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Condensation and Evaporation of Non-azeotropic Refrigerant Mixtures
of R22 and R114 inside a Spirally Grooved Horizontal Tube

Shigeru KOYAMA, Akio MIYARA, Hiroshi TAKAMATSU
Kazuo YONEMOTO and Tetsu FUJII

Experimental results of the condensation and evaporation of non-azeotropic
refrigerant mixtures of R22 and R114 inside a horizontal tube with internal spiral
grooves are presented. The test condenser and evaporator, which are of the same
shape, are tube-in-tube counter flow type heat exchangers. The inner tube is
made of copper with a geometry as follows: outer diameter 9.52mm, mean wall
thickness 0.60mm, mean inner diameter 8.32mm, groove depth 0.15mm, number of
grooves 60, lead angle of grooves 30°. Pure refrigerants of R22 and R114 and three
kinds of their mixtures containing about 25, 50 and 75 %6 bulk molar fractions of
R114 are tested in the range of refrigerant mass flow rate of 30 to 70 kg/s,
condensing pressure of 3 to 21 bar, and evaporating pressure of 1 to 7 bar.

For the condensation and evaporation of pure R22 and R114 and three kinds
of their mixtures, axial distributions of refrigerant, tube wall and cooling water
temperatures, wall heat flux, heat transfer coefficient and vapor quality are
graphically shown. Circumferential distributions of the condenser tube wall
temperature are also shown for pure and mixed refrigerants. The local Nusselt
numbers for condensation of pure refrigerants R22 and R114 are higher than those
predicted from the previous empirical equation for pure refrigerants in a horizon-
tal smooth tube by 40-70% and 50-809, respectively. The local Nuseelt numbers
of the mixtures are lower than those of pure refrigerants, and the magnitude
depends on molar fraction and mass flow rate. The average Nusselt numbers for
condensation can be correlated well by the following equation :

_ Nu = 0534(1/d)~**H°¢(Re/Pr/R)*

where Nu is the average Nusselt number, f, is the function of the bulk molar
fraction, / is the total condensing length, d; is the inner diameter of the tube, H
is the phase change number, Re; is the Reynolds number, P» is the Prandtl
number and R is the p-u ratio. The local heat transfer coefficients for evapora-
tion of pure refrigerants R22 and R114 are higher than those predicted from the
previous empirical equation for a pure refrigerant R22 in a horizontal smooth
tube by 120% and 90% , respectively. The local heat transfer coefficients of the
mixtures are lower than those of pure refrigerants, and the magnitude depends
mainly on molar fraction.
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A—A Cross section
Fig.3 Test Tube (inner Tube)

Table 1. Experimental conditions

(a) Condenser
Refrigerant I R22 R22+R114 R114
Molar fraction of R114 0 0.23~0.24 0.46~0.49 0.73~0.75 1
Mass flow rate kg/h 36~70 30~66 38~58 40~52 26~51
Pressure bar 15~21 11~17 8~12 6 ~ 7 3~ 5
Inlet saturation temperature °C 40~54 44~63 52~65 51~58 35~59
Inlet superheat C 20~41 19~25 11~18 11~23 2~26
Heat transfer rate kW 2.0~3.7 1.4~2.8 1.7~2.4 1.6~2.0 1.0~1.9

(b) Evaporator
Refrigerant R22 R22+R114 R114
Molar fraction of R114 0 0.23~0.24 0.46~0.49 0.73~0.75 1
Mass flow rate kg/h 30~68 30~66 21~58 40~52 15~57
Pressure bar 4.3~7.0 2.8~5.5 2.7~3.5 2.1~2.6 1.0~2.4
Inlet saturation temperature °C -5~11 -11~9 -11~4 3~10 4~28
Inlet quality 0.15~0.27 0.16~0.29 0.13~0.21 0.17~0.20 0.05~0.19
Heat transfer rate kW 1.7~3.1 1.3~2.5 0.9~2.1 1.3~1.7 0.6~1.7
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Fig.5 Condensation of pure refrigerants
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Table A-1
(a) R22
No. z/d; T Tovi T Tiat 1-x q @
[-] [c] [c] [C] [c] (-] [W/m?] [W/(m?-K)]
0.0 42.57 95.88 54.63 0.000
1 s 10.67 51.95 =9 52 5458 0.000 4.949x10* 1.864 X104
. . 9.< 4.0 .
2 49.57 4.216 X 10* 8.408 X 10°
88.9 39.04 56.52 54.59 0.046 .
3 48.64 4,104 x 10* 6.908 X 10
133.4 37.46 54.70 54.57 0.168 . .
4 47.25 4.002 X 10 5.476 X 10
177.9 35.92 54.52 54.54 0.299 . s
5 46.40 i 4.071x10 5.008 X 10
222.4 34.35 53.40 54.53 0.433 5
6 46.14 3.954 X 104 4.721%x10
266.8 32.82 54.27 54.51 0.563 5
7 44 .63 - 4.065x10* 4.118 X 10
311.3 31.26 53.26 54.50 0.697 .
8 43.04 3.949x10* 3.448 X 10
355.8 29.73 52.20 54.48 0.827 s
9 41.22 3.768x 104 2.841 %10
400.2 28.28 47.79 54.48 0.951 . .
10 37.09 2.900% 10 1.937 %10
444.7 27.16 44.66 49.64 1.000 5
11 33.15 1.973x10* 1.530x 10
489.2 26.40 39.07 42.45 1.000 s
12 30.31 1.231x10* 1.256 X 10
533.7 25.93 35.89 37.77 1.000
(b) R114
No. 2/ d T Toi T Toar 1-x q @
(-1 [C] ['C [c] [’c] [-] [W/m?] [W/(m? -K)]
0.0 52.16 76.55 58.88 0.000 . .
1 57.40 1.602 %10 1.144%10
44.5 51.00 60.21 . 58.72 0.000 . .
2 56.16 ) 1.506 X 10 5.982X 10
88.9 49.91 59.31 58.64 0.069 s
3 55.90 1.497 X 10* 5.560 % 10
133.4 48.82 58.26 58.53 0.155 .
4 54.74 1.576 x 104 4.205 X 10°
177.9 47.68 58.08 58.44 0.250 . s
5 53.91 1.712%X10 3.825X10
222.4 46.43 58.04 58.34 0.353 . s
6 53.71 1.660 %10 3.617x10
266.8 45.23 N 57.88 58.27 0.453 . .
7 52.51 1.867 %10 3.264 X 10
311.3 43.88 57.69 58.18 0.566 . ) .
8 51.83 1.933 %10 3.057 %10
355.8 42.47 57.65 58.13 0.683 R
9 50.92 - 1.975x 10* 2.745 X 10°
400.2 41.04 56.38 58.10 0.802 . .
10 49.08 1.857 X 10 2.058 %10
444 .7 39.69 53.67 58.10 0.914 .
11 47.98 1.648 X 10* 1.769 X 10
489.2 38.49 51.04 56.49 1.000 . .
12 40.57 6.343 %10 4.620%10
533.7 38.03 48.80 52. 10 1.000




(c) 7Tmol%R22+ 23mol%R114

FELL PR AW D EE B L &S

No. z/d; T; Toi T Tiar 1-x q o
-] [cl ['c] c) fc] [-] [W/m?] [W/(m?-K)]
0.0 35.89 75.08 52.92 0.000
1 44.70 3.470x10* 4,288 %x10%
44.5 34.55 53.09 52.68 0.012
2 42.48 3.113%x10* 3.410%103
88.9 33.35 50.00 50.54 0.146
3 41.82 2.760 %104 3.520% 103
133.4 32.29 48.48 48.79 0.265
4 40.36 2.639x10* 3.435 %103
177.9 31.27 46.77 47.31 0.377 .
5 38.88 2.551 X 10 3.263%x103
222.4 30.28 45.76 46.08 0.484 .
6 38.27 2.310X 10 3.147 %103
266.8 29.39 44.71 45.13 0.579 .
7 37.07 2.318 X 10 3.032%10%
311.3 28.50 43.52 44.29 0.673 .
8 36.20 2.214 X 10 2.856%x10°
355.8 27.64 42.67 43.61 0.761 .
9 34.79 2.111x10 2.473x103
400.2 26.83 40.44 43.05 0.845 .
10 33.36 1.918 %10 2.027 %103
444 .7 26.09 37.74 42.59 0.920
11 32.65 1.825% 104 1.872x103
1 489.2 25.38 30.81 36.10 42.20 0.991 | 655 X 104 5 188 X 10°
. . bl .
533.7 24.74 35.06 34.55 1.000
(d) 52mol%R22+ 48mol%R114
No. z/d; T Toi T Tiar 1-x q o
(-] [C] [c] [C] [c] [-] [W/m?] [W/(m?-K)]
0.0 49.19 79.55 64.80 0.000
1 58.15 2.196 X 104 3.448 X103
44.5 47.08 64.85 64.24 0.037 . s
2 : 55.57 2.043 %10 2.639x10
88.9 45.11 61.91 62.39 0.157 \
3 54,35 ) 1.905x 104 2.692%10
133.4 43.28 60.36 60.46 0.270 ) .
4 52.13 1.807 X104 2.452%10
177.9 41.54 57.99 58.53 0.375 . .
5 49.66 1.802%10 2.291%10
222 .4 39.80 - 56.39 56.53 0.479 s
6 48.54 - 1.597 X 104 2.257 %10
266.8 38.27 54.59 54.71 0.570 ) . .
7 3113 36.76 46.80 S 5. 01 0,657 1.567X10 2.235 X 107
. . . Q4. .
8 355, 15,33 44.86 50.78 51 26 0.739 1.482x104 2.050x 103
b . .04 . . .
9 42.93 1.384x 104 1.826 x 103
400.2 34.00 47.76 49.78 0.815 .
10 40.94 1.252x 104 1.524 X 10
444.7 32.79 44.93 48.53 0.883 . )
11 39.85 1.200x10 1.481%10
489.2 31.64 42.79 47.38 0.948 .
12 38.16 1.186 X104 1.480x 10
533.7 30.49 42.15 44.97 1.000




(e) 27mol%;R22+ 73mol%;R114

FMKEREMBEREMEFRRE $15 $£15 1987

No. 2/ d; T: Tui T Tiat 1-x q a
[-] ['C] [c] ['c] [C] {-] [W/m?] [W/(m2-K)]
. 4.45 65.34 52.07 0.000
1 42 g 22 . 44.61 5? " :')1 i 0102 3.051x 104 4.351 %103
. . .0 ol. .
2 55 o 1 48 41.99 . Zg o 0,262 2.744 104 3.280 X 10°
3 ' ’ 40.95 ' ’ ' 2.447%10% 3.175x 10
133.4 30.22 47.77 47.77 0.403
4 1779 99 10 38.69 4555 45 83 0.526 2.200x10* 2.711X103
5 222'4 28‘11 36.31 43'82 43'8;5 0'2331 1.923 %104 2.253 %103
6 266'8 27'29 35.21 41'55 41'97 0'716 1.602 X104 2.080 X 103
7 311'3 26'56 33.26 38'92 40'08 0'790 1.422 %104 1.831%103
8 255 8 25'96 31.73 36'94 38'37 0851 1.186x 10 1.583%10°
) 403'2 25.46 30.18 34‘60 36.89 0‘900 9.670x10° 1.297x10°
10 ’ ) 28.78 ) ’ ’ 7.433x103 9.889 x 102
444.7 25.08 32.42 35.71 0.937 , ,
11 489 9 0473 28.00 20,83 24 58 0.971 6.712x 103 9.395Xx 10
12 ) o 26.99 e ' ) 5.433x10% 7.600 % 102
533.7 24.46 30.77 33.69 0.998
Table A-2
(a) R22
No. 2/ d; T Toi T Tar x q a
(-1 [c] ] [c] [’c] [-] [W/m?] [W/(m?-K)]
0.0 3.76 -4.59 -4.53 0.283 .
1 -3.10 1.186x10* 8.045x10°
44.5 4.84 -4.68 -4.62 0.335
2 -3.02 1.284 x10% 7.852x10°
88.9 6.02 -4.76 -4.70 0.390
3 -2.90 1.616 x10* 8.741%x10%
133.4 7.49 -4.83 -4.79 0.460 )
4 -2.93 1.851x10* 9.725%x10°
177.9 9.19 -4.95 -4.87 0.540
5 -2.96 2.249x 104 1.153x10*
222.4 11.24 -5.04 -4.96 0.637
6 -3.31 2.719 X 104 1.602x10%
266.8 13.73 -5.27 -5.05 0.755
7 -3.77 3.156 x 104 2.320x10%
311.3 16.61 -5.34 -5.22 0.891
8 355 8 19.18 -2.06 5 48 194 1,000 2.813x10* 1.856 x10*
9 ' ' 16.22 ' ' ' 6.253 % 10° 4.352 %10
400.2 19.75 2.69 5.65 1.000 »
10 18.06 4.285%x10° 4,367 X 10?
444.7 20.15 10.57 10.85 1.000 ,
11 18.90 2,798 X103 4.400 %X 10
489.2 20.40 12.74 14.23 1.000
12 19.89 1.709 X 103 3.687 X 102
533.7 20.56 17.53 16.28 1.000
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(b) R114

No. z/d; T Toi T Tiat x q a
(-] [c] [c] [C] [c] {-1] [W/m?) [W/m?-K)}

) 0.0 23.66 21.85 19.06 18.91 0.182 1085 X 104 3,530 X 10°
44.5 24.18 19.01 18.64 0.259

2 21.32 . 1.011x 104 3.673x103
88.9 24.66 18.75 18.49 0.331

3 _ 21.35 1.362x10* 4.624x10°
133.4 25.31 18.46 18.32 0.427

4 21.08 1.446 X104 4.913x10%
177.9 26.00 18.29 17.94 0.530

5 20.76 - 1.825x10* 6.153%x 103
222.4 26.87 17.55 17.64 0.659

6 19.82 2.500x10* 1.100 x 10*
266.8 28.06 17.06 17.46 0.834

7 19.98 2.174 X104 8.388x10%
311.3 29.09 16.65 17.31 0.987

8 28.11 4.400% 103 4.786 x 102
355.8 29.30 17.33 20.53 1.000

9 28.77 1.942x10% 2.774 X102
400.2 29.40 24.54 23.02 1.000

10 29.10 1.254 x10% 2.374 %102
444.7 29.46 26.57 24,62 1.000 .

11 29.25 1.609% 10 4.477 X102
489.2 29.53 27.37 26.69 1.000

12 29.45 ) 7.166 % 10° 3.109%x 102
533.7 29.57 28.60 27.61 1.000

(c) 77mol%R22+23mol%R114

No. z/d: T Toi T Tia: x q a

[-] : [’c] [c] [c] [(C] [-] [W/m?] [W/(m? -K)]
0.0 17.18 8.74 8.20 0.147

1 13.12 1.593x 104 3.380%x 103
44.5 18.29 9.05 8.61 0.222

2 88,9 19,3 12.44 9 39 9.10 0.297 1.562 %104 4.360%10°

3 13.03 1.723%x 104 4.,788%103
133.4 20.58 9.95 9.75 0.380 . .

4 13.73 1.843x10 5.192X 10
177.9 21.86 10.66 10.61 0.471 ,

5 14.78 1.930 X 10* 5.297 X 10
222.4 23.21 11.41 11.66 0.568 .

6 16.04 2.081 x 104 5.752% 10
266.8 24.66 12.72 13.19 0.674 . R

7 17.30 1.888%10 5.687 %10
311.3 25.97 13.92 14.77 0.772 .

8 19.17 - 1.754 X104 4.937%10
355.8 27.19 15.05 16.47 0.863

9 21.06 1.796 %104 4.889Xx103
400.2 28.45 17.01 18.31 0.957 .

10 25.53 9.287 X 103 1.512% 10
444.7 29.09 18.72 20.47 1.000 s )

11 28.14 3.278%10 5.585 X 10
489.2 29.32 22.84 24,07 1.000

12 28.92 1.580x 103 3.966 X102
533.7 29.43 26.83 25.80 1.000




(d) 51mol%R22+49mol%R114

HINKZ BB BRI F IR RS
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No. z/d; T Ti T, Trat x q a
[-] [C] [C] (] [c] (-] [W/m?] [W/(m? -K)]
0.0 19.42 4.79 3.65 0.205
1 13.76 2.727 X 104 3.231x103
44.5 20.97 6.70 6.99 0.344 s
2 13.86 2.175x 104 3.969 X 10
88.9 22.21 9.14 9.77 0.455 ) N
3 15.89 2.031%10 4.140 %10
133.4 23.36 11.43 12.21 0.560 . ) s
4 17.39 1.737x 10 4,093 %10
177.9 24.35 13.27 14.08 0.651 ' R
5 18.98 ) 1.634x 10 3.990 X 10
222.4 25.28 14.94 15.68 0.737 . ) R
6 20.23 1.578x 10 4.136x10
266.8 26.18 16.55 17.14 0.821 R
7 21.41 1.572x 104 4,257 X10
311.3 27.08 17.50 18.30 0.906
8 21.86 1.452x 104 4.770x103
355.8 27.90 18.54 19.32 0.986 .
9 27.04 X ) 4,164 X 103 6.210%x 10
400.2 28.14 20.76 21.35 1.000
10 27.68 2.421x103 4.865 %102
444.7 28.28 24.42 24.07 1.000
11 27.96 1.817x 103 6.280 %102
489.2 28.38 25.33 26.07 1.000
12 28.25 5.267 X 102 2.757 X102
533.7 28.41 27.20 26.62 1.000
(e) 25mol%R22+ 75mol2;R114
No. 2/ d; T T T Teat x q a
[-] [C] [c] [c] [C] [-] [W/m?] [W/(m2-K)]
0.0 19.87 7.38 7.05 0.176 \
1 15.75 ) 1.937 X104 2.726 %103
44.5 21.07 9.83 10.24 0.283 ) .
2 15.78 1.556 x 10* 3.369 % 10°
88.9 22.02 11.56 12.10 0.373
3 16.97 1.568 x 104 3.844 X103
133.4 22.99 13.17 13.69 0.465 ,
4 17.70 _ 1.444x10% 4.152X10
177.9 23.88 14.17 14.75 0.553
5 18.56 1.513x10* 4.473 %103
222.4 24.81 15.13 15.60 0.646
6 19.17 1.652x 104 5.120% 103
266.8 25.82 15.87 16.29 0.750 . s
7 19.38 1.697 %10 5.962 X 10
311.3 26.87 16.23 16.77 0.859
8 ) 19.65 ) 1.980x 104 7.531x103
355.8 28.09 16.78 17.27 0.987 )
9 27.03 _ 4.408 %103 5.365 X% 102
400.2 28.36 18.16 20.36 1.000 ,
10 27.76 2.120 X 103 3.476 X 10
444.7 28.49 23.80 22.96 1.000 .
11 28.09 i 2.119x 103 5.547 X 10
489.2 28.62 24.97 25.57 1.000 ,
12 28.45 7.630%10 3.144 x 102
533.7 28.66 27.25 26.47 1.000




