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ABSTRACT 

 

Waste heat is heat that is usually thrown into the environment even though it could still 

be reused for some useful and economic purpose. For example, any exhaust gas stream 

with a temperature of above 80°C has the potential for significant waste heat recovery. 

Therefore, an attempt to reuse the exhaust waste energy to transfer the energy to any 

energy cycle is a worthwhile effort. In the present study, the waste energy from the 

exhaust gas of an internal combustion engine is recovered by converting it to ammonia 

(NH3) as an organic operating fluid in the Organic Rankine Cycle (ORC), which aims to 

produce 3 kW turbine power. To achieve a specific amount of energy, a key component 

in waste heat recovery is the heat exchanger. In the present study, a steady-state 

numerical analysis of heat transfer is conducted for various dimensional configurations 

of the waste heat exchanger using ammonia. The findings showed that the exhaust gas 

mass flow rate only has a very minimal effect on the length of the pipe when the 

exhaust temperature exceeds 400°C. 

 

Keywords: Waste heat recovery; organic Rankine cycle; sustainable energy; waste heat 

exchanger modeling. 

 

INTRODUCTION 

 

Waste heat from engines and industrial processes represent an energy resource that is 

currently not well utilized. Temperatures from as low as 80°C to as high as 300°C from 

the processes including exhaust gases from power plants and combustion processes, 

geothermal energy, solar heat, biomass, etc. can be recovered by generating power using 

the Organic Rankine Cycle (ORC) [1-4]. This effort becomes an important sustainable 

method of solving the global energy crisis. The ORC technology is economical, reliable, 

and scalable, which uses organic operating fluid that has lower boiling temperature than 

water, for example, R245fa [5]. Other advantages of the ORC are high thermal 

efficiency, simple turbine, dry expanding process, and no emission of exhaust gases [6, 

7]. Fu et al. [8] developed a 250-kW ORC system using R245fa as an operating fluid. 

The ORC system consists of a pump, preheater, evaporator, turbine, generator, 

condenser, as well as hot and cool water circulation systems. From the testing 

conducted, the results demonstrated that the present system responded very rapidly with 

a change in the heat source temperature. In addition, their study also demonstrated that 

the system’s thermal efficiency and net power output increased linearly with an increase 

in the temperature of the heat source. 

http://dx.doi.org/10.15282/jmes.8.2015.24.0146
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Fluid selection plays an important role in the ORC system design. Operating 

fluids are classified into three types: dry, isentropic, and wet [9, 10]. Organic fluids are 

always isentropic or dry; these fluids have better thermal properties in waste heat 

recovery systems than wet fluids like water [6]. In the past, researchers have used 

refrigerants including HFE7000 [11], HFE7100 [12], R227ea [13], R245fa [6, 14], and 

R134a [15] with the ORC thermal efficiency ranging from 3.8% to 12.9%. Most of the 

working fluids are expensive and also have certain environmental drawbacks. Synthetic 

fluids such as silicone oil, R245fa, and R134a suffer from these disadvantages [16]. 

Further, ORC systems often require large filling amounts as the heat exchangers need to 

be large. Therefore, several ORC suppliers are investigating the use of naturally 

occurring substances such as hydrocarbons, NH3, and CO2 [16]. In published literature, 

ORC researches have largely focused on the operating fluid performance analysis [6, 

11-15, 17-21]; there is a lack of research on the geometric specifications of heat 

exchangers and heat transfer analysis (only a few studies exist such as Jung and 

Krumdieck [22] and Hossain and Bari [23]). Since a waste heat exchanger (WHE) is 

one of the key components in waste heat recovery, the present study performs heat 

transfer analysis of a simple counterflow WHE that could provide significant 

information for the development of 3 kW-ORC waste heat recovery system from the 

exhaust gas of ICE using ammonia as an organic operating fluid. Since the ORC-NH3 

efficiency is estimated to be 25% [24], the exhaust gas from ICE needs to produce heat 

transfer rates of 12 kW through counterflow type of WHE. 

 

METHODOLOGY AND MATERIAL 

 

Organic Rankine Cycle  

 

The organic Rankine cycle (ORC) layout is depicted in Figure 1. The heat source of the 

ORC is the engine exhaust of an internal combustion engine (ICE). The ICE exhaust gas 

temperature is between 200°C and 900°C, depending on engine load. Ammonia (NH3) 

is chosen as the organic operating fluid (OOF) in the ORC due to high effectiveness, 

with a maximum value of 0.25, compared to hydrocarbons like propane (C3H8) in which 

the maximum value of effectiveness is ɛ = 0.16 [24]. In Figure 1, the exhaust gas as a 

heat source is shown to enter the WHE and the heat is transferred into the OOF. The 

phase of the OOF will change from liquid to superheated when a sufficient amount of 

heat is transferred. Then, the mechanical energy is obtained when the superheated OOF 

expands in the turbine. The cycle efficiency of the ORC is assumed to be 25%. 

 

 
 

Figure 1. ORC layout. 
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Waste Heat Exchanger Modeling 

 

The waste heat exchanger (WHE) is modeled as a simple double pipe counterflow heat 

exchanger that consists of two concentric tubes, as shown in  

Figure 2. The exhaust gas flows in a 1 inch (25.4 mm) diameter tube, and the OOF 

through the annular space with the inner diameter of the annular is 45.4 mm. The 

thickness of the exhaust tube is set based on the standard 1-inch (25.4 mm) diameter 

pipe, that is, 1.24 mm, 1.65 mm, 2.11 mm, and 2.77 mm. The inlet exhaust temperatures 

tested are in the range of 200°C–900°C. The inlet OOF temperature is set at 40°C. The 

analysis is simplified as a single-phase flow with temperature dependent on specific 

heat. 

 

 
 

Figure 2. Schematic layout of counterflow WHE. 
 

 The method used in the heat exchanger analysis is log mean temperature 

difference (LMTD). Since heat exchangers usually operate for long periods of time with 

no change in their operating conditions, the WHE was modeled as a steady-flow device. 

In the LMTD method, the heat transfer rate Q̇ is given as 

 

 Q̇ = UAs∆Tlm, (1) 

 

where U is the overall heat transfer coefficient, As is the heat transfer area, and ∆Tlm is 

an appropriate average temperature difference between the exhaust gas and OOF. The 

overall heat transfer coefficient, U, is a combination of all thermal resistance between 

the exhaust gas and OOF flow and is given by 

 

 
1

U
=

1

hconv,exh
+

ln(Do Di⁄ )

2πkpipeL
+

1

hconv,OOF
. 

(2) 
 

∆Tlm is defined as 

 

 ∆Tlm =
∆T1−∆T2

ln(∆T1 ∆T2⁄ )
, (3) 

 

Organic fluid 

inlet 
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where ∆T1 and ∆T2 represent the temperature difference between the exhaust gas and 

OOF at the two ends (inlet and outlet) of the WHE ( 

Figure 2) with the counterflow heat exchanger type: 

 ∆T1 = Th,in − Tc,out; (4) 

 ∆T2 = Th,out − Tc,in. (5) 

 

The resistance network for the exhaust pipe that separates the exhaust flow and OOF is 

illustrated in  

Figure 3. 

 
 

Figure 3. Schematic representation of a cross-section of the exhaust pipe with thermal 

resistance network. 
 

The exhaust is considered to have a fully developed turbulence flow (3 × 103 ≤
Re ≤ 5 × 106) with the ratio of convective to conductive heat transfer across that is, the 

Nusselt number (Nu) is calculated using the Gnielinski correlation [25] in the following 

manner: 

 

 Nu =
(f 8⁄ )(Re−1000)Pr

1+12.7(f 8)⁄
1

2⁄
(Pr

2
3⁄ −1)

, (6) 

 

where f is the pipe friction factor that is estimated using Colebrook’s equation in the 

following manner: 

 

 
1

√f
≈ −1.8log [

6.9

Re
+ (

ε D⁄

3.7
)

1.11

], (7) 
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where ɛ is the pipe surface roughness and D is the diameter of the pipe. 

 

RESULTS AND DISCUSSION 

 

As mentioned earlier, the present study deals with steady state heat transfer analysis of 

WHE that could provide significant information for the development of a 3 kW-ORC 

waste heat recovery system from the exhaust gas of ICE using ammonia as an operating 

fluid. Since the efficiency of ORC-NH3 is estimated to be 25% [24], the exhaust gas 

from ICE is needed to produce heat transfer rates of 12 kW through counterflow WHE. 

During analysis, parameters such as different exhaust gas temperature, mass flow rate, 

defined temperature of operating fluid, and WHE geometry configurations were taken 

into account and presented here.  

Figure 4 depicts the relationship between the Nusselt number and the required 

length of pipe (thickness 1.65 mm) for different temperatures and mass flow rates of 

inlet exhaust gas from ICE. The Nusselt number shows an exponential decreasing trend 

with the inlet exhaust gas temperatures Th,in, thereby indicating that the conduction heat 

transfer becomes more effective with an increase in exhaust gas temperature, that is, 

higher temperature difference in WHE. This phenomenon complies with the classical 

theories of heat transfer [26] and could be explained as follows: with the large amount 

of heat need to be transferred to the operating fluid, thus requires the heat transfer mode 

which has better rate of heat transfer i.e. conduction. Therefore, as the exhaust gas 

temperature increased, the surface area of heat transfer decreased due to reduced 

domination of convection (convection ∝ surface area, 𝐴𝑠), as indicated in Figure 5. This 

is in line with the results of pipe length, in which the pipe length also decreases 

exponentially with the exhaust gas temperature. In Figure 4, as the pipe diameter is 

fixed, the length of pipe rapidly decreases for exhaust gas temperatures ranging from 

200°C to 300°C and beyond 300°C. Thus, it can be said that the system responds very 

rapidly as the heat source temperature changes, as discovered by Fu et al. [8]. 
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Figure 4. Nusselt number, Nu, and length of tube, L (pipe thickness=1.65 mm) required 

for the defined inlet exhaust temperatures and exhaust gas mass flow rates (𝒎𝒉,𝟏 ̇ = 0.05 

kg/s; 𝒎𝒉,𝟐̇  = 0.075 kg/s; 𝒎𝒉,𝟑̇  = 0.1 kg/s; 𝒎𝒉,𝟒̇  = 0.125 kg/s)  

With regard to the mass flow rate of exhaust gas, the trend shows that the 

Nusselt number has smaller values for a lower mass flow rate (Figure 4). It is also 

observed that the exhaust gas mass flow rate shows a very minimal effect on the length 

of the pipe at inlet exhaust temperatures of above 400°C. Again, the classical theories of 

heat transfer could explain these results. The level of mass flow rate corresponds to the 

level of the heat source. Therefore, as the heat source increases, the conduction heat 

transfer becomes more dominant, the Nusselt number becomes smaller, and surface area 

is less significant. Moreover, the heat transfer surface area shows a very small effect on 

the defined OOF temperatures Tc,out when the exhaust temperatures are above 400°C, 

thereby indicating that the conductive heat transfer becomes more dominant (Figure 5). 
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Figure 5. Heat transfer surface area required for different inlet exhaust temperatures 

with defined outlet OOF temperatures 

Figure 6 depicts the OOF mass flow rate mc and the pipe length with various 

thicknesses—1.24 mm, 1.65 mm, 2.11 mm, and 2.77 mm for the defined outlet 

temperature of OOF Tc,out. In the figure, the inverse relation between the outlet OOF 

temperature and the OOF mass flow rate is illustrated, thereby implying that to heat up 

the outlet OOF to a higher temperature, a lesser amount of OOF is required (lower mass 

flow rate). This is understandable, as to heat a substance to a higher temperature using a 

specific heat source, the amount of the substance must be reduced. Figure 6 also depicts 

that the outlet temperature of OOF has a very minimal effect on the length of the pipe 

for a specific pipe thickness. The figure also shows that when a thicker pipe is used in 

WHE, a longer pipe is required. This is understandable as thicker pipe reduces the 

conduction heat transfer rates and, thus, it compensates with convection heat transfer. 

The effect of the WHE pipe thickness to the overall heat transfer coefficient U is 

presented in Figure 7. The figure shows that the increase in pipe thickness from 1.24 

mm to 2.77 mm causes a reduction in the overall heat transfer coefficient by 55%. 

Theoretically, the overall heat transfer coefficient refers to how well heat is conducted 

through the medium (across the pipe). It indicates that during conduction heat transfer, 

small changes in pipe thickness have a significant impact on the overall heat transfer 

coefficient. 
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Figure 6. OOF mass flow rate and length of tube required for various thicknesses t (𝐭𝟏 = 

1.24 mm; 𝐭𝟐 = 1.65 mm; 𝐭𝟑 = 2.11 mm; 𝐭𝟒 = 2.77 mm) at the defined outlet temperature 

of OOF. 

 

Figure 7. Effects of WHE pipe thickness on the overall heat transfer coefficient, U. 

CONCLUSIONS 

 

In this study, a numerical steady-state heat transfer analysis of WHE for the 

development of a 3 kW-ORC waste heat recovery system from the exhaust gas of ICE 

using ammonia as an organic working fluid was conducted. The analysis revealed that 

conduction heat transfer is more effective when the exhaust gas temperatures are above 

400°C. At exhaust gas temperatures of above 400°C, the exhaust gas mass flow rate has 

a minimal effect on the pipe length. Furthermore, the outlet OOF temperatures show 

very little effect on the length of pipe for a specific pipe thickness. Lastly, increasing 

pipe thickness from 1.24 mm to 2.77 mm reduced the overall heat transfer coefficient by 

55%. 
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