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ABSTRACT

Experimental results for steam condensation in large, flattened-tube air-cooled condensers are presented. Capacity,
void fraction, and steam-side pressure drop and heat transfer coefficient are measured, and visualization is
performed simultaneously. Capacity and pressure drop results are discussed here. The condenser tube has an
elongated-slot cross-section, with inner dimensions of 214 x 16 mm. The tube is 10.7 m long. Steam mass flux
ranges from 6-10 kgms, average air-side velocities were 1.8 and 2.2 m s, and steam condensation pressure
ranges from 90-105 kPa. All tests are performed with a horizontal tube and co-current vapor and condensate flow.
Three different profiles of cross-flowing air are tested: uniform air flowing upwards, non-uniform air flowing
upwards, and uniform air flowing downwards.

Reversing airflow direction from upwards to downwards is found to significantly increase condenser capacity.
Capacity is also shown to increase with a non-uniform air-velocity profile in comparison to a uniform air-velocity
profile. Both of these performance increases are shown to be the result of matching regions of maximum heat
transfer coefficient on the air and steam sides.

Reducing condensation pressure from 105 to 90 kPa is shown to have no effect on capacity, but is shown to increase
steam-side pressure drop, due to an increase in steam velocity.

1. INTRODUCTION

Air-cooled condensers (ACCs) provide an alternative to wet-cooled power plants. Closed-cycle wet cooling is the
most common cooling technology for newly-constructed United States power plants, but the significant water
consumption can put a strain on local water resources (EPRI, 2015). Current ACC designs decrease power-plant
efficiency (DoE, 2006) and have higher first cost (EPRI, 2015) than wet-cooling systems. However, ACCs are
frequently used when a water source is not readily available or when permitting is difficult. Currently, about 1% of
power in the United States is generated using ACCs (Shuster, 2007). This paper investigates methods to improve the
efficiency of ACCs, through designs that consider both air- and steam-side effects. In addition, the effect of condensing
pressure on condenser performance is evaluated.

Previous studies in both flattened-tube ACCs and in alternative condenser geometries and applications have shown
that system performance can be improved by condensate management. Li and Hrnjak (2017a, 2017b) showed that
condensation rate can be increased by removing liquid from the condenser, taking advantage of the higher heat transfer
coefficient (HTC) of condensing vapor. As one method of removing condensate, Cheng et al. (2015) demonstrated
numerically that drainage of condensate can be improved by increasing condenser inclination. Kang et al. (2017)
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confirmed this finding experimentally, and showed that the increased drainage decreases steam-side pressure drop.
Davies et al. (2018) demonstrated that this improved drainage also increases condenser capacity.

From these results, it is reasonable to conclude that condenser performance can be improved by managing the effects
of accumulated condensate in the condenser. This study compares the effect on capacity of two proposed design
changes — a non-uniform air velocity profile, and a reversal of the airflow direction.

In addition to altering the condenser design, this paper examines the effect of condenser pressure on condenser
capacity and steam-side pressure drop for a power-plant ACC. Condensation pressure is an important system-level
parameter. Decreasing condensation pressure improves power-plant performance by increasing the Carnot efficiency,
as shown by O’Donovan and Grimes (2014). Only a few previous experimental parametric studies of ACC
performance have been performed, and only one in a flattened-tube geometry. Of the previous studies, O’Donovan
and Grimes (2015) found that steam-side frictional pressure drop in an ACC bundle increases as inlet vapor velocity
increases. However, they also found that momentum recovery also increases, so total pressure drop only increases
slightly. They found the correlation of Lockhart and Martinelli (1949) for frictional pressure drop most closely
matched their experimental data. In a combined experimental and numerical study of air-steam condensation inside
an ACC, Sukhanov et al. (2016), found that condensation HTC increased as inlet steam-air velocity increased.
However, they found that condensation HTC decreased as subcooling of the condensate decreased. From these results,
it is expected that decreasing condenser pressure will increase steam-side pressure drop. The potential effect on
capacity is less clear.

2. THEORY

In the flattened-tube ACC design, steam enters in the upper manifold and flows downward in the tubes. Condensate
forms along the tube walls, collects in a stratified layer along the tube length, and flows downward under the force
of gravity. This co-current downwardly-inclined flow exits the tube at a quality near 20%. The condensate is
drained, and the remaining vapor flows upward in counter-current reflux condenser tubes. This paper examines the
performance of the downward-flowing co-current condenser tubes, depicted in Figure 1. For these co-current tubes,
previous results (Kang et al., 2017) have shown that the flow regime is stratified for nearly the entire tube length. In
addition, the depth of the stratified condensate ‘river’ at the tube bottom increases along the length of the tube. Both
filmwise and dropwise condensation have been observed along the tube walls (Davies et al., (2017)). For the
transfer of heat, the air side is the dominant resistance for much of the area, the exception being at the air inlet, near
the bottom side of the tubes. Air-side HTC is highest at this location, and the steam-side HTC is lowest due to the
accumulated condensate layer. This paper investigates designs that diminish the negative impact of this river in
order to improve condenser performance.

Steam
Inlet

N

s

Figure 1: Diagram of co-current downward-flowing tubes in an ACC

17" International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018



2153, Page 3

3. FACILITY

The experimental facility is the same as that described in Davies et al. (2018). The facility schematic is shown in
Figure 2 below. The tube can be inclined at the full range of angles from 0 — 90° with steam and condensate flowing
co-currently downward. Cooling air is provided by 134 axial fans of 80 mm diameter. The fans are controlled by
individual potentiometers to allow for variation of velocity and airflow profile. In this paper, three different airflow
profiles are examined: uniform upward flow, non-uniform upward flow, and uniform downward flow.

The tube is a full-length tube equivalent to that in an operating condenser. The length is 10.7 m, consisting of steel
walls with aluminum cladding, with aluminum wavy-plate fins along each flat side. The tube has been cut in half
lengthwise and a polycarbonate window installed to allow visualization along the entire tube length, as shown in
Figure 3.

When running the system at vacuum, ejectors powered by a water loop are used to lower the system pressure. The
ejectors are connected at the tube outlet and at the condensate receiver.
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Figure 3: Cross-section views of full tube and tube
that has been cut along the centerline. A

. - . . polycarbonate window allows visualization along
Figure 2: Facility with 10.7 m steam condenser cooled by cross-flowing  the tube length.
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Inlet vapor mass flow rate is measured by a Micromotion FO50S coriolis mass flow meter, and outlet condensate mass
flow rate is measured by a Micromotion CMF025 coriolis mass flow meter. Condensation temperature is measured
by T-type thermocouples every 1 m along the tube. Pressure drop is measured in five increments of 2.14 m along the
tube length by Rosemount differential pressure sensors. In addition, gauge pressure is measured at the tube inlet and
outlet by differential pressure sensors. Air velocity is measured by a hot-wire anemometer that was calibrated in a
specially-designed facility. Air velocity has significant local variation, so a total of 645 measurement locations are
used to ensure accurate determination of the air flow rate. Air-side inlet and outlet temperatures are measured by T-
type thermocouples placed at 0.5 m increments along the tube length.

4. EXPERIMENTAL METHOD

4.1 Experimental Procedure

Steam is provided to the condenser with 0.1 — 0.7 °C of superheat. At system startup, the fans are switched off until
the condenser tube fills with steam. This expels the non-condensable air out of the tube end. Saturation temperature
and pressure are monitored at the tube outlet in order to determine air concentration. When these readings indicate 0%
concentration of air in the steam, the air release valve is closed and the fans are switched on. System pressure is
controlled by increasing or decreasing the boiler power. When running tests at vacuum, the water loops must be
switched on occasionally to pump non-condensables out of the system via the ejectors. When all non-condensables
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are removed, and system pressure is stable at the desired value, the data are recorded. The valves leading to the ejectors
are closed during data acquisition to ensure that no steam is lost from the tube during measurement.

For the current study, test conditions and uncertainties are presented in Table 1.

Table 1: Test conditions

Parameter Range Uncert.

Ste[al‘(rg mess 11;'”)‘ 7-95 | +10%

Steam mass flow rate [g 5] 11-13.8 +0.1%
Condenser capacity [KW] 25.2-31 +3%
Air velocity [m s?] 1.8,2.2 * 7%
Vapor inlet pressure [kPa] 90 - 105 +0.1
Ambient Temperature [°C] 23-35 +0.1
Inlet air temperature difference [°C] 56 — 76 +0.1
Inclination angle [°] 0 +0.1

4.2 Data Analysis
Condenser capacity is determined on both the air and steam sides. On the air side, capacity is determined by equation
(1.2):

Qa = Va & face Pa (Cp,aoTao - Cp,aiTai ) + Qa,loss (1'1)
On the steam side, capacity is determined by equation (1.2):
Qs = ms (isi - iso)_Qs,Ioss (1.2)

The values of the heat lost to the atmosphere were determined by independent testing of the system with single-
phase hot water. The difference in steam- and air-side capacities were less than 109% for all tests, with an average
difference of 3%. To minimize the experimental uncertainty, the capacities were combined into an average capacity
using equation (1.3), based on the method of Park and Jacobi (2010):

el
Q=~-" : (13)

Here, ua and us are the air-side and steam-side uncertainties in capacity determination.

Pressure drop is also determined by two methods. The pressure drop of the five individual 2.14 m sections is
summed to find pressure drop along the entire tube length, shown by equation (1.4):

AP

total ,sum = APl + APZ + APs + AP4 + APS (14)
As a second method, the difference between inlet and outlet gauge pressure is also found by equation (1.5):

AP

total ,diff

-R-P, 1.5
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The two methods are combined using the method of Park and Jacobi (2010) in order to reduce uncertainty

1 1
(szptotal,sum—i_ 2 AF)total,diff

sum diff
AI:)total = 1 R 1
2 2
usum udiff

(1.6)

Total pressure drop can also be considered as the sum of three components: gravitational, momentum and frictional
pressure drops:

AP

total — APg + APm + APf (17)
For a horizontal tube, the gravitational pressure drop is always zero. Momentum pressure drop actually increases the
pressure, and is often referred to as momentum pressure recovery. It is the result of the deceleration of the vapor
flow, and is calculated by equation (1.8):

2, =2(p%), ~(o%).] 1.9

In the experiment, only condensate exits the tube, so the outlet vapor velocity is zero. The inlet quality and void
fraction are approximately equal to one, so the inlet vapor velocity is determined by equation (1.9):

V,=———— Q
Ifgpg AXS

Frictional pressure drop is determined by subtracting the momentum and gravitational pressure drops from the
measured total pressure drop.

(1.9)

4.3 Uncertainty

Uncertainties of capacity and pressure drop are determined by the method of Taylor and Kuyatt (1994) on equations
(2.3) and (1.6), respectively. Uncertainty of the steam-side capacity is dominated by the measurement of the mass
flow rate of condensate. Uncertainty of the air-side capacity is dominated by uncertainty in the outlet air temperature
and in the air velocity measurement. Uncertainty of air-side capacity is 7%, of steam-side capacity is 4%, and
combined uncertainty of condenser capacity is 1.7%.

Pressure drop uncertainty is determined by the uncertainty of the pressure sensors along with the uncertainty caused
by fluctuations in the system pressure. The published sensor uncertainty is 0.2% of the sensor range. The gauge
pressure sensors have a range of 0 — 7.5 kPa. The gauges for measuring pressure drop in each 2.14 m section have
ranges of 0 - 500 Pa, 0 - 250 Pa, 0 - 250 Pa, 0 -125 Pa, and 0 — 90 Pa for sections 1 — 5 along the condenser, respectively.
Significant additional uncertainty was caused by fluctuations in the condenser pressure. The boiling process in the
boilers is inherently unsteady, leading to unsteady flow and pressure through the condenser. Therefore, the measured
pressure drop experiences significant fluctuation, which leads to an overall uncertainty of total pressure drop of 14%.

5. RESULTS

5.1 Non-Uniform Airflow Profile
Two airflow profiles have been tested: a uniform velocity profile, and a profile with increased velocity near the tube
inlet. Both profiles have an average velocity of 1.8 ms™%. The velocity profiles are shown in Figure 4 below.

17" International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018



2153, Page 6

Uniform Air Velocity Non-Uniform Air Velocity
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Figure 4: Uniform and non-uniform velocity profiles along the tube length

Results for capacity for both airflow profiles are shown in Figure 5 below. The non-uniform airflow profile has 3.1%
higher capacity than the uniform profile. The condenser inlet has the lowest steam-side resistance, due to the lower
accumulation of condensate at the bottom of the condenser tube. Therefore, the airflow in this region has more efficacy
than the cooling air near the tube outlet. Therefore, it is beneficial to increase airflow at the tube inlet and decrease

airflow at the tube outlet.
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Figure 5: Capacity vs. inlet air - steam temperature difference for two different velocity profiles. Increasing airflow at the
condenser inlet increases capacity.

5.2 Reversed Airflow Direction

The effect of airflow direction on condenser capacity is presented in Figure 6 below. The condenser with air flowing
downwards has increased capacity in comparison to the condenser with air flowing upwards. At all inlet air — steam
temperature differences, the downward-air condenser had 3.5% higher capacity than the upward-air condenser.

17" International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018



2153, Page 7

Condenser Capacity vs ATin
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Figure 6: Capacity vs. inlet air - steam temperature difference for air flow upwards and downwards. A condenser with downward
air flow has higher capacity than a condenser with upward air flow

The reversal of airflow direction increases capacity by rendering negligible the heat transfer resistance of the
condensate layer at the tube bottom. As shown in Figure 7, the condensate layer significantly decreases heat flux at
the tube bottom when air is flowing upwards. When air is flowing downwards, the heat flux at the tube bottom is
already low, so the decrease due to the added resistance of the condensate is not important to the overall capacity. On
the air side, the inlet is the most important region for heat transfer, due to the high AT and high HTC. Therefore, it is
beneficial to locate this region in a corresponding region of high steam-side HTC. The region of highest steam-side

HTC is the tube top (due to the thin film at tube top). Capacity is affected by the sum of the air, steam, and wall
resistances, as shown in equation (1.10):

1
—(T.-T 1.10
I:\)a_'_l:\)wall_{_Rs( ) a) ( )

Taken in combination, these two results show the benefit of matching non-uniformities in air and steam-side
performance in the condenser.

Q=AU*AT = A

. * Tai
E 0.2z ) q
8 Ta ! [ 5
o Ts : .
| ;
Ts|e 0.15 : b |
I —
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% 01 y !
| ]
]
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0.05 ' :Ra
L R Rs
' 0 N R el
20 40 BO  BO 1000 10 20 0 0 50 100 150
Temperature [#C] HT Resistance [K W) Heat Flux [Wm3]

Figure 7: Model for system performance in upward and downward airflow. The resistance of the condensate river has a significant
negative effect for the case of upward airflow, but is negligible for the case of downward airflow
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5.3 Effect of Condensation Pressure on Capacity and Pressure Drop

The effect of condensation pressure on tube capacity is shown in Figure 8. Condensation pressure is found to have no
effect on capacity for both air flowing upwards and downwards. This lack of effect is expected. The two dominant
heat transfer resistances — the air side and the stratified condensate layer, are not affected by the steam pressure. The
steam pressure is expected to decrease the HTC through the condensate film along the wall. However, this effect is
not significant.
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Figure 8: Condenser capacity vs inlet air - steam temperature difference at difference condensation pressures and airflow
directions

Figure 9 shows that steam-side pressure drop increases as condensation pressure decreases. This is due to an
increase in frictional pressure drop. Frictional pressure drop increases because the vapor velocity increases. Vapor
velocity increases due to the decrease in vapor density as pressure decreases.

AP in test tube, ¢ =0°

600
500
. % %
|
* +
O 4 Lo -+
40 + * VEams e
. .' x -
w AP i o
— 300 X Ticsen 4 ¥
o AP
a, et 4
o * AP t
4 200 gty -
“w + AP G~8kgm?s!
Horzontal tbe
100
0 I T ' -
g m (b & { ) e
100
88 90 62 94 96 o8 100 102 104 108

Steam Pressure [kPa]
Figure 9: Steam-side pressure drop vs. condensation pressure. Pressure drop increases as condensation pressure decreases

6. CONCLUSIONS

Through experiment, it has been found possible to increase condenser capacity by making modifications to the classic
ACC design. These modifications couple knowledge of air- and steam-side condenser performance. Adjusting the air
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velocity profile so that more of the airflow is concentrated at the condenser inlet increases capacity. For the tested
profile, capacity increases by 3.1% in comparison to a uniform velocity profile. Reversing the airflow direction also
increases condenser capacity by 3.5%. This diminishes the negative effect of the high heat transfer resistance of the
stratified condensate layer.

In addition to these designs, the effect of condensation pressure on the condenser operation has been tested.
Condensation pressure has been found to have no effect on capacity. However, decreasing condensation pressure
increases the steam-side pressure drop. Therefore, decreasing condensation pressure decreases the condenser
performance. However, this must be balanced with system-level performance, which increases as condensation
pressure decreases, due to higher Carnot efficiency.

NOMENCLATURE
A Area m?
C Specific heat at constant pressure JkgtK?
p
G Mass flux kg m?st
i Specific enthalpy Jkg?
m Mass flow rate kg s?
Q Heat transferred w
R Resistance to heat transfer K m? w1
T Temperature °C
u Uncertainty
U Overall heat transfer coefficient W m?2 K1
X Position along wall height m
X Vapor quality
Z Axial position: z = 0 at tube inlet m
Subscripts
a Air
cs Cross section
f Fluid
face  Denotes cross-section between fins
G Gas
i Inlet
loss Loss to ambient
0] Outlet
§ Steam
Greek Symbols
o Void fraction
Yo Density kg m3
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