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This paper investigated using Al2O3 - water based nanofluid as a cooling agent for the 
condenser of Rankine power cycle, the thermodynamic cycle of electricity generation 
plants using steam turbines. Nanofluid thermophysical properties (density, specific heat, 
viscosity, and thermal conductivity) and the mass flow rate, in addition to the 
condenser's heat exchange surface area are studied over different nanoparticles 
volumetric concentrations (0.01-5) %. The simulation results indicate that the area of the 
heat exchanger decreases linearly with nanoparticles volumetric concentration at 
concentrations of 0.1% and onward. Approximately 4% area reduction is attained at 
nanoparticles of 5vol.%. The mass flow rate of the coolant keeps constant till 0.5vol% 
and then increases linearly and reaches 16% at 5vol.% nanoparticles. Pumping power 
increases linearly with nanoparticles concentration and up to 14% at 5vol.% 
nanoparticles. The most favorable result of employing nanofluid is the heat exchanger 
area reduction, which increases almost linearly with nanoparticles volumetric 
concentration. 
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1. INTRODUCTION 
 
Electricity generation plants operate based on thermodynamic cycles. Plants use steam 

turbines based on Rankine power cycle. Rankine cycle is a closed system, and in its simplest 
form consists mainly of a boiler (heat source), steam turbine, condenser and pump as displayed 
in Fig. 1. Steam acts as the cycle working fluid. Supersaturated high pressure steam is generated 
in the boiler; it passes through the steam turbine to generate electricity; the exhaust steam is 
condensed and then pumped at the required high pressure [1]. Therefore, condensing the steam is 
a critical step that enables repeating the cycle. Condensation takes place using a cooling fluid 
that is usually water or air. Except the liquid metals, water has the highest thermal conductivity 
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and specific heat of the known liquids [2].  The efficiency of the whole cycle influences 
remarkably by the condenser performance that is originally controlled by design and operation 
variables such as the working fluid as a coolant [3]. Thus researchers worldwide pay attention to 
look for alternative cooling fluids such as nanofluids. This term has been introduced by Choi 
(1995) as a suspension of nanoparticles in a base fluid [4]. Nanoparticles may be metals, 
nonmetals, oxides and carbon such as graphite and carbon nanotubes (CNT). Variable fluids 
such as water, engine oil or ethylene glycol can act as the base fluid [5]. The thermal properties 
of the particles are much higher than that of the base fluids, examples are listed in Table 1 to 
point to the remarkable difference between the thermal conductivity of   base fluids and that of 
nanoparticles. Suspending these particles with high thermal properties in base fluids with poor 
thermal properties can lead to fluids (nanofluids) with enhanced thermal properties. 

 

Table 1. Thermal conductivities of different solid nanoparticles and base fluids [6-8]. 

Nanoparticle Thermal conductivity  (W/m K) Base Material  
Diamond 3300 0.685  (at 120oC) Water 

CNT 3000 0.263 (at 100oC) Ethylene glycol 
Silver 429 0.145 (at 20oC) Engine oil 

 
Considerable amount of research focuses on investigating the thermophysical properties of 

these nanofluids [9-10]. The most considered properties are the density (ρ ), specific heat ( pC ), 

thermal conductivity (k ) and viscosity due to their direct and indirect impact on the thermal and 
flow behavior of the fluids. Most of the studies demonstrate that nanofluids can act as promising 
cooling agent due to its ability to remove the heat in fast rate [11-12]. Therefore, this study 
investigates employing nanofluid (water based nanofluid) as the coolant for Rankine power cycle 
as one of the most used thermodynamic cycles in the electricity generation plants worldwide.  

 

2. SYSTEM DESCRIPTION 
 
Preliminary Rankine power cycle consists of steam turbine that generates electricity via 

circulating high pressure and high temperature steam through it. The exhaust steam has lower 
pressure and temperature, therefore, to repeat the cycle the exhaust steam is first condensed to 
liquid and then pumped to the required high pressure via a pump.  

 
2.1. Rankine cycle with water as cooling agent 

Condensation takes place via circulating cooling agent that is usually cooling water and that 
is what is called conventional system in the first part of this study. 

2.2. Rankine cycle with nanofluids as cooling agent 
 
Replacement of the mentioned cooling agent with water based nanofluid is theme of the 

second part of this study. In this system, nanofluid (Al2O3-H2O) is used as the cooling agent of 
the condenser. Conditions of one of the standard Rankine cycle are used herein as given in Fig1; 
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it is noteworthy to state that Rankine cycle conditions are not the study topic, but its condenser 
performance when using nanofluid as coolant is the target.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 1. Condenser of Rankine power cycle using water based nanofluid as a secondary coolant. 
 
 

2.3. Condenser 

Condenser task herein is to condense saturated steam to saturated water. At this point on it is 
important to specify the heat exchanger type and design features in this study. The condenser has 
been designed as a shell and tube heat exchanger.  That is attributed to the well-established 
design manufacturing and operation technology of shell and tube heat exchangers that give high 
surface area in small volume (1). Particularly the fixed tube sheet design is selected because of its 
cheapness. Long tubes with small diameters form compact heat exchanger and consequently 
maybe cheaper units. The smallest standard steel tube outside diameter is 1.6 cm with 1.4 cm 
minimum inside diameter. The length has standard values as well such as 1.83 m and 7.32 m.  
For this study, the tube length is selected to be 4.88 m as this may be counted as the average 
length of some standard tubes. One pass E shell heat exchanger is considered herein with 
counter-current flow as shown in Fig. 2 whereby steam goes to the shell. The cooling agent goes 
to the tubes. Thus the condenser would be placed horizontally [12].  

 

 

a. One-pass shell (E shell) 
 
 
 

Figure 2. Characteristics of heat exchanger acts as a condenser 

Filmwise condenser is used with condensation over horizontal tubes. In brief, the selected 
heat exchanger to act as a condenser a shell and tube (fixed tube sheet), tubes’ outside diameter 

T
 (o

C
)

  
mcw 25oC 

Cooling 

fluid 

Steam 

Cooling 

fluid 

Steam 
turbine 

Boiler 10 kPa 
40oC 
X=1 

15oC 
Qc = 12.125 kW 

Condenser 

Heat transfer (Q)            
b. Counter current flow 

Steam condenses 

 

 600oC 
10 MPa 



 

- 130 - 

 

is 1.6 cm and the inside diameter is 1.4 cm. The shell is E shell with one pass and made of steel 
(thermal conductivity is equal 45 W/m2 oC) at temperature below 100oC.                

 
 
 

3. SIMULATION  
 
A simulation model is developed to assess the performance of the condenser of the Rankine 

cycle with using water based nanofluid as a cooling agent, and compare the performance with 
conventional system employing cooling water. The simulation has been conducted under the 
following assumptions: 

1. Flow inside the condenser tube is fully developed regime; the entrance regime is small 
and neglected compared to the whole condenser length. 

2. Condenser task is to convert saturated steam into saturated water; neither superheating 
nor subcooling is considered.  

3. The condenser task is fixed at specific value as well as the other conditions suit Rankine 
cycle adopted from reference [13]. 

4. The temperature difference between the tube wall and the cooling fluid bulk temperature 
is set to 9oF. 

 
3.1. Simulation model of condenser using cooling water 

Heat task of the condenser can be calculated from the inlet and exit temperatures of the 
cooling fluid as follow,             

       

                                                       
TCmQ p ∆=

.

                       (1) 

Cooling water is passed through the condenser's tube. The mass flow rate of the cooling 
water passed through the condenser is given by, 

                                                   )( cficfoPcf

C
cf TTC

Q
m

−
=                                    (2) 

 
where cf  stands for cooling fluid that is either water or the corresponding nanofluid. 
Volumetric flow rate is given as, 

                                                          cfcfcf mV ρ/
..

=                         3) 

The velocity (u ) of the cooling fluid is given as, 

                                                         ccf AVu /
.

=                                     4) 

Renyolds number is given as, 

                                                       ν
udi ..

Re=                                     5) 

 
where ..di  is the inside diameter of the tube in which the cooling fluid is circulated, ν  is the 
kinematic viscosity of the cooling fluid and cA  is the cross section area of the tube.   
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Prandtl number is given in the formula, 

                                                         cf

cfpcf

k

C µ
=Pr                                   (6) 

The convective heat transfer coefficient (h ) is the target of this study as a key parameter to 
reflect heat transfer change and then the area of the heat exchanger. This study selects using 
'Dittus-Boelter' equation which deals with fluid properties estimated at the fluid bulk 
temperature. Thus the temperature difference between the tube wall and the bulk temperature is 
set to 9oF to keep the equation valid. The validity of this equation would be checked via the 
simulation results. This choice enables performing the simulation easier and overcoming the 
problem of not knowing the surface wall temperature at the beginning of the simulation. 

To calculate the heat transfer coefficient (h ) and investigate impact of using nanofluids, 
Nusselt number needs to be calculated from 'Dittus-Boelter' equation, 

 

                                     
4.08.0 PrRe023.0 DDNu =                               (7) 

 
From the estimated Nu number, the convective heat transfer coefficient of the inner side of 

the tube can be calculated from,  
        

                                                 ..di

k
Nuh =                                                     (8) 

 
Now the surface area of the needed heat exchange (A ) can be evaluated from,  

                                              )( cfbw TTh

Q
A

−
=                                            (9) 

where wT is the wall temperature, and cfbT is the cooling fluid bulk temperature. 

Since the inner diameter of the tube has been predefined, the needed length of the tubes to 
act as heat exchanger (condenser) can be calculated as follow,  

 

                                                               )/( πDAL =                                                         (10) 
Pressure drop is expected during the flow circulation, but this drop apparently increases 

when nanofluid is used. Thus calculating the pressure drop is essential, the pressure drop is 
evaluated using 'Darcy-Weisbach' equation as, 

 

                                                           cg

u

D

L
fP

2

2
_ρ

=∆                                                    (11) 

 
From Moody diagram [14], the friction factor (f ) of smooth tube can be found 

approximately. 

Extra pressure drop requires more pumping power. The pump power can be estimated as 

follow,
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                                                              )/(
.

ρmPW ∆=                                             (12) 
 

 
3.1. Simulation model of condenser using nanofluid 

 
With the use of nanofluid as the coolant of the condenser the preceding model equations 

need to be modified to cope with the properties of the nanofluids. Equations 1, 3, 5 and 6 need to 
use auxiliary specific formulas and expressions to calculate the specific heat (pC ), density (ρ ), 

kinematic viscosity (ν ) and the thermal conductivity (k ) respectively. These can be as follows: 
 
- Specific heat of nanofluid 
 
Specific heat of the nanofluid is a function of the nanofluid given as [14] where φ is the 

volumetric concentration of nanoparticles, 
 

                                                  nf

pffpnpp
PNF

CC
C

ρ
ρφρφ )1( −+

=                                 (13)
 

- The density of the nanofluid is calculated as follow, 

                                                           pfnf ρφρϕρ +−= )1(                                (14) 

 
- The kinematic viscosity  

                                                                    
nf

nf
nf ρ

µ
ν =                          (15) 

 
- The viscosity of nanofluid is given as, 

                                                               fnf µφµ )5.21( +=                    (16) 

- The thermal conductivity 

                                                     
f

pffp

pffp
nf k

kkkk

kkkk
k ]

)(2

)(22
[

φ
φ

−−+
−−+

=                         (17) 

 
 

4. Simulation results and discussion 

According to the above model, the condenser performance has been investigated using water 
as a cooling agent once and Al2O3-H2O nanofluid another time. The two simulation model has 
been executed using computer software, LINGO. The operating conditions used in the simulation 
was condenser task is to remove 12.125 kW, condenser cooling agent inlet and exit temperatures 
are 15oC and 25oC respectively and in turn the fluid bulk temperature is 20oC, and the condenser 
has one zone (condense saturated steam to saturated water). This study selects using Dittus-
Boelter equation which deals with fluid properties estimated at the fluid bulk temperature to 
calculate the Renyolds number and then Nusselt number. 
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4.1. Conventional system 

The physical properties of the conventional cooling water at the bulk fluid temperature are 
calculated and listed in Table 2. 

Table 2. Cooling fluid (water) properties calculated at the fluid bulk temperature of 20oC 

Property Value 
Specific heat (kJ/kg K) 4.1818 

Density (kg/m3) 998 
Kinematic viscosity (m2/s) 1.011 * 10-6 

Viscosity (kg/m s) 1.009*10-3 
Thermal conductivity (W/m K) 0.597 

Pr 7.02 
 

According to the developed in conjunction with the given data, the variables of the 
conventional systems are calculated and listed in Table 3.  

Table 3. Conventional cooling system simulation results. 

parameter value 
m 0.29 

u (m/s) 1.89 
Re 26,147.5 
f  0.018 

Nu 171.48 
h (W/m2 K) 7,312 

A (m
2) 0.331 

Pump power (W) 5 
 

These results represent conventional system, which would be the basic to compare and 
assess the performance of the corresponding nanofluid system. The validity of Dittus-Boelter 
equation is examined and the results match the required conditions to make this equation 
applicable, these results are as follow: 

L/D > 60                       Pr = 7.02           Re = 26,147.5 

  

4.2. Simulation results and discussion of nanofluid as cooling agent 
The considered nanofluid in this study is Al2O3-H2O nanofluid whereby Al2O3 is the 

nanoparticles, considered spherical particles, and water is the base fluid. It's used as a nanofluid 
to cool the Rankine cycle condenser; the inlet and exit temperatures are set at 15oC and 25oC 
respectively. At the considered bulk temperature, the base fluid (H2O) properties are given 
above. Table 4 lists the properties of Al2O3 nanoparticles. 
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Table 4. Thermophysical properties of the nanoparticle (nano Al2O3) 
 

Property κκκκ (W/m K) ρρρρ (kg/m3) Cp (J/kg 
K) 

Value 36 3880 773 
 
 

4.2.1. Mass flow rate of nanofluid as coolant 
 
To study the impact of using nanofluids on the cooling fluid mass flow rate according to eq. 

11, the fluid inlet and exit temperature are fixed at the values of the conventional system. As 
shown in Fig. 3 the mass flow rate stayed constant till nanoparticles volume concentration of 
0.5%; and then it starts to increase and up to 16wt. % with 5vol. % nanoparticles. This can be 
attributed to the decrease in the specific heat according to the Fig. 4b. and eq. 13 which indicate 
potential decrease of the sepcific heat and consequently the mass flow rate with nanoparticles 
concentrations. 

 

 
      Figure 3. Mass flow rate of the nanofluid cooling agent variation with nanoparticles 

concentration 
 

Figure 4 depicts the change of the physical properties. The thermal conductivity of the 
nanofluid increase almost linearly with nanoparticles and this trend can be described according 
to the developed empirical formula herein ( )597.054.0 += φk . Similarly the density and the 
viscosity increase with nanoparticles volumetric concentration and that are expressed as 

)9982885(),1.025.0( +=+= φρφµ  respectively. Unlikely, the specific heat of the yield 
nanofluid found herein increases almost linearly with the volume concentration of nanoparticles 
according to ( 176.483.11 +−= φpC ).  
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Figure 4. Thermophysical properties of AL2O3-H2O nanofluid variation with suspended 
nanoparticles volumetric concentration (φ) 

 
 

4.2.2. Prandtl, Renyolds, Nusselt Numbers 
Figure 5 displays increasing Renyolds number with the nanoparticles concentration, in 

contrast to the Prandtl number. Prandtl number decrease can be explained by the increase of the 
viscosity is offset by the thermal conductivity increase, which makes the decrease in the specific 
heat dominant according to eq.6. Renyolds number increase indicates that the density increase is 
more influencing than the viscosity increase according to eq. 5. In other words, Re nu increases 
implies decreasing the kinematic viscosity of the nanofluid under the study conditions.  

 

 
 

Figure 5.  Reynolds number and Prandtl number change with the nanoparticles volumetric 
concentration. 

 
Nusselt number almost hold constant. This indicates that thermal conductivity increase is 

balanced with the convective heat transfer coefficient, which in turn according to eq.8 keeps Nu 
almost constant. 
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Figure 6. Change of Nussetl number and the thermal conductivity with the nanoparticles volume 

Figure 7 shows the impact of using nanofluid on the required surface heat exchanger area. 
At nanoparticles volumetric concentration less than 0.1%, the area stays constant. Increasing 
nanoparticles leads to increasing the convective
heat exchanger area decreases. 

Figure 7. Convective heat transfer coefficient (h
condenser as function of nanoparticles volumetric concentration

The simulation results demonstrate that at nanoparticles volumetric concentration starting from 0.1% 
and onward the needed heat exchange area linearly
be empirically illustrated as: 

78−=∆A

where A∆  denotes the percentage of the heat exchanger area reduction, and 
concentration of the nanoparticles. Typically 3.8% area reduction is obtained 
Al 2O3 in the water. This decrease is expected to be achieved at higher concentration as well, but the study 
records only the results within the simulation constraints
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Change of Nussetl number and the thermal conductivity with the nanoparticles volume 
concentration 

 
 

4.2.3. Area of the heat exchanger 

Figure 7 shows the impact of using nanofluid on the required surface heat exchanger area. 
At nanoparticles volumetric concentration less than 0.1%, the area stays constant. Increasing 
nanoparticles leads to increasing the convective heat transfer coefficient (h) and as a result the 
heat exchanger area decreases.  

Convective heat transfer coefficient (hi) and the area of the heat exchanger of the 
condenser as function of nanoparticles volumetric concentration

 

on results demonstrate that at nanoparticles volumetric concentration starting from 0.1% 
and onward the needed heat exchange area linearly decreases as given in Fig. 7. I

068.062.78 +φ   ∀  ( 5.%1.0 volvol << φ

denotes the percentage of the heat exchanger area reduction, and 
concentration of the nanoparticles. Typically 3.8% area reduction is obtained wh

in the water. This decrease is expected to be achieved at higher concentration as well, but the study 
records only the results within the simulation constraints, see Fig. 8. 
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Figure 7 shows the impact of using nanofluid on the required surface heat exchanger area. 
At nanoparticles volumetric concentration less than 0.1%, the area stays constant. Increasing 
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Figure 8. Area of the heat exchanger decrease with increasing nanoparticles concentrations. 

 

4.2.4. Pumping power 
 

 
 

Figure 9. Effect of nanofluid usage on the pumping power 
 
 

Figure 9 displays the influence of adding nanoparticles on the pumping power. Adding 
nanoparticles causes pressure drop, but this drop value starts to have appeared impact at 
concentrations of 2.5vol.% and on. The simulation results imply that the increase in the pumping 
power can be empirically given as: 

991.464.14 += φPW  .%5.%001.0 volvol <<∀ φ  

477.1406.1277.0 2 +−=∆ φφPW  
 

where pW refers to the required pumping power and given in watt (W), and  PW∆ denotes the 

percentage of the required pumping power. 
 

5. CONCLUSION 
 
A heat exchanger acting as condenser for saturated steam in Rankine power cycle is 

investigated considering using Al2O3 – water based nanofluid as the coolant. Numerical 
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simulation has been conducted and solved using LINGO software. The following points can be 
derived from the simulation results in the specified operating conditions regarding using the 
specified nanofluid: 

1. Mass flow rate of the cooling agent keeps constant till 0.5vol.% and then increases up to 
16% at 5vol.%  

2. The area of the heat exchanger decreases at nanoparticles concentration starting from 0.1 
vol.% . This trend is explained by linear empirical relation. 

3. The pumping power increases linearly with nanoparticles volume concentration. 
The usage of Al2O3-water based nanofluid in the condenser of Rankine power cycle can 

accomplish condensation leads to using smaller heat exchanger area, but with slight increase in 
the circulation mass flow rate and in turn the pumping power. The most significant influence of 
using the specified nanofluid is reducing the heat exchanger area, which can as a result decrease 
the capital cost. 
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