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ABSTRACT: Condensation of steam in the 
presence of noncondensable gases was carried out 
in a plate-fin condenser. A three-water pass test 
unit was designed for the ocean-thermal energy 
conversion system in Hawaii. A point-wise 
calculation method was used for the cross-flow 
arrangement and the local heat- and mass-flux 
calculation was carried out on the basis of the 
Colburn-Hougen analysis. The test unit consisted 
of extruded water passages and finned surface on 
the steam side. The core unit was bonded with a 
thermally conductive epoxy (Loctiteo) with 
welded joints along seam lines. The present 
investigation provides a design basis for the 
development of plate-fin condensers for 
condensation of multicomponent vapor mixtures 
in the process industry. 

INTRODUCTION 

Condensation of multicomponent vapor mixtures, 
with and without noncondensable gases, is often 
encountered in the process industry. Since the 
original analysis of Colbrun-Hougen [ 19391, 
many researchers have investigated the effects of 

noncondensable gases on the overall rate of 
condenser. Various design methods have been 
developed with different levels of complexity 
[McNaught, 19861. The problem of designing a 
condenser is divided into two design procedures: 
(1) calculation of local heat and mass fluxes, and 
(2) integration of heat- and mass-balance 
equations over the heat transfer area. Prediction 
of the spatial distribution of gases is a key design 
issue for vacuum condensers, because the 
saturation temperature is quite sensitive to local 
gas concentration. Maldistribution of vapor phase 
flow caused by change in coolant temperature for 
a cross flow heat exchanger can produce a pinch 
point temperature, thereby making part of 
condenser inactive. The interactive effects of 
local rate of condensation, change in coolant 
temperature, pressure drop distribution, vent 
location, and inlet distribution system make the 
design of a condenser for multicomponent 
systems, vacuum condensers in particular, quite 
difficult. 
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Webb et al. [I9881 discussed design guidelines for 
vacuum condensers of shell-and-tube 
configurations, which are the work horses of the 
process industry. However, alternate condenser 
configurations are needed to meet new industrial 
requirements for energy efficiency and 
environment regulations. Plate-fin, also called 
matrix, heat exchangers are commonly used for 
cryogenic separation of air and their applications 
in the process industry is slowly developing. The 
plate-fin configuration has several desirable 
features for vacuum applications, including well 
defined vapor path, possibility of distributed fin 
density depending on the gas concentration, and 
low cost fabrication techniques [Panchal and Bell, 
19841. 

~ 

In the previous investigation, a cross-flow single- 
water pass condenser was used for validating the 
prediction method [Panchal, 19901. In the present 
investigation, an analysis of the experimental data 
obtained for the ocean energy program was 
carried out. The test unit was designed for the 
ocean thermal energy system for simultaneous 
production of electric power and desalinated water 
from seawater. In the power system, the warm 
surface seawater is flash evaporated at about 22 
"C, and the resulting steam flows through the low 
pressure turbine before it is condensed in a 
condenser to produce desalinated water. Seawater 
is saturated with atmospheric air, and nearly all of 
dissolved gases evolve in the evaporator. The 
mean temperature difference available for 
condensation is in the range of 2 to 4 "C; 
therefore, low cost and thermally effective 
condenser is required for an economic viability of 
the system. Vacuum condensers are commonly 
used in the process industry and the mean 
temperature difference available for condensing 
vapor mixtures is becoming low due to energy 
efficiency measures. Therefore, the present 
investigation provides a design basis for 
developing plate-fin condensers for vacuum 
applications in the process industry. 

PRED ETICI DEL 

Model Development 

The prediction model consists of point-wise 
calculation for a three pass condenser. At each 
point the local heat and mass fluxes are calculated 
using the Colburn-Hougen analysis [1939]. A 
schematic shown in Figure 1 for the three-water 
pass condenser illustrates the integration method. 
The s t e d g a s  mixture flow was, in general, 
laminar; therefore, the Kays and Clark correlation, 
reported by Knudsen [1958], for rectangular 
sections is used. The mass transfer coefficient is 
then calculated using the analogy. The water-side 
coefficient was calculated using the Petukhov 
correlation [ 1 9701. The condensate coefficient is 
relatively high and it is calculated using the 
Nusselt's analysis. Panchal and Rabas [1991] 
provided a detailed discussion of the prediction 
model and the fin-efficiency is calculated using 
the analysis developed by Panchal [ 1993 3. 

Integration S t e d G a s  

t t 

Water Pass 2 

Condensate 

Figure I .  Schematic showing integration 
method. 

The algorithm used for calculating the rate of 
condensation for the multi-water pass 
configuration is summarized below in terms of 
calculation steps. 



1. 

3. 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

Calculate the water-side heat transfer 
coefficient for an average water temperature 
Integration is carried out in N horizontal and 
M vertical increments (refer Figure 1) 
Assume uniform s t e d g a s  flow along the 
condenser cross section (this assumption is not 
applicable for single water-pass condenser) for 
vertical section 
Assume inlet cup-mixed water temperature for 
pass 3 
Starting from the inlet point, integrate heat 
and mass balance equations for pass 3 (refer 
Figure 1) 
Compare the cup-mixed outlet water 
temperature for pass 3 
Iterate on inlet water temperature for pass 3 
until outlet temperature matches with the 
given temperature 
Store outlet steam conditions for M vertical 
increments for pass 3 as inlet for pass 2 
Assume inlet temperature for pass 2 

10. Repeat steps 3 to 7, similar to pass 3 
11. Store outlet steamlgas data for pass 2 as inlet 

12. Assume inlet temperature for pass 1 
13. Repeat steps 3 to 7, similar to pass 3 
14. Compare calculated water inlet temperature to 

the experimental value 
15. Iterate on outlet water temperature for pass 3, 

until calculated and experimental water inlet 
temperatures are within an acceptable 
tolerance 

16. Compare steam flow from each vertical 
increments to an average value 

17. Correct inlet s t e d g a s  flow distribution 
18. Iterate on the inlet steam distribution until 

uniform steamjgas flow at the outlet, with in 
an acceptable tolerance, is achieved 

data for pass 1 

An alternate criteria is to balance the pressure 
drop along the condenser length to determine the 
inlet steandgas flow distribution [Rabas and 
Kassem, 19851. However, the steam-side pressure 
drop was relatively small (< 8 Pa) and the 
distribution was most probably controlled by vent 
locations. For a distributed venting system along 

the length of the condenser. equal s t e d g a s  flow 
at the outlet is justifiable for vacuum condensers. 

EXPERIMENTS 

Test Facility 

Experiments were conducted at the Natural 
Energy Laboratory of Hawaii located on the 
island of Hawaii. The warm seawater at about 22 
"C is flash evaporated in a spout evaporator and 
resulting steam passes through a mist eliminator 
before it flows to the condenser. A steam header 
is used to distribute steam along the length of the 
condenser. The condenser pressure is controlled 
by a butterfly valve. The condensate is collected 
in a tank and the condensate flow rate is 
determined by monitoring the level change in the 
calibrated sight glass. Uncondensed s t e d g a s  
mixture flows to the vacuum pump for exhausting 
to atmosphere. A list of instruments and accuracy 
is presented in Table 1. 

Table 1. Instrumentation. 

Parameter I=== 
Seawater flow rate 
Seawater inlet 
temperature 
Interpass seawater 
temperature 
Condensate flow rate 

Steam pressure 
Differential pressure 

Test Unit 

Instrument I Accuracy 1 

Turbine meter 
RTD 

Mercury 
thermometer 
Calculated from 
level indicator 
Strain gauge 
Oil manometer 
(density 0.858) 

40 Llm 
0.05 "C 

0.1 OC 

NA 

25 Pa 
8 Pa 

The test condenser was designed on the basis of 
the predicted performance by the method 
described in the previous section. Design 
specifications for the test unit are shown in Table 
2. An overall view and photograph of the test unit 
are shown in Figures 2 and 3, respectively. As 



discusses before, the unit was designed for a 
three-water pass arrangement to minimize the 
maldistribution of s t e d g a s  mixture caused by 
change in seawater temperature. Water channels 
were extruded with 28 water passages for each 
section; see Figure 4. In order to maximize the 
thermal performance without significant steam- 
side pressure drop, variable fin spacing was used 
for three passes as shown in Table 2. The core 
unit, shown in Figure 5 ,  for each water pass was 
bonded with a thermally conductive epoxy 
(Loctite@). The estimated resistance for the epoxy 
film is 0.02 m2 WkW, which is relatively small 
compared to the effective heat and mass transfer 
resistances. Normally, the heat exchanger is braze 
joined; however, considering the low temperature 
application, the unit was epoxy bonded. The 
individual sections were connected together with 
structural welds and ribs were added to provide an 
additional support. 

Table 2. Design Specification of the Test Unit. 

Parameters 

Overall Configuration 
(each section) 

Material 
Extrusion 
Steam-side fins 
Plate material 

Effective length 
Effective width 
Effective height 
Number of water passages 
Number of steam passages 
Heat transfer area 
Water flow area 
Steam flow area 

Passage width 
Fin thickness 
Finspacing Water Pass 1 

2 
3 

Steam Side 

Water Side 
Extrusion width 
Extrusion passages 
Passage size 
Wall thickness 

Values 

A1-6063-T5 
A1-3003 
Al-5083 
3.05 m 
OS7 m 
0.43 m 
12 
13 
31 m2 
0.046 m2 
0.95 m2 

25.4 mm 
0.8 mm 
17.0 rnrn 
25.4 mm 
33.4 mm 

462 
28 
12.7 rnm 
2.54 rnm 

1 
1 

- w  
Condensate 
outkt  Noule (3) 

I /  \ 
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Figure 2. Overall view of the test unit. 

Figure 3. Photographic view of the test unit. 
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Figure 5. Pictorial view of the core unit. 

1571 
1949 
2222 
2233 
1559 
1945 
2233 
2195 
1590 
1938 
2195 

A steam header, with three inlet nozzles, was 
provided to distribute the s t e d g a s  mixture 
evenly along the length of the test unit. Five vent 
outlet were installed at the bottom of the unit for 
an uniform distribution of venting as shown in 
Figure 2. Condensate was collected at the bottom, 
just below the vent line, fiom where it is drained 
to a calibrated tank. The unit was instrumented to 
measure coolant temperatures for each pass, 
whereby the rate of condensation for each pass 
can be calculated. The steam side pressures were 
measured at inlet and out, along with differential 
pressure drops for each section. 

5.79 
5.65 
5.77 
5.63 
5.79 
5.73 
5.82 
5.56 
5.74 
5.68 
5.58 

RESULTS AND DISCUSSION 

The performance results are analyzed with the 
focus to determine the thermal effectiveness of 
plate-fin condenser for deep vacuum applications 
and validating the prediction method. 
Considering difficulty of conducting experiments 
in a field environment, the present study provided 
valuable data for validating the prediction method. 

Experiments 

A summary of test conditions is presented in 
Table 3. Three series of tests were conducted at 
different steam side pressures and steam flow 
rates. For each steam pressure, seawater flow rate 
was varied for an available range of conditions. 

Seawater inlet temperature and gas concentration 
in the incoming steam/gas mixture were nearly 
constant during the test period at about 5.7 "C and 
0.3 3%, respectively. In the previous investigation 
[Panchal, 19901, it was found that 80 to 100% of 
dissolved gases are released in the flash 
evaporator. Condensate flow rate was calculated 
on the basis of Ievel indicator installed on the 
calibrated tank. 

Table 3. Test Conditions. 

inlet outlet 

1463 
1444 
1480 
1434 
1591 
1615 
1591 
1607 
1797 
1807 
1791 

9.07 
8.08 
8.22 
8.18 
11.12 
10.39 
9.95 
10.00 
12.08 
11.35 
11.00 

The ratio of condensate to steam flow rates 
indicates that nearly 96 to 99 % of steam was 
condensed in the condenser, the resulting outlet 
saturation temperature of the s t e d g a s  mixture 
was close to seawater inlet temperature. Note that 
a vent condenser was required in the previous 
investigation of single water-pass condenser for 
reducing the steam to gas ratio before exhausting 
to atmosphere with a vacuum pump having a 
finite volumetric capacity. The plate-fin 
configuration combined with three pass 
arrangement gave a superior performance than the 
single water-pass condenser. 

Predictions 

The analytical method was applied to each test run 
using the calculation algorithm discussed in the 
previous section. The calculated rate of heat 
transfer for the whole unit and each of the three 



sections are compared with the experimental data. 
The predicted steam side pressure drop for the 
present range of conditions is less than 15 Pa, 
while the measured pressure drop was less than 8 
Pa, which is comparable to the measurement 
accuracy. The rate of condensation results are 
presented in Table 4 in terms of measured and 
predicted change in water temperatures. Note that 
the experimental temperature differences for three 
passes do not add up to the overall temperature 
difference for some test runs due to the 
measurement error. 

Table 4. Experimental and Predicted Change in 
Seawater Temperature. 

Saturation Temperature 7.3 OC 

Change in Seawater T - 
Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 - 

Overall 
Test I 
Pred 
3.3 
2.4 
2.4 
2.5 
5.3 
4.7 
4.1 
4.4 
6.3 
5.7 
5.4 

- 

- 

ted 
3.3 
2.5 
2.3 
2.3 
5.9 
5.1 
4.3 
4.8 
7.1 
6.2 
5.6 

- 

- 

Pass 1 
Test f 
Predicted 
0.3 
0.1 
-0.1 
0.0 
1.5 
0.7 
0.4 
0.7 
1.7 
1 .o 
0.9 - 

- 
0.0 
0.0 
0.0 
0.0 
2.3 
1.2 
0.5 
0.9 
2.6 
1.5 
1 .o - 

nperature, ' 
Pass 2 

Test I 
Predicted - 
1.2 
0.8 
0.7 
0.7 
2.2 
1.9 
1.7 
1.7 
2.6 
2.3 
2.0 

- 
1.4 
0.6 
0.6 
0.6 
2.2 
2.3 
2.1 
2.2 
2.7 
2.7 
2.5 

Pass 3 
Test 1 
Prec 
1.6 
1.3 
1.3 
1.3 
1.5 
1.8 
1.6 
1.8 
2.0 
2.1 
2.1 

- :ted 
2.0 
1.9 
1.8 
1.7 
1.4 
1.7 
1.7 
1.7 
1.9 
2.0 
2.0 

- 

- 
The results show that the predicted overall 
temperature difference is about 7% greater than 
the experimental data. For low steam flow, the 
predicted rate of condensation for pass 1 (cold 
end) is negligible. Except for test run 1, the 
experimental data agrees with predictions. For 
other two steam velocities, the predicted rate of 
condensation for pass 1 is higher than the 
experimental data. The agreement between 
predictions and the experimental data for pass 2 
and 3 is better than for pass 1. The relative trend 
of change in temperatures at different flow rates 
as seawater flows through the three passes is 
correctly predicted by the analysis. The analytical 
capability to predict not only the overall rate of 
condensation, but also the rate of condensation in 

individual water passes is a key test of validating 
the prediction method. 

The advantageous features of countercurrent flow 
achieved by the three pass configuration of the 
test unit is illustrated by seawater temperature 
profiles with respect to the steam path in Figure 6 
for the intermediate steam flow. A detailed 
analysis of temperature profiles indicated that the 
lower part of the first water pass provided mostly 
cooling effects to reduce the steam to gas ratio. 
However, that part of the seawater was not wasted 
as it provided low inlet temperature for the second 
pass, In a single pass arrangement, the part of 
seawater which provided the cooling effects 
would have been wasted. 

I l4 t S t e d G a s  Inlet 
SaturationTemperature 14.2 "C 

A " 

Pass 3 A A A A  
A A  

Pass 2 

S t e d G a s  Outlet * 4  

12 1 I SaturationTemperature 14.2 "C 
6 

A 
Pass 3 

& 8 Pass 1. 
z 6 6  e 

S t e d G a s  Outlet 1 

Condenser Increment 

Figure 6. Temperature profiles. 

The results are futher illustrated in Figures 7 and 
8 by the local rate of condensation for 
intermediate and low steam flow rates, 
respectively. Note that negligible condensation 
occurred in pass 1 for low steam flow rates as 
shown in Figure 8. The results show that the 
adverse effects of change in water temperature is 
corrected in two passes. The results presented in 
Figures 7 and 8 illustrate that the overall rate of 
condensation becomes nearly uniform along the 
condenser length in two or three passes. As a 



result, maldistribution of s t e d g a s  flow in the The results discussed above provide a design base 
inlet section of the condenser is minimized, for plate-fin vacuum condenser where temperature 
thereby reducing a possibility of pinch-point approach between the vapor mixture and coolant 
temperature and corresponding loss of effective is relatively small. The present analysis can be 
heat-transfer area. 
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Figure 7. Condensation distribution for 
intermediate steam flow. 
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Figure 8. Condensation distribution for low 
steam flow. 

extended to applications where the coolant is an 
evaporating media such as refrigerants or process 
fluid. The plate-fin condensers would also find 
applications for condensation of multicomponent 

. vapor mixtures due to design flexibility and ways 
to keep liquid and vapor phases together. 

CONCLUSIONS 

An analysis of thermal performance of a three 
pass plate-fin condenser is carried out for deep 
vacuum applications with low mean temperature 
differences. It is shown that the plate-fin 
configuration provides flexible design features for 
condensation in the presence of noncondensable 
gases. The present investigation provides a design 
base for the development of plate-fin condensers 
for condensation of multicomponent vapors, with 
or without noncondensable gases, in the process 
industry. 
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