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Abstract

The present paper explores the possibility of replacing the water cooling stream with an ammonia stream in surface condensers.
Considering the high enthalpy of phase change of ammonia, if the boiling process of ammonia replaces the water cooling process,
then the required cooling for condensation can be provided at a smaller surface area and coolant flow rate. To this end, first, the
ammonia flow in one tube of a sample surface condenser is modeled, and the heat transfer equations are solved for different inlet
temperatures and flow rates. By repeating the solution with the tube length considered constant, the required inlet flow rate for
one tube at different temperatures is obtained. Then, it computes the heat transferred from one tube, and by dividing the total
heat needed for condensation of steam by the calculated heat, it obtains a relation for computing the total surface and flow rate
required. The investigation results reveal that the ammonia flow rate required is considerably lower than that of water, and also,
at low ammonia temperatures, the surface area required will be considerably low.

Keywords: Alternative fluid, Condenser, Ammonia, Coolant, Sutface, Flow rate, Phase change.

1| Introduction

Steam surface condensers are now very important parts of industries and, particulatly, steam power plants,
where circulating cooler water through condenser tubes ensures steam condensation on the shell side of the
heat exchanger. Improvement in heat transfer efficiency can be achieved by the use of nanofluids, changes in
flow patterns, changes in the flow regime, and pipe geometry. Meanwhile, nanofluids with high thermal
conductivity combined with optimized flow designs and turbulators can significantly improve heat transfer
rates [1-3]. All the improvement in flow patterns and fluid mixing contributes to enhancing the system
performance, reducing the consumption of fossil fuel, and mitigating CO2 emission. Many studies have
already validated these strategies in the thermal management system [4-8].
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Many researchers have worked on optimizing condensers, and most of them are based on physical design
parameters like tube arrangement, shape, and diameter. Mori et al. [9] optimized the heat transfer surface
geometry to minimize the thickness of the condensed water layer on the tubes. Rabas [10] did a study replacing
smooth tubes with rough and grooved tubes in the condenser to improve heat transfer. Zheng et al. [11]
conducted numerical analyses of different tube configurations in the condenser to determine the optimum
design. Yao et al. [12] investigated the effect of fin spacing on the enhancement of the performance of finned
tube condensers. Zubair et al. [13] optimized two-phase heat exchangers using the second law of
thermodynamics. Also, Mchrpooya et al. [14] proposed a combined power and refrigeration cycle with
ammonia absorption and a solid oxide fuel cell. Although they investigated a mixture of water and ammonia
as the condenser coolant instead of pure water for their design, the performance of the condenser was not
explored in detail since the main objectives of the study were different. This paper considers another
parameter, the coolant, to optimize the dimension and performance of the condenser.

The mass flow rate of the water in power plant condensers is quite large. For a 250-MW cycle, this represents
about 5000 to 7000 kg/s. Reducing significantly this mass flow rate would imply considerable reductions in
the sizing and losses of many components, such as piping, pumps, and the condenser itself. This is possible
if we replace water with a fluid with a higher heat absorption capacity. It is because ammonia has a much
higher enthalpy of vaporization than the enthalpy of temperature change of water; the cooling that is needed
in the condenser tubes can be accomplished with a lower flow of ammonia since evaporating ammonia will
give the required cooling,

Moreover, ammonia has much higher heat transfer coefficients in two-phase conditions than water [9], so the
steam condensation may also need less area compared to water-cooled systems. To check the feasibility of
this replacement, the surface condenser of the power plant panel is taken as a case study. Therefore, modeling
of the heat transfer of the ammonia flow in a condenser tube is considered. It is assumed that ammonia enters
as a saturated liquid, evaporates completely, and exits the tube as a saturated vapor (Fg. 7).

Modeling is carried out for a range of inlet temperatures and flow rates. For a given tube length, and assuming
that ammonia is completely evaporated inside the tube, the heat transfer equation can be solved iteratively
for a range of inlet temperatures to give the optimum inlet flow rate at each temperature. Knowing the total
heat capacity, which the condenser requires, together with the heat capacity of the tube, its necessary flow
rate and total surface area can be found [15].

Another main direction apart from condenser performance optimization is the integration of ammonia as a
working fluid in such systems as Ocean Thermal Energy Conversion (OTEC). The characteristics of ocean
thermal energy, as a clean energy source, offer several advantages, including large storage capacity and low
pollution output [14], [16].

The OTEC system can be classified into open, closed, and hybrid cycles [17]. Among all cycles, the closed
one—rankine-driven—is the most applied due to its ease in miniaturization [18]. Nevertheless, a small
temperature difference between surface and deep seawater makes it difficult to improve the system efficiency
[19]. Some enhancement methods have been presented by researchers, including the integration of solar
energy [20] to deal with such a heat source, as well as the optimization of the working fluid. Indeed, among
other refrigerants, ammonia (R717) shows a relatively high promising thermal efficiency [21]. Ejectors are
considered essential elements in the enhancement of the efficiency level of the OTEC systems. The
mechanism of an ejector relies on energy conversion associated with a high-pressure jet flow throughout the
absorption and regeneration process of a system [22]. The efficiency of an ejector depends on working
pressures and geometrical configurations [23], [24]. Previous research has demonstrated that optimization of
these parameters could lead to great improvement in system efficiency [24]. The integration of ammonia as a
working fluid in steam surface condensers and OTEC systems gives one of the most promising ways of
improving performance. These unique thermal properties of ammonia combined with developments in
ejector technology and exploration of alternative cooling fluids provide significant potential for improving
energy efficiency in industrial applications [17].
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Fig. 1. Schematic diagram of the condenser in the initial state
(A) and with ammonia replacing the cooling water (B).

In this work, heat transfer modeling is conducted based on different inlet temperatures and flow rates, which
assume the complete evaporation of ammonia inside the condenser tube. This is solved using an iterative
method where the solution for the heat transfer equation is obtained for each case, giving the highest flow
rate and best inlet temperature. Based on the total heat capacity required by the system and the thermal
capacity of the tubes, calculations are performed to achieve the right flow rate and surface area in optimizing

the condenser performance.
2| Case Study: Surface Condenser Model and Specifications

The surface steam condenser of a power plant is used as an example of the ammonia flow replacement. The
specifications and operation conditions of this condenser are shown in Table 7. This ammonia flow has to

provide the entire thermal power required by this condenser.

Table 1. Technical specs and operating conditions of the
steam cycle surface condenser.

S/N Component Specification
1 Heat duty 212737 Kw

2 Overall heat transfer area 7841 m2

3 Cooling water flow rate 5674 kg/s

4 Number of tubes 10748

5 Tube material Stainless Steel
6 Diameter of tube 25.4 mm

7 Tube length 92m

8 Tube thickness 2 mm

3 | Heat Transfer Modeling of Ammonia Flow

The beginning: modeling of the cooling process by ammonia in one of the condenser tubes, calculation of
heat transfer capacity in each tube. Dividing the total required heat capacity by the heat capacity of one tube
gives the number of tubes. Unknowns in this section are the inlet velocity, temperature, pressure, and steam
quality of ammonia at the tube's inlet. The physical dimensions of the tube (length, diameter, thickness,
material) and the thermodynamic conditions of the condensing water vapor on the tube's surface are known

parameters.
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Assuming the intent of the problem is to utilize the enthalpy of phase change of ammonia [18], it is assumed
that the ammonia enters the tube saturated with a steam quality of x = 0 and leaves the tube with a steam

quality of x = 1.

Due to a large number of unknown parameters, it will take a long time to optimize, so we suggest the following
procedure: by iteration and analyzing the variations of key parameters, such as the inlet velocity, the
parameters are optimized.

Step 1. The inlet saturated temperature of ammonia and an initial assumed velocity for it are considered.

Step 2. Knowing the value of inlet velocity, together with that of the density of saturated liquid ammonia (pg),
and the internal diameter of the tube itself (D;), it was possible to calculate the mass flow rate in the tube using

Eq. (1) [19].
m = p¢Vi,D;. ¢y

By calculating the mass flow rate and having the enthalpy of the phase change of ammonia at a given
saturation temperature (hgg), the needed heat capacity for complete evaporation of the ammonia in the pipe
(q) is estimated from Eg. (2) [20].

q = 1 heg. @)
Step 3. Having specified the mass flow rate and the heat to be removed, the evaporation process within the

tube has to be modeled. To this end, the tube is subdivided into 50 elements of unknown length, cf. Fig. 2.
The underlying principle of this partitioning is that in each section, the steam quality rises by 0.02.

x=0 x=0.02 x=0.04 x=0.98 x=1

| | | | |
: R o0 (T TS 1 )
EoEEECE

Fig. 2. Schematic representation of a tube element for modeling ammonia evaporation.

Step 4. The average steam quality at the inlet and outlet of each element is assumed to be the steam quality
of that element. Hence, the qualities of the sections are defined to be a vector: X=[0.01,0.03,0.05,...,0.99].

Step 5. The parameter is defined as the required heat capacity per element in the shape of Egq. (3), where N
represents the number of tube elements. For each element, the heat transfer Eq. (4) is solved, and the surface
area required is calculated [21].

4; = q/ny. 3)
d; = U;A;AT,. )
1/Ui = 1/hw + rinln (rout/rin)/ks + 1/hai- (5)

In Eq. (5), hyis the heat transfer coefficient for water undergoing condensation, kgis the thermal
conductivity, Iy, and ro, ate the internal and external diameters of the steel tube, respectively, and h_ai is the
heat transfer coefficient for ammonia vaporizing in each element. The value of kg is 16, taken from the
thermodynamic tables for stainless steel at 48°C, which is the condensation temperature of the vapor. The
values of hw and hai are evaluated with the help of Eq. (6) and Eg. (17), respectively.

hw = 0-729[gp1 (pl - pv)ki’ h%gw/(Noul(Tsat - TS)DO)]' (6)

where in Eq. (6), p1, py, ki, and py, respectively, are the steam density, liquid density, heat transfer
coefficient, and dynamic viscosity for the liquid at the saturation temperature; g is the gravitational constant,
and Dy is the outer diameter of the pipe.

Now, the saturation temperature, Ty, of the water and the temperature, T, at the pipe's surface are
considered; this is roughly equal to the temperature of the fluid within the pipe.
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Because steam directly hits the upper pipes and, by decreasing their quality, is condensed. Thus, moving
downward, the quality of the liquid decreases. Hence, going downward, the lower pipes have more condensed
liquid. With increasing liquid inventory on the lower tubes, the greater the heat transfer rate is reduced; in the
above formula, it is necessary to reduce the parameter N, to account for this effect. The number of vertical
pipes is double the number of horizontal pipes. With this, in the final stage of the design, the number of tubes
required can be found, with the condition being that the 30% margin is required by iteratively applying the
specified parameter to find the exact number of tubes needed. The final formula for hg,y, is given in Eq. (7)

[22].
hfsw = hgw(1 + 0.68Cpy ) Ja, )
Ja = (C pl(Tsat - Ts))/hfng ®)

where in Eg. (§), Cp;is the heat capacity of saturated liquid water at a specified temperature, hegy is the
enthalpy of the phase change of water, and Ja is the Jakob number.

Estimation of the convective heat transfer coefficient for ammonia is based on the available correlations for
forced convective boiling heat transfer in a tube.

hy/hep = 0.6683(p1/py)>t XO16(1 —R)*64 f(Fr) + 1058(ds’ /(G heg))® (1 — 0)°8Ggr.  (9)

hy/hgy = 1.136(p1/py)**5%072(1 — %)PO8£(F,) + 667 - 2(q'/(Ghgg))"” (1 — %)°BGy. (10)
h, = max(hy, hy). 1)

In these equations, hgyis the convective heat transfer coefficient in the case where the entire pipe flow is

considered to be in a saturated liquid phase [23]. This parameter can be calculated from Eg. (72).

hg, = 0.023Re?®Pr{*k, /D;. 12)
Re = VD/9. 13)

In Egq. (12), Rey, Pry and k; represent the Reynolds number, the Prandtl number, and the fluid thermal
conductivity in a saturated liquid state, respectively. D;is the inner diameter of the pipe, 9 is the kinematic
viscosity. X is the average quality along the pipe, which, in this case, is taken equal to X for each section. The
variable (' denotes the heat flux per unit area of the pipe. In order to find this flux, the total thermal power
of the pipe § may be divided by the total surface area of a pipe according to Egq. (74). In this relation, L is the
length of a condenser pipe, and D, is the outer diameter of the pipe.

s = q/(mD,L). (14)

G is the mass flow rate per unit cross-sectional area of the pipe, which is a value obtained by dividing m by
the cross-sectional area of the pipe. The Froude number (Fr) in these equations on the liquid phase is obtained
from Egq. (14).

If Fr = 0.04, then the value of the function; otherwise, it is equal to 2.63Fr%3. The coefficient Gg¢ depends
on the material of the solid surface and the type of liquid, and for steel pipes, this value is considered to be 1.
All the parameters provided can be calculated either through the equations given or from thermodynamic
tables of water and ammonia. With all the parameters of Eg. (5) known, the value of (U;) for each element
can be obtained.

Step 6. The value of AT; in Eg. (4)is equal to the temperature difference between the condensing water and
the saturated ammonia. With U; and ¢; known for each element and substituting them into Eg. (4), the surface
area required for each element to raise the steam quality to the desired amount (4; ) is obtained.

Dividing this area by the perimeter of the pipe will give the length of each element L;. Repeating this solution
for each element will give the length of each element; then, the total length required, (Lyyt), will equal the sum
of these lengths.
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Lot = XLi. (15)
Note that this length is gained based on the assumed inlet velocity and considering that the outlet steam
quality will be equal to 1. The obtained length is compared with the length of the surface condenser pipe (L).

— If Loyt > L, the inlet flow rate is reduced by decreasing the velocity, and the solution is repeated.
— If Loyt < L, the inlet flow rate is increased by raising the velocity, and the solution is repeated. This process continues

until L = Lyy.

At this stage, the number of required pipes (N) can be determined by dividing the total heat transfer capacity
(Gtor = 212737) by the heat capacity of a single pipe.

4s = q/(nD,L). (16)
N = ot/ 4- a7

Additionally, the total required ammonia flow rate (M) is obtained as follows:

M = Nrh. (18)

It can be more accurately calculated by determining the number of pipes and assuming a square arrangement.
In this assumption, where the arrangement of pipes in a vertical array (Fzg. 3) in the simplest case yields the
same number as the square of the number obtained, changing the assumption from linear square arrangement

to octagonal arrangement (as depicted in Fzg. 3) results in the reduction of the obtained N, by half.

Fig. 3. Variations in the number of tubes and flow rate
with increasing temperature and decreasing inlet.

After calculating N, this value is again put back into Egq. (6) and the solution is again repeated with more
accuracy, and finally, an optimal inlet velocity at a given temperature is arrived at. Likewise, by changing the
temperature and the inlet saturation conditions, the process may be repeated to evaluate the performances

under different inlet temperature conditions.
4| Optimization of Heat Transfer and Flow Rate

To estimate the surface area saving, the parameter of surface-saving percentage (Sd) is defined based on Eg.
(19). The numerator is the saving in surface area compared with the water-cooled case, while the denominator

is the surface area needed in the water-cooled case.

Sd = (Awater - Aammonia)/Awater % 100. (19)
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Similarly, in order to quantify the saved flow, the parameter of flow-saving percentage (Md) is defined based
on Eg. (20) [24]. The numerator is the saved cooling fluid flow compared with the water-cooled case, while
the denominator is the required flow for the water-cooled case.

Md = (Mwater — Mammonia)/Mwater X 100. (20)
All processes and equations are coded and iterated in MATLAB software [25].

5| Results and Discussion

First, the solution was run again at inlet temperatures of 25°C, 30°C, and 35°C. The trend of variations in
h, along the pipe length, and the rise in steam quality is depicted in Fig. 4.

heat transfer coefficient (kW/C)
Ammonia transfer

0 04 02 03 04 05 o0& 07 08 09 A
[X] Ammonia vapor quality
Fig. 4. Changes in h_a along the pipe with increasing steam
quality at different temperatures.

Observations show that the heat transfer coefficient (h,)decreases with the increase of steam quality, starting
from x = 0to x = 0.2. However, as steam quality increases from x = 0.2 to or x = 0.85, (h,) increases
significantly, and this increase strongly depends on the inlet temperature. Specifically, the lower the inlet
ammonia temperature, the higher the value of (h,) and its growth rate along the pipe. After the steam quality
exceeds x = 0.8 h, starts to decrease, and this downward trend continues until the end of the pipe. For a
more detailed analysis, the calculations are repeated for the temperature range of 23°C to 33°C. The results
of the average heat transfer coefficients along the length of the pipe (U and h,) are presented in Table 2, and
the results of the analysis of the surface and required flow rate are presented in Table 3.

Table 2. Changes in U and ha with rising inlet temperature
and variations in inlet.

Tin (C) Vin (m/s) ha (W/(m2'C) U(W/(m2°C)

23 0.145 8454.35 1837.33
25 0.133 7751.68 1809.68
27 0.121 7035.61 1776.37
29 0.108 6296.89 1732.49
31 0.095 5580.89 1682.64
33 0.08 4529.21 1577.6

As can be seen from Tuable 3, the decrease in h, cannot be explained by the temperature drop alone. Howevert,
when decreasing the inlet temperature, the inlet velocity of ammonia is decreased as well. According to Eg.
(12) and Egq. (13), this implies that a decrease in ammonia velocity leads to a decrease of the Reynolds number
(Re) and, consecutively, in. The decrease in hgp in Eq. (9) and Egq. (10) results in a reduction of h,. The
variations of h, with inlet velocity are plotted in Frg. 5.
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Fig. 5. Variations in l,, U with changes in the inlet velocity of ammonia.

Another important observation is that from Table 2, the big difference between U and h,. It would be expected
that with such a high value from h,, U should also be bigger.

This discrepancy arises because in Eq. (5) is more sensitive than U to hy,. The h,, calculated values lie in the
range of 3000-3500, which is invariably lower than h,. Therefore, the effect of from U from h,, is much
higher compared to h,.

Table 3. Tube count and florate change with rising
temperature and reduced inlet velocity.

Tin (C) N M(kg/s) Sd (%) Md (%)

23 5685  181.26 47.11 96.81
25 6273 182.56 41.64 96.78
27 6981  183.89 35.05 96.76
29 7919  185.24 26.32 96.74
31 9118  186.65 15.17 96.71
33 10970 188.13 -2.07 96.68

It is found that, with the rise in inlet temperature of ammonia, the number of tubes required also increases.
This trend is more cleatly seen in Fjg. 6. This increasing number of tubes can also be justified by the
decrease in the inlet velocity. With the decrease in inlet velocity of the tubes, less mass is flowing through it.
According to Eg. (2), the mass flow rate of the tubes decreased, then the thermal power of the tube

-
o
o
o
o

9000 -

8000

7000

[N] Number of pipes required

6000
1

5000 ......... | TR i | FFSTETEET PR TTeeey | FETTTTETES FETTTETE T PR TR R Lidaaiiian | T
23 24 25 26 27 28 2 30 3 32 33
The inlet temperature of the tube [Tin (°C)]

(q°) decreases.
Fig. 6. Changes in N with increasing inlet temperature.

Assuming the total thermal power (qio) temains constant in Eg. (75), then the number of tubes (N) will
increase. This increase in number is of such a nature that at higher temperatures it means more tubes are
needed than the design limit and even results in more required surface area than that for water cooling; hence,
a negative heat transfer surface savings coefficient.
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Fig. 7 shows the sensitivity of and to an increase in the inlet temperature of ammonia. While the surface saving
percentage is highly sensitive to the ammonia inlet temperature, percent mass flow savings stay almost
insensitive w.r.t. changing inlet temperature.

100

80 - —— Md ]

— Sd

60

40

20

Saving in surface and flow % ([

23 24 25 26 27 28 29 30 3 32 33
The inlet temperature of the tube [Tin (°C)]

Fig. 7. Sensitivity of Md and Sd to changes in inlet temperature.

This is explained by the fact that assuming constant thermal power, the surface area required is bounded by
the temperature difference times the overall heat transfer coefficient, as explained by Eg. (4). The temperature
difference is dependent on the inlet temperature, and the heat transfer coefficient itself is again a function of
the inlet velocity. Therefore, the surface area required will vary with variations in the two parameters. Contrary
to Eg. (2), the mass flow rate required is now a function only of the enthalpy of phase change of ammonia,
which indeed is independent of the inlet velocity and only slightly sensitive to rising temperature. More
precisely, with increasing temperature, the enthalpy of phase change slightly decreases; hence - with constant
total thermal power Egq. (2) to compensate for it.

6| Conclusion

This means that the flow rate can be significantly reduced when boiling ammonia replaces steam heating in
the condenser tubes. The calculations show that up to 96% of fluid flow can be saved. A reduction of this
nature can dramatically reduce the size of piping, cooling pumps, and overall system losses. However, while
the reduction in flow rate is relatively straightforward, the reduction in surface area is less so; it depends on
specific temperature conditions. Increase in the temperature of the inlet ammonia, the temperature difference
between the condensing steam decreases, reducing the heat transfer capacity for each tube.

When such is the case, then either the heat transfer surface area or the heat transfer coefficient has to be
increased in order for compensation to be affected. Since it is the minimization of surface area that is the
objective, attention would be on increasing the heat transfer coefficient. Egs. (6)-(77) indicate that velocity is
the most sensitive adjustable parameter influencing the factor of heat transfer coefficient. Hence, the overall
heat transfer coefficient can be effectively increased by increasing the velocity.

However, as shown in Eg. (2), an increase in the inlet velocity increases the mass flow rate of the saturated
liquid and consequently raises the heat capacity of the tube. So, in Eg. (4) both the heat capacity as well as the
heat transfer coefficient increase. Increasing the heat capacity of the tube is desirable since it would decrease
the total number of tubes required to give the overall heat capacity requirement. This, however, is subject to
the condition that complete evaporation of ammonia is achieved within the prescribed length of the tube.
Otherwise, if the velocity is increased to infinity, then tube length would not be enough to have complete
evaporation of ammonia.

Finally, assuming the target is to introduce ammonia into an existing surface condenser similar to the one
studied in this paper, critical inlet temperature has to be estimated. For instance, for the power plant surface
condenser with a turbine outlet steam temperature of 48°C, this critical temperature is about 32°C from Table
2. The reason is that if the inlet temperature is greater than this value, then the number of tubes required will
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be higher than the actual number of tubes present in the condenser, and, therefore, the required heat capacity
cannot be transferred. This replacement of ammonia is possible only if the inlet ammonia can be supplied at
temperatures below or equal to the critical temperature. The lower the inlet temperature, the more surface
area that can be saved. Even at an inlet temperature equal to the critical temperature—zero surface area
savings—the high flow rate savings would still justify this replacement. However, it is important to note that
replacement with a temperature higher than the critical temperature is not possible and certainly will disturb
the performance of the condenser.

If one is interested in a new system and a new surface condenser, it is wise to use much longer tube lengths.
As seen from Fig. 4, the ammonia heat transfer coefficient is very sensitive to inlet velocity. The longer the
tube, the higher the heat transfer surface area for high-velocity two-phase ammonia, which, of course, has a
higher heat transfer coefficient. In other words, a single long tube with a high velocity of ammonia can transfer
more heat than multiple tubes having a combined length greater than the long tube but with a low flow
velocity of ammonia. This is to say, higher ammonia inlet temperatures can be accommodated with careful
and optimized design while at the same time providing substantial savings in surface area.
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