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ABSTRACT 

Heat transfer enhancement is by far an important component in the design of numerous industrial applications 
of Taylor-Couette flow including electric motors and particularly rotating machinery. To optimize the performances 
of these machines, superior knowledge of the fluid flow is vital to better estimate the heat transfer distribution. This 
study will specifically consider the effect the slit number and width possess on the distribution of turbulent Taylor-
Couette flow and the resulting heat transfer correlation in the annulus of two concentric cylinders under varying 
conditions. A numerical simulation method is intended for the study using varying slit structure parameters of widths 
(2.5 ≤ w≤ 7.5) mm and fitted with 6, 9, and 12 number of slits. The slit effect is then investigated under both isotherm 
and non-isotherm conditions considering the interactions between fluid flow regions in the mainstream area and the 
annulus. The small-scale vortex that appears in the annulus region improves the heat transfer ability between the fluid 
in the annulus and the main region as well as the heat transfer performance of the model with a gradual increase in 
Reynolds number. 
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INTRODUCTİON 

The forced convective heat transfer and turbulent problem in the annulus located between two concentric 
cylinders, with both or one of them rotating, has several engineering applications in industry, such as cooling of 
rotating machines, treatments of liquid metals, rotating tube heat transfer, chemical vapor deposition, and nuclear 
reactors (Kreith, 1968, Singer, 1984, Vivès 1988, and Selimefendigil et al., 2014). Besides these practical concerns, 
this configuration model has a significant classical problem in heat transfer and fluid flow. A lot of studies conducted 
by researches, observed in this flow model, have extensive information that accumulated in literature along past years, 
for which a good review articles about the state of the art of fluid flow and heat transfer between concentric rotating 
cylinders are now available (see Fénot et al., 2011, for more information about this topic). The conventional industrial 
coolants like water, air, oils, and others have less performance of heat transfer in most engineering applications, which 
returns to the low thermal conductivity of these types of fluids. Hence, we could find many experimental and 
numerical investigations research in the direction of the developing configuration geometries in the thermal systems 
to enhance heat transfer performance.  
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The flow dynamics and heat transfer in annulus between two concentric rotating cylinders without axial flow 
are recognized with Taylor-Couette flow. In rotating machineries, a perfect knowledge about the hydrodynamics and 
heat transfer characteristics is required to give a good predict of the heat transfer distribution and thus to optimize the 
performances of the machine parts. During the operation of some mechanical and thermal systems, the temperature 
is arising to alarming rates. That makes a negative effect on the manufactured materials, which can lead to mechanical 
failure or thermoplasticization. These types of problems motivate several researchers to study how to get the enhanced 
heat transfer in cylindrical annulus gap flow between two concentric cylinders. For instance, Yong and Minkowycz 
(1989) experimentally investigated the heat transfer characteristics in annulus between two concentric cylinders, in 
the presence of grooves on the wall of inner one. They found that, from their results, the grooves on the wall of 
rotating inner cylinder can increase Nu# (Nusselt number) than that over the smooth cylinder. Hayase et al. (1992) 
numerically analyzed the flow dynamics and heat transfer characteristics in Taylor-Couette model with non-smooth 
cylindrical gap, in slotted wall. They observed that the cavities which are embedded in the inner cylinder wall have 
an influence in enhancing heat transfer. Also, according to a study by Lopez et al. (2015), which considered the 
distribution of the flow field under different flow conditions, it was revealed that the axial length of the model, ring 
gap width d, Rayleigh, and Reynolds numbers have an important influence on the flow field rotation and thermal 
behavior. 

 
In turbulent Taylor-Couette flow regime, many studies have been conducted by both experimental and 

numerical investigations (Gollub & Swinney, 1975; Alziary & Grillaud, 1978). Ostilla-Monico et al. (2014) carried 
out work, in which they used direct numerical simulations (DNS) to explore Taylor-Couette flow in a fully turbulent 
flow state. The study showed that the flow field from the turbulent Taylor-Couette flow to the fully turbulent flow is 
influenced by factors such as the model aspect ratio, speed, and radius. In the form of V-shape walls grooves on the 
inner and outer cylinders, Zhu et al. (2016) have investigated numerically turbulent Taylor-Couette flow. They 
postulated an important interpretation stating that the relationship between the momentum transport and the existence 
of the wall grooves. Several other authors have delved into Taylor number (Ta), by increasing or decreasing it, 
resulting in flow evolution and heat transport (Coles, 1965; Serre et al., 2008). 

 
Moreover, experimental and numerical studies of slit wall configuration geometry influence on flow distribution 

and heat transfer within a Taylor-Couette system have surged due to the importance of increased heat transfer rate 
within a cylindrical annulus gap. The study by Jeng et al. (2008) aimed at determining the heat augmentation in the 
annulus gap with an inner rotating rib roughness cylinder. The results showed that the cylinder ribbed surface 
improved the heat transfer compared to the plain model. Liu et al. (2015) numerically probed into the effect of the 
introduction of the slit on the heat transfer in Taylor vortex flow. The results from their work revealed a 14.2% 
increase by calculating the heat flux generated by the 12-slit model inner cylinder, and this model has a better heat 
transfer ability in comparison to the smooth model. The turbulent Taylor-Couette flow in slit model was 
numerically studied by Liu et al. (2019), and the result showed that the velocity in the slit area is consistent with the 
change of wall shear force, but the heat flux is opposite. Experimentally, a study by Nouri-Borujerdi et al. (2017) 
investigated the effect of the presence of slits on heat transfer and pressure drop in a concentric cylinder. The result 
showed correlations for Nusselt number and the pressure drop in terms of the axial Reynolds number, Taylor number, 
the number of slits, and the slit aspect ratio influencing the heat transfer ability of the system. 

 
Among the above researches, the complexity of cylinders walls structure and heat generation in the annulus 

region in most engineering problems cases makes the flow within the annulus contrary to that of the plain wall. The 
effect of slit wall has been noted in some literature but in the author’s knowledge, a systematic study on its combined 
impact on the annulus flow field distribution and heat transfer performance has rarely been factored. This will be 
considered by analyzing the heat flow characteristics in a turbulent Taylor-Couette model under both isothermal and 
non-isothermal configurations. Also, the influence of the slits numbers and width of the respective models on 
convection field distribution and heat transfer augmentation is investigated to provide a reference for the design and 
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optimization of related rotating machinery in an attempt to solve the engineering problem. Results from the study 
generally predict an increase in the heat transfer performance of the model when both slit number and the average 
Nusselt number increase. 

 

CALCULATION PARAMETERS AND  MATHEMATICAL MODEL 

Model Describtion  

The schematic diagram of slit model is shown in Fig. 1. The inner cylinder has a radius of ri=33mm and the 
outer cylinder has a radius of ro=40mm. Hence, the gap between the two cylinders is d =7mm. The length of the 
cylinder is L=336mm.The heat transfer areas of the different models are the same, which ensures that the heat transfer 
process of the models is not affected. The definition of the equivalent diameter of the two concentric cylinder  
model is 
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The formula of the heat transfer area is 
 

0 (2 2 2 )i oA L r r npπ π= × + +   (2) 

This paper researches the effect of slit width (w) and the number of slits (N) on the distribution of flow field in 
the model with the same heat transfer area under various operating conditions. Fig.2 shows the diagram of the series 
of slit models used in the simulation. When the influence of the slit width on the flow field distribution was 
investigated by simulation, the slit depth p=5mm and the number of slits N= 9 were kept constant with varying slit 
width models w=2.5mm, 3.75mm, 5mm, 6.25mm, and 7.5mm. On the other hand, to determine the effect of the slit 
number N on the distribution of the flow field, the slit width w = 7.5mm was kept constant and the number of slits 
N=6, 9, and 12 were varied and studied, respectively. 

 

 
Figure 1. The slit model under investigation. 
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  (f)                        (g) 

Figure 2. The diagram of the slit model (a) w=2.5mm; (b) w=3.75mm; (c) w=5mm; (d) w=6.25 mm; 
(e) w=7.5 mm; (f) N=6; (g)N=12. 

 

Numerical Methods and Boundary Condition 

Girimaji proposed a turbulence bridge model between the RANS model and DNS- PANS (Partially-Averaged 
Navier-Stokes method) to capture more flow field details when the flow regime is turbulent (Girimaji, 2006). The 
smooth transition of the turbulence model from the RANS method to the DNS method can be realized by changing 
two filtering parameters: the unresolved turbulent kinetic energy term fk and the unresolved turbulent dissipative term 
fε. This paper modifies the standard k-ε model as Partially-Averaged Naiver-Stokes method, and the standard k-ε 
turbulence model is as follows. 
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The turbulent dissipative equation is 
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The variables used in the equations above are defined as follows: 
Μt:  vortice viscosity coefficient, 
ρ: density of the fluid, 
k: the turbulent kinetic energy term, 
ε: turbulent dissipative term, 
Cµ, C1ε, C2ε, and C3ε; the empirical constant; Cµ is 0.09; C1εis 1.44, C2ε is 1.92; and C3εis 0.99, 
Gk: turbulent kinetic energy generation term due to the time-averaged velocity gradient, 
Gb: floatinglLift-induced turbulent kinetic energy generation, 
Sk and Sε: source term,  
σk—k: corresponding Prandtl number；σk for 1.0 
σε—ε: corresponding Prandtl number；σε for 1.3. 

 
With standard k-ε compared with the model and PANS model compared mainly to coefficient C2ε and Prandtl 

number σk, σε revises 
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The model is classified as a RANS model when fk= fε= 1.0. However, as fk decreases gradually, the model 
transients to the DNS model. In this paper, more changes in the flow in the annular gap were captured by PANS 
model which was modified by Software Fluent. PANS model was built for this study based on fluent software for 
more subtle flow field changes. The rotating axis of the inner cylinder is the Z-axis with a stationary outer cylinder. 
The radial temperature gradient is considered in this paper. Therefore, the upper and lower walls are set as static 
insulation surfaces. The temperature of the outer cylinder and the ambient is 24°C while the temperature and speed 
of the inner cylinder, on the other hand, depend on the working condition. 

 
The flow field distribution and heat transfer of two concentric cylinder annuluses were numerically simulated 

by the commercial software ANSYS Fluent15.0. The turbulent Taylor-Couette flow was numerically simulated by 
using a pressure-based semi-implicit solver to obtain the coupling equations of pressure and velocity. SIMPLEC 
algorithm was adopted for the solution method and the second-order upwind scheme for the pressure, turbulent kinetic 
energy, and the turbulence dissipation. QUICK format, on the other hand, was used for the convective terms. 

 

VALIDATION OF NUMERICAL SIMULATION 

Tachibana’s experimental model (Tachibana, 1960) was used in validating the applied PANS model in the 
simulation which is shown in Fig. 3. The radii of the inner and outer cylinders are fixed at 120mm and 160mm, 
respectively, with an axial dimension of 210 mm. The temperature difference between the inner and outer cylinders 
is 20℃ with a working fluid of water. The empirical equation of the averaged Nusselt number is 

2 1/4u 0.42N Ta Pr= （ ） . The formulas of Nusselt number and Taylor number at the inner cylinder are 
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In the formula, h is the overall heat transfer coefficient; h = Q/ΔTλ; d is the annular gap width; A is the inner 
wall surface area; λ is the thermal conductivity of the fluid; ΔT is the temperature difference between the inner and 
outer cylinder surfaces, ΔT = Tin-­Tout; q is Wall heat flux; ν is the dynamic viscosity; vt is the circumferential speed 
of the inner cylinder, and ri is the radius of the inner cylinder. 

 

Figure 3. Simulation mesh model. 
 
The distribution of the averaged Nusselt number at the inner cylinder was observed with varying inner cylinder 

rotating speeds: 100rpm, 200rpm, 300rpm, 400rpm, and 500rpm. The simulation results were compared with the 
experimental results extracted from Tachibana’s study (Tachibana, 1960). It can be understood from Fig. 4 that when 
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Figure 4. Distribution of the averaged Nusselt number at the inner cylinder with different rotating speeds.  
 

RESULTS AND DISCUSSION 

Numerical simulations of fluid flow and heat transport in Taylor-Couette model are conducted in this work with 
the following variety of parameters:    

working fluid: water with constant properties, 
Reynolds number (Re): 2000 ≤ Re ≤ 5000,  
slit width (w): 2.5, 3.75, 5, 6.25, and 7.5 mm,  
number of slits (N) : 6, 9, and 12.   

Results and discussion recorded here highlight the influences of width and numbers of slits at different values 
of Reynolds numbers on thermal characteristics behavior and flow field, with temperature gradient effects taken into 
account and without it. 

 

MEAN ISOTHERMAL FLOW CHARACTERISTICS 

      Figure 5 graphically presents the two-dimensional velocity field distribution with different slit width models 
under the isothermal condition, through constant magnitude of Reynolds number (Reω= 2000), under isothermal 
condition. It was observed that Taylor vortex gradually deforms as the slit width increases. The influence of the fluid 
in the mainstream area in the slit gradually becomes larger and the entire flow field tends to be disordered. To explain 
this phenomenon, the R - Z plane annular middle (R* = 0.5) of the radial velocity distribution in Fig. 6 was extracted. 
The change in the slit width is noted to have an obvious influence on the radial velocity distribution. Also, the radial 
velocity extreme value increases with an increase in the width of the slit resulting in a higher absolute value of positive 
radial velocity than the reverse. The absolute value of the radial velocity is largely related to the slit width increase. 
Subsequently, it is observed that the jet wall strength between the inner and outer walls increases and becomes 
stronger than the reverse. 
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                                                (a)           (b)           (c)            (d)             (e)   

Figure 5. Velocity distribution of different slit width models in the R-Z plane 
 (a) w = 2.5mm; (b) w = 3.75mm; (c) w = 5.0 mm; (d) w = 6.25 mm; (e) w = 7.5 mm. 

 

 
Figure 6. Radial velocity distribution of different slit width models along the axial direction. 

 
The distribution of wall shear stress, turbulence intensity, and radial velocity (R* = 0.5) near the inner cylinder 

surface (R* = 0) of the w = 2.5 mm model are shown in Fig. 7. The velocity periodically changes along the axial 
direction with the maximum radial velocity of the forward direction being greater than the minimum radial velocity 
of the opposite direction. This indicates that turbulent Taylor-Couette flow is the product of the periodic action of the 
strong out wall jet and the weak inflow jet. Also, the turbulence intensity and the wall shear stress at the inner cylinder 
surface are at the minimum in the position of the maximum radial velocity. This is because the area with the largest 
radial velocity exhibits the strongest outflow jet intensity. Hence, there is a tendency to break away from the wall 
surface when the fluid near the inner cylinder is affected by the out wall jet flow. This will cause the wall shear stress 
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exerted on the fluid in the wall surface to become smaller. The kinetic energy of the fluid in the annulus can as well 
be associated with the rotating inner cylinder. When the fluid near the wall surface breaks away from the cylinder, 
the interaction between the cylinder and the fluid lessens. Also, the kinetic energy transmitted from the inner cylinder 
to the fluid near the wall is smaller which implies a smaller turbulent intensity at this position. It can be concluded 
that the rotating cylinder exerts a wall shear stress on the fluid near the cylinder and also transmits kinetic energy to 
the fluid in the annulus through the wall shear stress. 

 
 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 7. Distribution of the wall shear stress, turbulence intensity, and radial velocity along  

the axial direction (Reω= 2000). 
 

 Figure 8 shows the radial velocity at the middle position of the annulus, the turbulence intensity of the fluid 
near the inner cylinder, and the maximum value of the wall shear stress of the five values of Reynolds number 
(Reω=2000, 2884, 3768, and 4682), respectively. The result shows that with an increase in Reynolds number, the 
radial velocity, turbulence intensity, and wall shear stress will increase. Thus, as Reynolds number increases, the 
difference between the individual models gradually increases too. This indicates that when Reynolds number 
increases, the intensity of jet flow between walls becomes higher. Turbulent Taylor vortex is noted to be the mode 
through which the jet kinetic energy is dissipated from a rotating inner wall into the mainstream. Therefore, an 
increase of Reynolds number will enhance the jet vortex, promote the radial movement of fluid in annular, and lead 
to the increase of turbulence intensity in the middle of the ring gap position as well. Similarly, the fluid and wall 
friction near the inner wall intensify, causing an increase in the wall shear force near the liquid. The result shows that 
when Reynolds number increases, the convection intensity between the inner and outer walls becomes stronger. 
Furthermore, an increase of the slit width strengthens the effect of the vortex on the jet flow between the inner and 
outer walls, leading to a gradual impact on the distribution of the convection field. 
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Figure 8. Distribution of radial velocity, shear force, and turbulence intensity at different Reynolds numbers. 
 

SILT NUMBER EFFECT ON ISOTHERMAL FLOW 

Figure 9 shows the velocity vector distribution of the model with the slit width w of 7.5mm and the number of 
slits 6, 9, and 12, respectively, when Reω = 2000. As shown in the figure, when the number of slits increases, both 
the axial size of Taylor vortex in the mainstream area and the near-wall small-scale vortex decrease. Since the wet 
periods of the three models are the same, an increase in the number of slits results in a gradual decrease in the slit 
depth p. The small-scale vortex of the slit area will then have a greater effect on Taylor vortex in the mainstream area 
causing slight turbulence in Taylor vortex. 

 

         (a) N=6                   (b)N=9              (c)N=12 
 

Figure 9. Distribution of velocity vectors with different slit number (Reω= 2000). 
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exerted on the fluid in the wall surface to become smaller. The kinetic energy of the fluid in the annulus can as well 
be associated with the rotating inner cylinder. When the fluid near the wall surface breaks away from the cylinder, 
the interaction between the cylinder and the fluid lessens. Also, the kinetic energy transmitted from the inner cylinder 
to the fluid near the wall is smaller which implies a smaller turbulent intensity at this position. It can be concluded 
that the rotating cylinder exerts a wall shear stress on the fluid near the cylinder and also transmits kinetic energy to 
the fluid in the annulus through the wall shear stress. 

 
 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 7. Distribution of the wall shear stress, turbulence intensity, and radial velocity along  

the axial direction (Reω= 2000). 
 

 Figure 8 shows the radial velocity at the middle position of the annulus, the turbulence intensity of the fluid 
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difference between the individual models gradually increases too. This indicates that when Reynolds number 
increases, the intensity of jet flow between walls becomes higher. Turbulent Taylor vortex is noted to be the mode 
through which the jet kinetic energy is dissipated from a rotating inner wall into the mainstream. Therefore, an 
increase of Reynolds number will enhance the jet vortex, promote the radial movement of fluid in annular, and lead 
to the increase of turbulence intensity in the middle of the ring gap position as well. Similarly, the fluid and wall 
friction near the inner wall intensify, causing an increase in the wall shear force near the liquid. The result shows that 
when Reynolds number increases, the convection intensity between the inner and outer walls becomes stronger. 
Furthermore, an increase of the slit width strengthens the effect of the vortex on the jet flow between the inner and 
outer walls, leading to a gradual impact on the distribution of the convection field. 
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MEAN NON-ISOTHERMAL FLOW CHARACTERISTICS 

Figure10 shows the velocity vector distribution of the R-Z plane for different slit width models with Reω = 2000. 
When the width w of the slit is 2.5mm, Taylor vortex shape in the annulus is more regular. But when the width of the 
slit increases, Taylor vortex gradually deforms, and the result shows a similarity to the isothermal condition. Also, 
when the width of the slit increases, the flow field tends to be disordered. 

 
To analyze the effect of slit width on the distribution of the annular flow field, the vorticity distributions of the 

five model R-Z planes are extracted. As shown in Figure 11, the slit width has a significant influence on the vorticity 
distribution. When the slit width gradually increases, the annulus flow field gradually shifts from a relatively stable 
flow field to a turbulent flow field. Also, when the width of the slit increases, the small-scale vortex strength of the 
slit area rises significantly. The area affected by it thus becomes larger, resulting in a more fluid exchange between 
the mainstream area and the slit area. The main vortex and the small-scale vortex are noted to directly affect each 
other. Hence, in Taylor vortex pair, the size difference between two adjacent vortexes becomes larger with a 
disordered vortex shape as well. 

 
 

 

(a)                   (b)                   (c)                     (d)             (e) 

Figure 10. R-Z plane velocity distribution for different slit width models. 
 

(a) w = 2.5mm; (b) w = 3.75mm; (c) w = 5.0mm ;(d) w = 6.25mm; (e) w = 7.5mm. 
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   (a)   (b)                    (c)              (d)                    (e) 

Figure 11. R-Z plane vorticity distribution in different slit width models.  
 

(a) w = 2.5mm; (b) w = 3.75mm; (c) w = 5.0mm ; (d) w = 6.25mm; (e) w = 7.5mm. 

 

VELOCITY FIELD AND HEAT TRANSFER İN THE SLIT AREA 

Figure 12 shows the velocity and temperature distribution of Taylor vortex in the middle (Z3) slit area. Generally, 
the two extreme regions of temperature are consistent with the two extreme regions of velocity. This indicates that, 
on the left side of the slit, the fluid in the mainstream hits the wall and forms a high-velocity region, resulting in a 
better mixing and heat exchange between the hot and cold fluids. The velocity of the fluid in the slit is gradually 
reduced by the viscous force between the fluid and the friction force of the wall along the rotation direction of the 
vortex thus forming a low-velocity area on the right wall of the slit. Fluid velocity in the region is low and the inter-
fluid mixing effect is also weakened due to the mixing and heat exchange between the fluids before. As a result, the 
temperature of the hot fluid gradually decreases and approaches to the temperature of the cold fluid. The temperature 
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temperature field in the slit area is the same. In conclusion, the mixing effect and the heat exchange between the hot 
and cold fluid on the left area of the slit are more severe. This is because the temperature difference and the fluid flow 
velocity between the fluid and the wall are high. 
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slit area rises significantly. The area affected by it thus becomes larger, resulting in a more fluid exchange between 
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Figure 10. R-Z plane velocity distribution for different slit width models. 
 

(a) w = 2.5mm; (b) w = 3.75mm; (c) w = 5.0mm ;(d) w = 6.25mm; (e) w = 7.5mm. 
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Figure 12. Distribution of temperature and velocity fields in the silt area  

(Reω= 2000; w= 2.5mm). 
 
To further analyze the effect of slit width on the formation of small-scale vortices and their strength, the velocity 

vector and velocity distribution of Taylor's vortex center position (Z3) were extracted. As shown in Fig. 13, when the 
fluid in the mainstream region passes through the slit region, it is affected by the inertial force and boundary layer 
detachment. This causes the fluid to hit the left wall of the slit to form a small-scale vortex which is consistent with 
the results under isothermal conditions. Under the influence of the viscous force between the fluids and the shear 
force generated by the relative motion of the fluid and the wall surface, the fluid velocity gradually decreases along 
the swirling direction of the vortex. and a low-velocity region appears. The small-scale vortex energy in the slit area 
promotes the fluid exchange between the mainstream area and the slit area. Therefore, when the area with low-
velocity value is large, the exchange effect between the mainstream and the fluid in the slit becomes weak.  

 
According to the conclusion in Figure 12, with a higher speed within the slit area, the mixing effect between the 

hot and cold fluids and the heat exchange are more severe when compared with the distribution of the velocity field 
of each model in Figure 13. It is found that when the slit width increases, the area with low velocity decreases 
significantly which is an indication that the heat transfer effect of the fluid in the slit area of the model w = 7.5 mm 
is the best. 

 

SLIT WALL EFFECT ON WALL SHEAR STRESS AND HEAT FLUX 

In order to further explain the phenomenon that the velocity of the w = 7.5 mm model is significantly higher in 
the slit area, the distribution of shear forces on the wall 0-1 wall surface of the slit of different models is extracted, as 
shown in Figure 14. The shear force initially shows an increasing trend and later decreases rapidly after reaching the 
maximum value. At the same time, when the width of the slit increases, the shear force exerted on the fluid in the 
wall area gradually increases. When extreme point appears at a deeper position in the slit, the slit depth p is larger. 
With the increase of the width of the slit, the increasing trend of the shear force gradually becomes smaller. According 
to the previous analysis, the fluid in the mainstream region hits the left side of the slit to form a small-scale vortex 
under the influence of the inertial force and the delamination of the boundary layer which shows an increasing trend 
in shear force. The largest shear force is the point that the mainstream impacts the slit wall. Due to the influence of 
both frictions between the fluid and the wall and the fluid, the velocity gradually decreases along the rotation direction 
of the vortex. The results show that the fluid has a tendency to flow to the slit while continuing to maintain the 
circumferential movement due to the inertia force and the detachment of the boundary layer. 
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          (a)                 (b) 

 
        (c)                                                           (d) 

 
 (e)                                         (f) 

Figure 13. Distribution of the velocity field in the slit area (a) w = 2.5 mm; (b) w = 3.75 mm; (c) w = 5.0 mm; 
(d) w = 6.25 mm; (e) w = 7.5 mm; (f) slit flow field diagram. 
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Figure 12. Distribution of temperature and velocity fields in the silt area  

(Reω= 2000; w= 2.5mm). 
 
To further analyze the effect of slit width on the formation of small-scale vortices and their strength, the velocity 

vector and velocity distribution of Taylor's vortex center position (Z3) were extracted. As shown in Fig. 13, when the 
fluid in the mainstream region passes through the slit region, it is affected by the inertial force and boundary layer 
detachment. This causes the fluid to hit the left wall of the slit to form a small-scale vortex which is consistent with 
the results under isothermal conditions. Under the influence of the viscous force between the fluids and the shear 
force generated by the relative motion of the fluid and the wall surface, the fluid velocity gradually decreases along 
the swirling direction of the vortex. and a low-velocity region appears. The small-scale vortex energy in the slit area 
promotes the fluid exchange between the mainstream area and the slit area. Therefore, when the area with low-
velocity value is large, the exchange effect between the mainstream and the fluid in the slit becomes weak.  

 
According to the conclusion in Figure 12, with a higher speed within the slit area, the mixing effect between the 

hot and cold fluids and the heat exchange are more severe when compared with the distribution of the velocity field 
of each model in Figure 13. It is found that when the slit width increases, the area with low velocity decreases 
significantly which is an indication that the heat transfer effect of the fluid in the slit area of the model w = 7.5 mm 
is the best. 
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In order to further explain the phenomenon that the velocity of the w = 7.5 mm model is significantly higher in 
the slit area, the distribution of shear forces on the wall 0-1 wall surface of the slit of different models is extracted, as 
shown in Figure 14. The shear force initially shows an increasing trend and later decreases rapidly after reaching the 
maximum value. At the same time, when the width of the slit increases, the shear force exerted on the fluid in the 
wall area gradually increases. When extreme point appears at a deeper position in the slit, the slit depth p is larger. 
With the increase of the width of the slit, the increasing trend of the shear force gradually becomes smaller. According 
to the previous analysis, the fluid in the mainstream region hits the left side of the slit to form a small-scale vortex 
under the influence of the inertial force and the delamination of the boundary layer which shows an increasing trend 
in shear force. The largest shear force is the point that the mainstream impacts the slit wall. Due to the influence of 
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of the vortex. The results show that the fluid has a tendency to flow to the slit while continuing to maintain the 
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Figure15 shows the distribution of radial velocity, inner wall shear force, and maximum heat flux density for 
different slit width models at rotational Reynolds number Reω of 2000, 2884, 3768, and 4682, respectively. When 
Reynolds number increases, the radial velocity in the middle of the annulus, the shearing force of the inner wall 
surface, and the maximum heat flux density tend to increase. Consequently, when Reynolds number increases, the 
difference between the three quantities gradually becomes larger. Similarly, at different Reynolds numbers, the three 
physical quantities increase as the width of the slit increases since the maximum value of radial velocity and heat flux 
is the strongest at the region of the outer jet. The radial motion of the fluid also promotes thermal convection between 
the inner and outer walls. The stronger the convection force between the inner and outer walls, the greater the shear 
force between the fluid and the wall, and the better the heat transfer effect of the model. 

 

 
Figure 14. Distribution of shear force on wall surface impacted by slit width  

(Reω= 2000; ΔT = 2℃). 
 

In summary, the increase in the rotational speed of the inner wall surface will make the jet action between the 
inner and outer wall surfaces stronger, resulting in a stronger convection strength of the model and an enhanced heat 
transfer effect of the model. Also, the heat transfer capacity of the model gradually becomes stronger at a certain 
range with an increase in the width of the slit. 

 

SLIT NUMBER EFFECT ON WALL SHEAR STRESS AND HEAT FLUX 

       To further study the effect of the number of slits on the external wall shear force, the wall shear force 
distributions of the three models (N = 6 , 9, and 12 slit) hitting the wall surface were examined. As shown in Figure 
16, when the number of slits increases, the position of the impact point on the impact wall surface becomes shallow, 
and the extreme value of the wall surface shear force becomes large. This is because when the number of slits 
increases, the small-scale vortices in the slit region are pressed in the radial direction, causing the collision point to 
gradually advance.  
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Figure 15. Distribution of physical quantities at different Reynolds numbers. 

 
When the impact point moves forward, the distance where the fluid in the mainstream region moves to the 

position of the impact point becomes shorter causing the velocity loss of the fluid to be smaller. Therefore, the shear 
force exerted by the fluid on the wall surface becomes large. The depth of the slit also becomes shallow as a result of 
the fluid loss due to the viscous force and the friction force decrease after the fluid moves against the wall surface. 
The higher the speed of the slit area, the better the heat transfer capacity of the model. Therefore, increasing the 
number of slits within a certain range can enhance the heat transfer performance of the model. 

 
Figure 16. Distribution of wall shear force of different slit number models 
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Figure15 shows the distribution of radial velocity, inner wall shear force, and maximum heat flux density for 
different slit width models at rotational Reynolds number Reω of 2000, 2884, 3768, and 4682, respectively. When 
Reynolds number increases, the radial velocity in the middle of the annulus, the shearing force of the inner wall 
surface, and the maximum heat flux density tend to increase. Consequently, when Reynolds number increases, the 
difference between the three quantities gradually becomes larger. Similarly, at different Reynolds numbers, the three 
physical quantities increase as the width of the slit increases since the maximum value of radial velocity and heat flux 
is the strongest at the region of the outer jet. The radial motion of the fluid also promotes thermal convection between 
the inner and outer walls. The stronger the convection force between the inner and outer walls, the greater the shear 
force between the fluid and the wall, and the better the heat transfer effect of the model. 

 

 
Figure 14. Distribution of shear force on wall surface impacted by slit width  

(Reω= 2000; ΔT = 2℃). 
 

In summary, the increase in the rotational speed of the inner wall surface will make the jet action between the 
inner and outer wall surfaces stronger, resulting in a stronger convection strength of the model and an enhanced heat 
transfer effect of the model. Also, the heat transfer capacity of the model gradually becomes stronger at a certain 
range with an increase in the width of the slit. 
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       To further study the effect of the number of slits on the external wall shear force, the wall shear force 
distributions of the three models (N = 6 , 9, and 12 slit) hitting the wall surface were examined. As shown in Figure 
16, when the number of slits increases, the position of the impact point on the impact wall surface becomes shallow, 
and the extreme value of the wall surface shear force becomes large. This is because when the number of slits 
increases, the small-scale vortices in the slit region are pressed in the radial direction, causing the collision point to 
gradually advance.  
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Figure 17. Distribution of physical quantities in different slit number models. 
 
Figure17 shows the physical quantity distribution of each slit number model at different Reynolds numbers. 

When the number of slits increases, the radial velocity, the internal wall surface shear force, and the maximum value 
of heat flux increase too. Also, when Reynolds number increases, the difference between the physical quantities 
increases. The increase in the number of slits only changes the location of the impact point and the fluid loss distance. 
Compared with the fluid loss caused by friction and viscous forces, the influence of mainstream fluid on the fluid in 
the slit is more obvious. 

 

AVERAGE NUSSELT NUMBER 

      To further study the heat transfer performance of each model, the average Nusselt number (Nu
—

) distribution 
on the inner wall surface is obtained when different Reynolds numbers are extracted. The average Nusselt number 
on the inner wall surface of the slit model is defined as 

 

2 hq DNu
T λ
⋅

=
Δ ⋅

—
—

 
 (10) 

q is the average heat flux of the inner wall surface; Dh is the equivalent diameter of the model; ΔT is the 
temperature difference between the inner and outer walls; and λ is the thermal conductivity of the annulus fluid. As 
shown in Figure 18, Reynolds number is directly proportional to Nusselt number of different models. The results 
show that the heat transfer capacity of the model increases when Reynolds number increases. Also, the effect of the 
slit width on the heat transfer capacity of the model gradually becomes larger. The model of slit width is 7.5 mm and 
it is noted to have the best heat transfer performance among the five models. 

 
Figure19 shows the average Nusselt number distribution on the inner wall surface of each slit model at different 

Reynolds numbers. As shown in the figure, an increase in the number of slits is directly related to the average Nusselt 
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number which causes the heat transfer performance of the model to increase too. Figure 19 is noted to be similar to 
Figure 18. As the difference in Nusselt number of different slit number models increases, the Reynolds number 
increases as well. The result shows that the increase in the number of slits within a certain range can improve the heat 
transfer performance of the model. Reynolds number has less effect on the heat transfer performance of the model at 
a higher number. Moreover, the heat transfer performance of the model becomes greater due to the influence of the 
slit wall geometry. 

 
Figure 18. Nusselt number distribution in different slit width models. 

 

 

Figure 19. Average Nusselt number distribution on the inner wall surface of the different number of silts. 
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Figure 17. Distribution of physical quantities in different slit number models. 
 
Figure17 shows the physical quantity distribution of each slit number model at different Reynolds numbers. 

When the number of slits increases, the radial velocity, the internal wall surface shear force, and the maximum value 
of heat flux increase too. Also, when Reynolds number increases, the difference between the physical quantities 
increases. The increase in the number of slits only changes the location of the impact point and the fluid loss distance. 
Compared with the fluid loss caused by friction and viscous forces, the influence of mainstream fluid on the fluid in 
the slit is more obvious. 

 

AVERAGE NUSSELT NUMBER 

      To further study the heat transfer performance of each model, the average Nusselt number (Nu
—

) distribution 
on the inner wall surface is obtained when different Reynolds numbers are extracted. The average Nusselt number 
on the inner wall surface of the slit model is defined as 

 

2 hq DNu
T λ
⋅

=
Δ ⋅

—
—

 
 (10) 

q is the average heat flux of the inner wall surface; Dh is the equivalent diameter of the model; ΔT is the 
temperature difference between the inner and outer walls; and λ is the thermal conductivity of the annulus fluid. As 
shown in Figure 18, Reynolds number is directly proportional to Nusselt number of different models. The results 
show that the heat transfer capacity of the model increases when Reynolds number increases. Also, the effect of the 
slit width on the heat transfer capacity of the model gradually becomes larger. The model of slit width is 7.5 mm and 
it is noted to have the best heat transfer performance among the five models. 

 
Figure19 shows the average Nusselt number distribution on the inner wall surface of each slit model at different 

Reynolds numbers. As shown in the figure, an increase in the number of slits is directly related to the average Nusselt 
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CONCLUSION
 The influence of slit number and width on the distribution of flow field and heat transfer characteristics in the 

annulus under different working conditions was studied, and it was concluded by highlighting the following 
conclusions after comparing the calculation results of different silt wall models.  

 
The flow field in a turbulent Taylor-Couette flow, shear force, turbulent intensity, and radial velocity all showed 

periodic fluctuations. When fluid in the mainstream region passes through the slit region, under the influence of wall 
impact and inertial force, a small-scale vortex is formed in the slit region. The vortex energy hence promotes the fluid 
exchange between the ring gap and the slit region. With an increase in both the number and width of slits, the 
convection strength between the inner and outer walls is noticed to have increased.   Besides, an increase in Reynolds 
number impacts the slit wall structure significantly influencing the flow field distribution and the heat transfer 
performance of the model.  

 
Furthermore, an increase in the slit width enhanced the heat transfer capacity of the model due to its effect 

causing the fluid in the mainstream area to become larger while the position of the impact point becomes shallower. 
Also, an increase in the number of slits significantly enhanced the heat transfer capacity of the model due to the 
shallower impact point and the smaller fluid losses due to viscous forces and friction forces. In conclusion, the number 
and width of slits were both noted to be directly related to the effect on the flow field distribution and heat transfer 
performance. However, the effect of slit width was more obvious. 
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