 1 Nu
2 2
q qq qq qq q
p pp pp pp p
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1.24

0.340.8 1/3 l
Pool L L

v
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ANNULAR FILM

GAS CORE

ANNULAR FILM VL

VG

0.880.8
0.8 1/3 l

annular L L
v

Nu 0.0133 Re Pr 1
1

x
x
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G G,max,wavy G,min,annular G
transitional annular wavy

G,min,annular G,max,wavy G,min,annular G,max,wavy

J -J J -J
Nu Nu Nu

J -J J -J
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h kJ/kg

200 300 400 500

E
o

0.00

0.05

0.10

0.15

0.20

Pcrit

1.1 x Pcrit

1.2 x Pcrit

Temperature ( oC)

20 40 60 80 100 120

E
o

0.00

0.05

0.10

0.15

0.20

Pcrit

1.1 x Pcrit

1.2 x Pcrit

0.1849
0.1827
0.1802

0.04

0.1849
0.1827
0.1802

0.04

65.49

66.81

67.89
80.95

88.38

95.55
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f bulk

d 1 1
d 2
P G

f
z Drrrr
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Regime Avg. Dev (%) Data < 25% Dev.

Liquid-Like 16 76

PCT 22 72

Gas-Like 16 76

• �����!��5���������H��0G
• B����

'�1�G����5����

���5�	��5�7��#��� ± )?G�
5��������

0.91

wall
Churchill

bulk

1.16f f
mmmm
mmmm
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bulk

1.19f f
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C �
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�� �

Q �������7��#� �

C �����	��5����	�������	����
��5����
�
 �#
�	#�

� � �
 ��5��#

B����

'�>�G����5�������5�	��5�
7��#��� ± )?G

C �����!������������H�))G

(((( ))))baseline baseline/ ; 9.4 mmD D D D**** = == == == =

(((( ))))/

mod Ch bulkNu Nu Re
b c D

a
****++++

= × ×= × ×= × ×= × ×
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D (mm) T < Ttransition T > Ttransition

ALL

0.762

1.524

3.048

6.223

9.398

(((( ))))0.118 0.011/

mod Ch bulkNu 0.19 Nu Re
D****++++

= × ×= × ×= × ×= × ×(((( ))))0.022 0.010 /

mod Ch bulkNu 0.56 Nu Re
D****++++

= × ×= × ×= × ×= × ×

(((( ))))0.254
mod Ch bulkNu 0.19 Nu Re= × ×= × ×= × ×= × ×(((( ))))0.145

mod Ch bulkNu 0.56 Nu Re= × ×= × ×= × ×= × ×

(((( ))))0.186
mod Ch bulkNu 0.19 Nu Re= × ×= × ×= × ×= × ×(((( ))))0.084

mod Ch bulkNu 0.56 Nu Re= × ×= × ×= × ×= × ×

(((( ))))0.152
mod Ch bulkNu 0.19 Nu Re= × ×= × ×= × ×= × ×(((( ))))0.053

mod Ch bulkNu 0.56 Nu Re= × ×= × ×= × ×= × ×

(((( ))))0.134
mod Ch bulkNu 0.19 Nu Re= × ×= × ×= × ×= × ×(((( ))))0.037

mod Ch bulkNu 0.56 Nu Re= × ×= × ×= × ×= × ×

(((( ))))0.129
mod Ch bulkNu 0.19 Nu Re= × ×= × ×= × ×= × ×(((( ))))0.032

mod Ch bulkNu 0.56 Nu Re= × ×= × ×= × ×= × ×
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Varying D Varying G
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Varying Pr Varying Refrigerant
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