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Abstract - Internally ribbed tubes can improve TORC (Trans-critical Organic Rankine Cycle) heat transfer economics and safety by 

improving the heat transfer coefficient and restricting buoyancy effects in horizontal flows.  The heat transfer characteristics of 

supercritical organic fluids in internally ribbed tubes need to be more thoroughly understood. The present study calculated the flow and 

temperature fields in a horizontal ribbed tube to analyze the heat transfer enhancement of super critical R134a and the buoyancy effects 

on the heat transfer. The results show that the heat transfer enhancement near the pseudo critical point is mainly caused by the large 

specific heat effect in the boundary layer. The buoyancy enhances the radial direction velocities (x and y directions) and reduces the axial 

speed (z direction) along the top of the horizontal tube. The lower axial speed reduces the turbulent kinetic energy and the top side heat 

transfer coefficient as a result. The simulation results were also compared with the heat transfer in a smooth horizontal tube and vertical 

ribbed tube with upwards flow. The results showed that the spiral follow induced by the internal ribs strongly restricts the buoyancy flow. 

Vertical upwards flow has a higher overall heat transfer coefficient and no circumferential temperature gradients, which improves the 

heat transfer economics and safety in TORC systems. Hence, vertical flow heat exchangers should be considered in TORC systems due 

to the improved heat transfer.  
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Nomenclature Subscripts 

b rib width (mm) b  bulk 

cp specific heat (kJkg-1K-1) cal calculation 

d diameter (mm) exp experimental 

e rib width in axial direction (mm) hd hydraulic diameter  

G  mass flux (kgm2s-1) in inside 

g gravity (m s-2) min minimum 

h enthalpy (Jkg-1) max maximum 

H rig height (mm) IRT Internally ribbed tube  

ke turbulent kinetic energy (m2s-2) out out side 

N number of ribs pc pseudo critical 

Nu Nusselt number ST smooth tube 

P pressure (MPa) x x direction  

q heat flux (kWm-2) y y direction 

s pitch (mm) z tube axial direction  

T temperature (°C)   

u velocity in x direction (ms-1) Acronyms  

v velocity in y direction (ms-1) IRT Internally ribbed tube 

V velocity (ms-1) P1-P6 Tube axial position 

w velocity in z direction (ms-1) M01-M04 Mesh numbers 

α heat transfer coefficient (W m-2 K-1) ORC organic Rankine cycle 

λ thermal conductivity (Wm-1K-1) TORC trans-critical organic Rankine cycle  

μ dynamic viscosity (Pa.s)   
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v kinematic viscosity (m2s-1)   

ρ density (kgm-3)   

Φ thread angle (°)   

 

1. Introduction  
ORC (Organic Rankine Cycle, ORC) power generation systems have developed quickly in recently years [1, 2] and has 

been widely adopted in solar energy[3], geothermal energy[4], bio-energy[5] and waste heat[6, 7] systems.  TORC (Trans 

critical Organic Rankine Cycle) systems will be the next generation systems with higher thermal efficiencies and simpler 

system components than traditional ORC systems [8, 9]. However, more research is needed to understand the supercritical 

organic heat transfer characteristics before TORC systems can be widely used in applications [10]. Supercritical organic heat 

transfer has two challenges with the need for more accurate heat transfer prediction correlations and the need for effective 

buoyancy restriction [11]. Accuracy correlations will lead to better supercritical heater designs and more stable systems while 

the buoyancy effects need to be restricted to improve the system safety by restricting the heat transfer deterioration due to 

the buoyancy effects. 

Supercritical fluids have large property variations near the critical or pseudo critical points which complicate the 

supercritical fluid heat transfer and have led to three heat transfer models [12]. Supercritical heat transfer is difficult to predict, 

especially due to the buoyancy induced heat transfer deterioration, with many studies devoted to developing better heat 

transfer correlations [13, 14]. However, studies have shown that the correlations are only accurate when compared with 

experimental data from the same author [15]. In addition, heat transfer correlations based on one supercritical fluid often are 

not accurate for another supercritical fluid [13]. Previous supercritical heat transfer research has focused on vertical water 

and CO2 flows for supercritical boilers and supercritical reactors [10]. TORC systems use different tubes layouts and sizes 

with few studies of organic supercritical fluid heat transfer for TORC systems. Tian et al. [16] experimentally investigated 

the heat transfer of a typical organic fluid (R134) in a horizontal smooth tube to build heat transfer correlations for TORC 

system designs. The studies used horizontal flow since the heat exchangers in most commercial ORC systems are horizontal. 

They found large temperature differences between the top and bottom tube surfaces due to the buoyancy effects which could 

lead safety issues due to organic fluid decomposition and tube failures. Every organic fluid has a safe operating temperature 

since the organic fluid decomposes at higher temperatures [17]. A sudden temperature increase due to heat transfer 

deterioration may lead to organic fluid decomposition. In addition, the large temperature differences between the top and 

bottom tube surfaces will produce thermal stresses which can lead to tube failure [18]. Therefore, Wang et al. [11] analyzed 

the heat transfer of supercritical R134a in a horizontal Internally Ribbed Tube (IRT) to improve the supercritical organic 

fluid heat transfer safety by restricting the buoyancy effects. They showed that the heat transfer in the IRT was about 4.61 

times better along the top and 1.40 times better along the bottom than in a smooth tube. Thus, the buoyancy was strongly 

restricted so that the buoyancy effects threshold in the IRT was 20 times higher than in a smooth tube. The experimental data 

was also used to describe the supercritical R134a heat transfer characteristics. However, the flow and temperature fields in 

the IRT still need to be more thoroughly understood to describe the heat transfer characteristics observed in the experiments, 

especially the effects of the ribs and the buoyancy on the heat transfer. In addition, vertical flow heat transfer of super critical 

organic fluids in the IRT have not been analyzed before.  

The present study presents a numerical study of the heat transfer of supercritical R134a in an IRT. The heat transfer 

enhancement characteristics are described quantitatively along with the effects of buoyancy and the ribs on the flow and 

temperature fields. The heat transfer is also compared with the heat transfer in a smooth horizontal tube and a vertical IRT 

with upwards flow to demonstrate  the effects of the ribs and buoyancy. The results in this study provide guidance for 

supercritical heater designs in TORC systems. 

 

2. Numerical Approach 
2.1. Analysis geometry and boundary conditions  

The IRT geometry used in the present study is the same as a previous experimental study [11] with the rib parameters 

given in Table 1. The IRT consisted of a 500 mm unheated section and a 2600 mm heated section with the axis in the z 
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direction as shown in Fig. 1. The unheated section allowed the flow to become fully developed to avoid the inlet effects on 

heat transfer. The tube was made of the alloy steel SA-213T12 with the properties given in Table 2. In the experiment, the 

SA-213T12 properties at various axial positions were slightly difference due to the different temperatures. However, Li [19] 

showed that the tube property variations have very little effect on the heat transfer. When the SA-213T12 tube material was 

changed to SS304, which has relatively large property differences from those of SA-213T12 as shown in Table 2, the 

maximum predicted inner wall temperature differences were only 0.3 K.  Hence, the tube property variations with 

temperature were neglected in this study. The R134a properties at various temperatures were calculated using NIST Refprop 

9.0 and imported into Fluent 18.2 through piecewise linear functions. The pressure loss in the internally rib is quite small, so 

the pressure loss effects on the properties were also neglected. 
Table 1 

Geometric dimensions of the IRT 
Tube outer 

diameter 

Maximum inner 

diameter 

Minimum inner 

diameter 

Hydraulic 

diameter 

Number 

of ribs 

Rib 

height 

Rib width (peripheral 

direction) 

Rib width (axial 

direction) 

Thread 

angle 
Pitch 

dout (mm) din,max (mm) din,min (mm) din,hd (mm) N H (mm) b1 (mm) b2 (mm) α (°) s (mm) 

20 15.84 13.39 15.5 4 0.85 4.78 8.28 30 21.55 

 

 

 
Fig. 1. Geometric parameters of the IRT  

Table 2  
Tube wall properties 

 
2.2. Turbulence model 

The finite volume method was used to numerical solve the three-dimensional continuity equation, momentum 

equations and energy equation for the flow through the IRT. The equations are:   
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=0                                                                   (1)  
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Heating section

g

Tube top 

Tube bottom 

Preheating section

Material  ρ  (kgm-3) cp (Jkg-1k-1) λ (Wm-1k-1) 

SA-213T12 8700 450 45 

SS304 7900 500 16.3 
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ρμ
i
''μ

j
''̅̅ ̅̅ ̅̅ ̅̅  in the momentum equation was calculated based on the Boussinesq hypothesis with the turbulent viscosity 

coefficient, μt:    

-ρμ
i
''μ

j
''̅̅ ̅̅ ̅̅ ̅ = μ

t
(

∂𝑢𝑖

∂𝑥j
+

∂𝑢j

∂𝑥i
−

2

3
𝑘𝛿ij)                        (4) 

The turbulent viscosity coefficient is a function of the turbulent kinetic energy, k, and the turbulent energy dissipation rate, 

𝜀 , as:  

μ
t
=Cμf

μ
ρk

2
/ε (5) 

A turbulence model was used to calculate ε and 𝑘 to close the equations. Previous simulations of supercritical water in 

vertical IRTs [20, 21] have indicated that the SST k-ω model gives better predictions for supercritical fluids in IRTs and is 

accurate in the near-wall region. Hence, the SST model is used in present study. The k and ω transport equations in the SST 

model [22] are:   

∂(ρ̅uik)

∂xi

=
∂

∂xi

[(u+
ut

σk

)
∂k

∂xj

] +Gk-Yk                     (6) 

    

∂(ρ̅uiω)

∂xi

=
∂

∂xi

[(u+
ut

σω

)
∂ω

∂xj

] +Gω-Yω+Dω            (7) 

 

The pressure-velocity coupling used the SIMPLEC algorithm with all the calculations using the second-order upwind 

method. The inlet and outlet boundary conditions were a mass flow inlet and a pressure outlet. Gravity was set as 9.8 ms-2 

in the x direction as shown in Fig. 1. The IRT was heated electrically in the experiment; therefore, a volumetric heat source 

was applied to the heating section tube wall in the simulation. The convergence residuals for velocity, mass, and energy 

were set to 10-5 with the residuals for k and ω set to 10-9. The average outlet temperature was also used to monitor the 

convergence . The calculation was assumed to be converged when the residuals and the fluid outlet temperature remain 

unchanged and the heat balance was very small. 

 
2.3. Mesh independence  
 

 
Fig. 2. Structured hexagonal mesh in the ITR (a) near the entrance and  (b) enlarged view near the wall 

 

Table 3  

Mesh information 
 

Mesh  

First element thickness (mm) 

Number of grid 

layers near the wall 
Axial element 

length (mm) 

Number of 

elements 

(millions) 

M01 0.01 15 8 310 

M02 0.005 25 8 401 

M03 0.002 25 8 450 

M04 0.001 30 8 560 

ab
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The grid used in present study was a structured hexagonal mesh generated by ICEM. As shown in Fig. 2, the elements were 

thinner on the fluid side near the rib top and in the rib channel to capture the flow information in the boundary layer.  A grid 

independence test was used to show that the results were not affected by the grid quality. Four different meshes were constructed 

by reducing the near-wall element thickness as shown in Table 3 with tests for two working conditions. In case A, P=4.26 MPa, 

G=1000 kgm-2s-1, and q=100 kWm-2 while in case B, P=4.26 MPa, G=200 kgm-2s-1, and q=15 kWm-2s-1. The results in Fig.3 

show that the grid independence is related to the working conditions. In case B with the small G, the top wall temperatures 

predicted using the four meshes are exactly the same. In case A, the predictions show significant differences for the four meshes. 

In general, when the dimensionless distance from wall to the first element, y+ ( y+=uy/υ), is smaller than 1, the differences 

between the various models using the SST model are small. For the working conditions used in the present study, G is less than 

250 kgm-2s-1 which gives y+ of about 0.1. Hence,  the predictions for the various meshes are similar in Fig.3b. Therefore, the 

M04 mesh with a first element thickness of 0.001 mm was used in the simulations. 

  

Fig. 3. Predicted IRT wall temperatures for the various meshes 

 

2.4. Model validation 

  

Fig. 4. Predicted and measured results for various buoyancy conditions  

Two groups of experimental results were used to compared with the predictions for various buoyancy effects on the heat 

transfer. The predictions are compared with the experimental data for the small buoyancy effect condition  of q/G = 0.07 kJ kg-1 

are shown in Fig.4a with those for q/G = 0.2 kJ kg-1 shown in  Fig.4.b. The simulations accurately reflect the wall temperature 

variations for both conditions. The maximum difference between the predicted and measured wall temperatures is less than 3 K, 

which is close to the thermocouple measurement accuracy (±1 K) used in the experiment. Therefore, the simulation results in the 

present study are acceptable.  

 

3. Results and Discussion 
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3.1. Heat transfer enhancement characteristics  
The basic supercritical R134a heat transfer enhancement characteristics in the IRT were described in a previous experimental 

study [23]. The enhanced heat transfer will lead to smaller heat exchangers and a better TORC heat transfer economics. Hence,  a 

thorough understanding of the enhancement mechanisms is needed to further improve the heat transfer. Jackson et al. [24] 

conducted a qualitative analysis of supercritical water heat transfer enhancement in a smooth tube based on experimental data and 

boundary layer theory. He concluded that the mechanisms are mainly related to two reasons.  Firstly, the viscosity decreases near 

the pseudo critical point as shown in Fig. 5, which increases the turbulent kinetic energy near the wall. Secondly, the thermal 

conductivity has a large peak near the pseudo critical point, which reduces the thermal resistance in the boundary layer.  The present 

study presents additional quantitative analyses of the supercritical R134a heat transfer enhancement mechanism in the IRT based 

on the simulation results. 

Results are presented for a typical working condition (P=4.26 MPa, G=200 kgm-2s-1, and q=20 kWm-2). The effects are 

illustrated using two cases with inlet temperatures of 70°C and 95°C to expand the bulk enthalpy, hb, range, as shown in Fig.6. The 

top and bottom wall temperatures for the two cases coincide after the entrance effect as shown in Fig.6 . The heat transfer coefficient 

variations along the bottom , αbottom , with the bulk enthalpy, hb, for this working condition are shown in Fig.7. The inverted ‘V’ 

shape heat transfer coefficient variation is due to the supercritical fluid heat transfer enhancement. 

 
Fig. 5. Property variations of supercitical R134a 

 

 
 

Fig. 6. Wall temperature variations with the bulk 

enthalpy 

Fig. 7. Heat transfer coefficient variations along the 

bottom with the bulk enthalpy 

The bulk enthalpies at five axial positions, P1-P5, show the gradual disappearance of the heat transfer enhancement. The bulk 

enthalpies of these five points were 3.18×105 Jkg-1, 3.56×105 Jkg-1, 3.75×105 Jkg-1, 4.02×105 Jkg-1 and 4.11×105 Jkg-1.  The 

wall temperatures increase along these five positions and the corresponding heat transfer coefficient P3, α3, is greatest with the rest 
decreasing from α4 to α2 to α5 to α1. The fluid temperature variations from the wall to the tube center at these five axial positions 

are shown in Fig.8a. The fluid temperature decreases rapidly in a very thin boundary layer (less than 0.1 mm thick) close to the 

Pseudo critical point
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tube wall. Outside this thin layer, the temperature variation is relatively gentle which indicates that the boundary layer near the 

wall provides the primary resistance to the heat transfer. The flow and physical property information in the boundary layer is further 

analyzed by changing the abscissa from a linear coordinate to a logarithmic abscissa in Fig.8b. 

 
 

Fig. 8. Fluid temperature variations in the radial direction  

Both the turbulent kinetic energy and fluid properties in the boundary layer significantly affect the heat transfer. The turbulent 

kinetic energy variations in the radial direction at the five axial positions are shown in  Fig.9.. The turbulent kinetic energy at P1 

and P2 are similar in the boundary layer. The turbulent kinetic energy at P3 then increases rapidly at y+<30 from the wall, which 

enhances the heat transfer. The turbulent kinetic energy at P4 and P5 are higher than at P3, but the heat transfer coefficient at P3 is 

higher than those at P4 and P5, which suggests that the turbulent kinetic energy distribution in the boundary layer is not the decisive 

factor for the heat transfer enhancement for these conditions. The physical parameters that affect the heat transfer include the 

viscosity, density, thermal conductivity and specific heat. The viscosity variation in the radial direction is shown in Fig.10. A 

smaller viscosity reduces the bottom viscous layer thickness in the boundary layer and reduces the turbulent energy dissipation in 

the transition layer, which enhances the energy transfer from the wall to the mainstream. However, the viscosities decrease from 

P1 to P5, so this trend differs from the "inverted V" heat transfer enhancement variation.  

  
Fig. 9. Turbulent kinetic energy variations in the radial 

direction at the five points 

Fig. 10. Visicosity variations in the radial direction at the 

five points 

The thermal conductivity variations at the five axial positions are shown in  Fig.11.. A higher thermal conductivity reduces 

the thermal resistance of the bottom viscous layer which enhances the heat transfer. The thermal conductivity has a peak in the 

boundary layer at P3 which increases the heat enhancement at P3. However, the thermal conductivities at P1 and P2 are higher 

than those at P4 and P5, while the heat transfer coefficients at P4 and P5 are higher than those at P2 and P1. Thus, the heat transfer 

coefficient variations are not consistent with the thermal conductivity variations which suggests that the thermal conductivity 

changes  are not the most important factor affecting the heat transfer. The specific heat variations are then shown in Fig.12. The 
specific heat at P1 changes smoothly in the radial direction without a peak. The specific heat variations at P2-P5 have peaks with 

the peak positions gradually moving toward the mainstream from P2 to P5. The trend in the integral of cp integrated over y+ of 0-
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30 in the boundary layer shown in Fig. 13 are quite consistent with the trends in the heat transfer coefficients which  indicated that 

the variation of cp in the boundary layer is a key factor affecting the heat transfer enhancement. The result is similar to the 

conclusion obtained by Li [19] who also analyzed the effects of changes in these four fluid properties to show that cp had the 

greatest effect on the forced convection heat transfer. For a wider range of y+, the average cp at P4 exceeds that at P3 which 

indicates that the main influence of cp is within the boundary layer rather than over the entire radial direction. Therefore, the heat 

transfer enhancement of supercritical organic working fluids in the IRT is mainly caused by the cumulative effect of cp in the 

boundary layer. 

  
Fig. 11. Thermal conductivity variations in the radial direction                     Fig. 12. Specific heat variations in the 

radial direction 

 
Fig. 13. Integral of the specific heat across the boundary layer (y+<30) at different axial positions. 

 

3.2. Buoyancy effects 
The temperature differences between the top and bottom surfaces of a horizontal tube were observed previously with a 

prediction model developed to correlate the effects of buoyancy on the heat transfer [23]. In this section, the mechanism  for the 

buoyancy effect on heat transfer is further analyzed using the flow and temperature fields from the simulation results. 

 

 
Fig. 14. Temperature distribution along y=0  

The fluid temperature distribution along the y=0 plane for P = 4.26 MPa, G=200 kgm-2s-1, and q=20 kWm-2 is shown in Fig. 

14. The temperature distribution in the unheated preheating section is uniform, with significant temperature stratification found 

between the top and bottom of the IRT in the heating section due to the buoyancy effects. The flow and temperature fields  at axial 
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position P6 (z=1.2 m) are used to demonstrate the buoyancy effect in detail. The P6 section temperature distribution has significant 

stratification and asymmetry in the gravitational direction as shown in Fig. 15. The fluid temperatures in the top half are higher 

than in the bottom half and the temperatures in the left half are higher than in the right half. The temperatures are not symmetric 

because the fluid temperature near the tube wall is higher than in the tube center. The supercritical fluid density decreases sharply 

near the pseudo critical point, as shown in Fig. 5. Hence, the temperature difference increases the density difference to create the 

density distribution at P6 shown in Fig. 16. The density difference then produces buoyancy in the gravitational field which drives 

the lower density fluid in the horizontal tube towards the top which creates an even larger temperature difference between the top 

and bottom surfaces. This process continues until the buoyancy flow reaches equilibrium. The higher fluid temperature on the right 

side is due to the counterclockwise rotation of the IRT spiral used in the present study. The buoyancy flow has the same flow 

direction as the spiral flow on the right side and the opposite direction on the left. Thus, as seen in Fig. 17, the overall velocity, V, 

on the right is higher than that on the left. Therefore, the heat transfer coefficient on the right side is higher as the fluid velocity 

increases, resulting in a lower fluid temperature. The fluid in the IRT produces a complex vortex flow due to the superposition of 

the buoyant flow and the spiral flow as shown in Fig. 17.   

  
 

 

Fig. 15. Temperature   

 

 
 

Fig. 16. Density  Fig. 17. Velocity  

 

 

 

Tfluid (K)

ρfluid (kg m-3) V (m s-1)

Preheating sectionHeating section

V (m s-1)



 

 

 

 

 

 

 

102-10 

Fig. 18. Velosity in the y=0 plane 

In addition to the temperature stratification, the velocity in the y=0 plane is also stratified, as shown in Fig. 18. This 

phenomenon is significantly different from that in subcritical two-phase flow. In subcritical two-phase flow, the gas velocity is 

much higher than the liquid velocity along the bottom for the same pressure gradient between the inlet and the outlet. However, 

the velocity of the gas-like fluid in a supercritical fluid is lower than that of the liquid-like fluid. The flow field information at P6 

with and without buoyancy effects was used to further analyze this feature of supercritical fluids as shown in Fig. 19 and Fig. 20, 

where V is the total velocity and u, v, and w are the component velocities in the x, y, and z directions. The results do not show any 

gas-liquid interface in the supercritical fluid. The u and v distributions without buoyancy are symmetrical as shown in Fig. 20 a 

and b, while the u and v distributions with buoyancy are not symmetrical with the maximum u increasing from 0.07 without 

buoyancy to 0.11 ms-1
 with buoyancy while the maximum v increases from 0.07 to 0.1 as shown in Fig. 19a and b.  The increasing 

u and v reduce w , especially along the top of the horizontal tube as shown by comparing Fig. 19c and Fig. 20c.  The average 

velocities at P6 with and without buoyancy are given in Table 4. The average u and v with buoyancy are higher than without 

buoyancy. Hence, the buoyancy and the spiral flow increase u and v in the horizontal tube, which then reduces w, especially along 

the top, which in turn then leads to a lower overall velocity in the top half of the tube. 

 
 

  

 

 

Fig. 19. Flow fields at P6 with buoyany (a. u velocity, b. v velocity, c. w velocity ) 

u (m s-1) v (m s-1)

w (m s-1)
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Fig. 20. Flow field at P6 without buoyancy (a. u velocity, b. v velocity, c. w velocity) 

 

Table 4  

Velocities at P6 with and without buoyancy effects 

 u (ms-1) v (ms-1) w (ms-1) V (ms-1) 

Buoyancy   0.001 -0.0006  0.233 0.234 

No buoyancy 0.00015   0.0001 0.235 0.237 

This velocity distribution then significantly affects the heat transfer. Fig.21 shows the radial distribution of the turbulent kinetic 

energy from the top of the tube to the bottom at five axial positions. At the five axial positions, the turbulent kinetic energy near 

the top is lower than near the bottom. The turbulent kinetic energy reduction near the top then results in further reduction of the 

heat transfer coefficient along the top. 

 

 
Fig. 21. Turbulent kinetic energy distribution in the 

u (m s-1) v (m s-1)

w (m s-1)

centerTube top Tube bottom
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radial direction at various positions along the IRT. 

3.3. Comparisons with a smooth tube 
The flow and heat transfer in a smooth tube with the same hydraulic diameter (din=15 mm) as the IRT was analyzed to further 

show the internal rib effects on the heat transfer. The wall temperatures in the IRT and in a smooth tube are shown in Fig. 22 for P 

= 4.26 MPa, G=200 kgm-2s-1 and q=20 kWm-2. The temperature differences between the top and bottom of the IRT are smaller 

than in the smooth tube. The smooth tube flow field  driven by buoyancy at the position P6 has symmetrical vortices on the left 

and right sides and along the top as shown in Fig. 23, with the unsymmetrical spiral flow in the IRT caused by buoyancy formed a 

complex asymmetric flow field as shown in Fig. 17. Hence, the spiral flow has a restraining effect on the buoyancy and reduces 

the temperature difference between the top and bottom surfaces. The heat transfer coefficient in the IRT is higher than that in a 

smooth tube due to the smaller wall temperatures in the IRT. The turbulent kinetic energies in the two tubes at P6 are shown in Fig. 

24. The turbulent kinetic energy near the wall in the IRT is significantly higher than in the smooth tube. Thus, the spiral flow in 

the IRT reduces the temperature difference between the top and bottom surfaces by suppressing the buoyancy effect and improves 

the overall heat transfer coefficient by increasing the turbulent kinetic energy near the wall. 

   
Fig. 22. Top and bottom wall temperatures for an IRT tube and a 

smooth tube. 

Fig. 23. Flow and temperature fields at P6 for flow in the smooth 

tube.  

 

 
 Fig. 24. ke distribtuions at P6 for the smooth tube and the IRT. 

3.4. Comparison of horizontal and vertical orientations 
Although the majority of ORC system heat exchangers are currently horizontal flow layouts, in some special areas, vertical 

flow heat exchanger arrangements are also an option. Therefore, this section compares the heat transfer rates in IRT tubes with 

horizontal and vertical upward flow configurations. The wall temperatures for horizontal and vertical upward flows are compared 

in Fig. 25 for P = 4.26 MPa, G=200 kgm-2s-1 and q=20 kWm-2. The IRT wall temperatures for the vertical upward flow are higher 

than the bottom temperature and lower than the top temperature in the horizontal IRT tube. Since the buoyancy direction in the 

vertical upward flow is the same as the flow direction, the flow and temperature fields are symmetrical with no wall temperature 

gradient in the circumferential direction, as shown in Fig. 26. The average heat transfer coefficient for the vertical flow is higher 
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Smooth tube, bottom side
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than the average heat transfer coefficient along the bottom and top surfaces of the horizontal configuration. Therefore, the vertical 

flow configuration has no circumferential wall temperature variation and higher average heat transfer coefficients which will 

improve the economics and safety of TORC systems, so the vertical configuration should be considered in future TORC system 

designs. 

  

  
Fig. 25. Tube wall temperatures for horizontal and vertical flows 

in the IRT 

Fig. 26. Fluid termperature distribution at P1 for the vertical flow 

configuration. 

4. Conclusions 
The present study predicted the temperature distributions and the heat transfer coefficients of super critical R134a in a 

horizontal internally ribbed tube to analyze the heat transfer characteristics based on the flow and temperature distributions. The 

simulation results were also used to compared the heat transfer coefficients in the horizontal IRT tube with those in a horizontal 

smooth tube and a vertical internally ribbed tube with upwards flow to show the rib and buoyancy effects on heat transfer. The 

conclusions are: 

(1) The heat transfer enhancement near the pseudocritical point is mainly caused by variations of cp in the boundary layer. 

(2) The temperature difference between the top and bottom surfaces is caused by buoyancy. The turbulent energy near the 

tube wall strongly affects the heat transfer coefficient differences along the top and bottom surfaces.  

(3) The internal ribs restrict the buoyancy effects by inducing the spiral flow.  

(4) Vertical upward flow in the IRT has a higher average heat transfer coefficient than in the horizontal IRT tube with no 

circumferential temperature variation which improves the heat transfer economics and safety of the TORC system.    
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