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 Abstract: Due to the rapid minimization of electronic gadgets, a significant amount of heat is 
generated in the electric parts and it becomes a serious concern. Hence, it is necessary to 
minimize heat to get better performance of the equipment. A numerical investigation is 
conducted to observe the effect of convective heat transfer enhancement for rectangular 
shaped pin fin heatsinks. Different shapes of holes in fins and different heights of bulges are 
added to create more surface area to reduce the excess heat for better performance. The 
addition of bulge is the novelty of the present work. Hence, a passive cooling technique and 
staggered arrangement of pin fin have been proposed for a better flow characteristic and heat 
transfer performance. To predict the turbulent flow parameters, working fluid is modeled 
using Navier-Stokes’s equations and RANS-based k-ε turbulent model. The research is carried 
out utilizing CFD software (COMSOL Multiphysics 5.4) based on the FEM for turbulent flow 
region. The numerical results show that rectangular-shaped elliptical perforated with a bulge 
height of 4.5 mm pin fin heatsink, ensuring the highest hydro-thermal performance factor of 
1.262 to 1.297 which shows the improvement of around 26% to 29% when compared to 
previous findings.  
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1. Introduction 

In recent years, the advances in electronic devices having 
high power result in an excessive heat production issue. Due 
to the Joule impact's, the excessive heat should be taken 
out from the chip to keep an efficient performance of these 
electronic devices without compromising the price. 
Additionally, the breakdown pace of electronic parts 
increments significantly with the increase of temperature 
within the parts. Likewise, the high heat causes breakdown 
in the bind joints of electronic chips mounted on the circuit 
board due to excessive temperature variation (Cengel & 
Heat, 2003). Heatsinks play a crucial part in hardware by 
cooling optoelectronic gadgets such as higher-power lasers 

and light-producing diodes (LEDs) (Oberoi, 2011; Patel & 
Matawala, 2019). There are countless test, hypothetical, 
and mathematical examinations have been done about 
heatsink with heat transfer enhancement. (Soodphakdee, 
Behnia, & Copeland, 2001) conducted an experimental 
study and determined the heat transfer of various regularly 
utilized practical pin fin configurations to limit heat 
obstruction at restricted airspeeds and pressure drops. 
They considered plate fins and pin balances of round, 
square, and circular, and they placed the fins in inline and 
staggered exhibits. A round exhibit of 1 mm distance across 
pinfins with a 2 mm pitch was picked for the CFD simulation. 
To provide a similar wetted zone for every unit volume, the 
pitch was fixed. The speed of the air was from 0.5 ms-1 to 5 
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ms-1. They discovered that the staggered cases had better 
heat transfer enhancement and lower pressure than the 
inline ones. Another study (Sahiti, Durst, & Geremia, 2007) 
reported that the curved cross-segments offer the best 
performance. (Chamoli, Chauhan, & Thakur, 2011) studied 
the heat transfer and friction loss characteristics in a 
horizontal rectangular channel attached with a circular 
profile fin. The Reynolds number varied from 5000 to 
30000., They studied round profile fin of 5 cm in height and 
a wide of 2 cm. Reynolds number, fin arrangement, and fin 
pitch were the considered parameters in their study. The k-
ε model was chosen for the simulation as Reynolds number 
is higher than 2300. (Yousfi, Sahel, & Mellal, 2019) 
considered the pyramid shape pin fin where they fluctuate 
the proportion of the pyramid from 0 to 1. From available 
literatures (Maji, Bhanja, & Patowari, 2017; Maji, Bhanja, 
Patowari, & Kundu, 2019; Shaeri & Yaghoubi, 2009; Velayati 
& Yaghoubi, 2005) and others on, a colossal number of 
trials, hypothetical, and mathematical examinations 
concerning heat transfer improvement with a modest 
amount of pressure drop in the heatsink have been done. 
Furthermore, to compare the outcome, they additionally 
planned for three different shaped pinfins. They supported 
the results depending on the simulation (COMSOL 
Multiphysics 5.4) carried out for Reynolds numbers ranging 
from 8547 to 21367. They found that for ROP= 1, 
rectangular pin shows the most impressive performance. 
Also, from available literatures (Chin, Foo, Lai, & Yong, 2013; 
Maji et al., 2017; Maji et al., 2019; Maradiya, Vadher, & 
Agarwal, 2018; Mohammed, Gunnasegaran, & Shuaib, 
2011; Shaeri & Yaghoubi, 2009) and others on, heat transfer 
improvement with a modest amount of pressure drop was 
observed during the implementation of the various 
heatsink. Absurd heat from microelectronic parts is major 
for discarding to manufacture the framework's 
dependability (Ismail, 2013). To improve the cooling 
execution of the heatsink, holes, for example, tiny channels 
of square and roundabout cross-areas, are orchestrated 
alongside fin’s length (Ismail, Reza, Zobaer, & Ali, 2013). The 
convective heat transfer is higher in perforated pin (Baqir, 
Qasim, & Adnan, 2014). One of the best ways to cool the 
surface is to arrange the perforated pin fin by staggered 
arrangement on the heatsink base (Ali & Arshad, 2017; 
Bilen, Akyol, & Yapici, 2001; Sparrow, Ramsey, & Altemani, 
1980). The mathematical and operational boundaries are 
vital to their cooling execution as heatsinks works in viable 
applications. (Subramanyam & Crowe, 2000; Yang, 
Soodphakdee, & Behnia, 2002) reasoned that CFD-based 

methodology gives outstanding and reliable data on the 
performance analysis of heat sinks. The perforation in the 
pinfins is another design that assists with the decreasing of 
the stagnated zones of flow behind the pins and therefore 
enhances the heat transfer co-efficients (Al-Damook, 
Summers, Kapur, & Thompson, 2016a, 2016b; Al-Sallami, 
Al-Damook, & Thompson, 2017). Accordingly, compared 
with the traditional heatsinks, bulges on the heatsink 
surface can create a significant improvement in the 
hydrothermal performance of heatsinks (Qi, Zhao, Cui, 
Chen, & Hu, 2018; Zhao, Guo, Qi, Chen, & Cui, 2019).  

In this study, the effects of differently shaped perforated pin 
fin heatsinks with and without bulges of different heights 
are analyzed to improve the performance of the pin fin 
heatsinks. Incompressible air is used as a working fluid. To 
predict the turbulent flow parameters, working fluid is 
modeled using the Navier-Stokes’s equations and RANS 
based k-ε turbulent model. The k-ε model was chosen for 
the simulation as Reynolds number is higher than 2300 as 
similar to (Chamoli, Chauhan, & Thakur, 2011) and (Yousfi, 
Sahel, & Mellal, 2019). The investigations are achieved using 
CFD based FEM solver for the Reynolds number ranging 
from 8547 to 21367. The newly improved design can be 
easily understandable when comparing the HTPF with the 
recent journal (Yousfi, Sahel, & Mellal, 2019). The standard 
k-ε also presents a robust model from the literature (Kakaç, 
Shah, & Aung, 1987; Yousfi et al., 2019). 

2. Problem Description 

In the present study, the computational model dimensions 
(length, width and height of the heatsink and pin fin) as well 
as the material were taken from (Yousfi, Sahel, & Mellal, 
2019). On the other hand, the present work designs the 
dimensions of the different shapes of perforation and 
bulges. For material, aluminium is utilized to construct the 
rectangular shape pin fin heatsink, because it is the second 
most malleable metal and the sixth most ductile material. 
Moreover, it has low density, nontoxic, has a high thermal 
conductivity, has excellent corrosion resistance and can be 
easily cast, machined and formed. In Fig. 1, the distinctive 
heatsink setups present the base-plate having dimensions 
WC × LC (100 mm × 100 mm). On the base plate, a rectangular 
shape of pin fin was taken. The rectangular shape fins 
having measurements Wf × Lf which is illustrated in Fig. 2(a). 

From Fig. 2(b-e), four distinct variations of the perforations 
(rectangular, circular, hexagonal and elliptical) are 
considered with the same peripheral areas. Every one of the 
outskirts  is  put  the  same  as  rectangular  (Wp × Lp).  From 
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Fig. 1. Schematic diagram of the computational domain. 

 

Fig. 2. (a) Rectangular pin fin, (b) rectangular perforation, 
(c) circular perforation with bulge height of 1.5 mm,                
(d) elliptical perforation with bulge height of 3 mm,          

(e) hexagonal perforation with a bulge height of 4.5 mm. 

Fig. 2(c-e), three distinct heights (1.5 mm, 3 mm and 4.5 
mm) of bulges over the base plate of heatsinks are 
considered. The distance between the center to center of 
the pinfins is pitch length (SL). The pin fins are arranged in a 
staggered arrangement over the base plate for all the 
configurations and taken ST as the transverse pitch length. 
The heatsink is placed into the center of a rectangular 
computational domain having dimensions Wd × Ld which is 
illustrated in Fig. 1. Dimensions of pin fin heatsinks 
configurations are given in Table 1. 

Table 1. Dimensions of pinfin heatsinks configurations. 

H (mm) Hp (mm) Wd (mm) Ld  (mm) Wf (mm) Lf  (mm) 

5 50 100 240 8 16 

      

Wp (mm) Lp (mm) SL  (mm) ST  (mm) t    (mm)  

2.5 4 25 25 3  

2.1 Governing Equations 

In CFD simulation continuity, momentum, and energy 
equations are applied to govern the turbulent flow, 
incompressible air flow, and heat transfer through the pin 
fin heat sink. At steady-state conditions, the governing 
equations are disclosed as follow- 

Continuity equation,  

  (1) 

Momentum equations, X-Momentum: 

 (2) 

Y-Momentum: 

 (3) 

Z-Momentum: 

 (4) 

Energy equation: 

 (5) 

For the present simulation, the k–ε standard turbulence 
model is utilized. This model is used mainly in writing to 
foresee the violent streams in channel-fitted impediments 
(Sahel, Ameur, Benzeguir, & Kamla, 2016) as similar to the 
calculations investigated in the current investigation. The k–
ε standard model depends on the energy scattering ε, Eq. 
(6) and the fierce motor energy, k Eq. (7).  

 (6) 

 (7) 

where the production term is given Eq. (8) as follow: 

 (8) 

The turbulent viscosity is modeled in Eq. (9) as: 

 (9) 

The empirical constants for the standard k–ε model are 
given as follow (Eq. (10)), 

 (10) 
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where, 𝑃ூ௡ is the inlet pressure and 𝑃ை௨௧  is the outlet 
pressure of the channel. The thermal resistance (𝑅௧௛) in Eq. 
(11) is calculated as follow (Yousfi et al., 2019): 

 (11) 

where, Tw and Tin are the average wall temperature and air 
inlet temperature respectively. Besides, 𝑞ᇱᇱ is the heat flux 
applied to the base plate. The Reynolds number (Re) is 
expressed in Eq. (12) as (Yousfi et al., 2019)   

 (12) 

where, 𝜌
஺௜௥

 is the density of air, 𝐷௛  is the hydraulic diameter 
of the channel, 𝜇஺௜௥  and 𝜐 are the dynamic viscosity of air 
and the mean air inlet velocity, respectively.  

Nusselt number (Nu) is considered to determine the 
convection heat transfer coefficient inside the channel 
given in Eq. (13) (Yousfi et al., 2019): 

 (13) 

where, 𝑇ூ௡ , 𝑇ை௨௧  and 𝑇ௐ are the temperature of airflow at 
the inlet, the outlet of the channel, and the mean 
temperature of the heated surface, which is in contact with 
the airflow. The  𝑞ᇱᇱ is the heat flux, which is kept as 5903 
Wm-2 consistent with previous work (Chin et al., 2013; 
Yousfi et al., 2019). 

The effectiveness of the designed fins for improving the 
heat transfer enhancement can be assessed by the hydro-
thermal performance factor (HTPF) which is the ratio of the 
relative effect of change in Nusselt number to the change in 
pressure drop. Hydro-Thermal Performance Factor (HTPF) 
presented in Eq. (14) (Yousfi et al., 2019) is considered as 
the key parameter to evaluate the overall performance of 
the newly designed pin fin heatsinks. It gives an evaluation 
of heat transfer with the expense of pressure drop. 

 (14) 

3. Numerical Model  

3.1 Boundary Condition 

In CFD, the discretized governing equations are solved 
iteratively with the incorporation of appropriate Boundary 
conditions. Different Boundary conditions used for the 
present analysis are given below as shown in Table 2.  

Table 2. Boundary conditions for the computational domain. 

Boundary Name Condition 

Inlet Momentum Energy 

Fully Developed velocity 
at inlet, u (𝑚𝑠ିଵ) 

Room Temperature, 
𝑇 ூ௡ = 293.15 𝐾 

Wall No slip Adiabatic 

Outlet Pressure, 𝑃ை௨௧ = 0.00 Pa 

Turbulent Model 𝑘 − 𝜀 model 

Coolant Air (incompressible fluid) 

Material Aluminum A5083 (Thermal Conductivity, 𝑘௠ =
 167 𝑊𝑚ିଵ𝐾ିଵ) 

Heat sink Heat Flux, 𝑞ᇱᇱ= 5903 𝑊𝑚ିଶ 

 

3.2 Mesh selection and solver settings 

COMSOL Multiphysics 5.4, a commercial FEM solver is used 
to run the simulations for the present investigation. After 
the import of variously modeled heat sink from CAD 
software, the whole computational domain is meshed by 
exploiting the tetrahedral network option from the solver 
as shown in Fig. 3. The total number of elements are 
considered as1873367, 2150870, 2674966, 3171664 to run 
the grid independency test Simulations are tried for 
rectangular perforated pin fins with these number of mesh 
elements, where the deviation of the results of temperature 
gradient magnitude was found to be less than 0.012% 
between the 3000000 and 3200000 mesh elements as 
shown in Fig. 4.  

To solve the governing equation, the segregated solvers 
with the Generalized Minimal Residual (GMRES) iterative 
methods are applied. A number of 20 and 0.01 factor error 
and tolerance are used respectively. In order to accelerate 
the process, the geometric multi-grid solver is used with the 
pre-conditioner Parallel Sparse Direct Linear Solver 
(PARDISO).  The  simulations  ran  on PC-i7 with a computer 

 

Fig. 3. Sample meshing of the domain. 
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Fig. 4. Grid independence test. 

chip frequency of 4.1, and a RAM of 16GB. A standard 
running time for the estimation of an arbitrary case is 
around seven hours to seventeen hours based on different 
geometry. 

4. Results  

4.1 Validation of the Numerical Model 

After the mesh independency test, the present scheme is 
well validated with respect to previous literature. The heat 
transfer and flow behaviors are analogized with previous 
numerical work (Yousfi et al., 2019). The current 
investigation plots the results of Nusselt number and 
pressure drop for square and rectangular shape pin fin 
heatsinks with the same geometrical and thermophysical 
properties of Yousfi et al., 2019 as shown in Figs. 5 and 6.  

Both of the considered figures show a favorable agreement 
between the present numerical results and the considered 
literature (Yousfi et al., 2019) results. The Nusselt number 
(Nu)  deviation  is  found  to  be  varied  between  0.69%  to 

 
Fig. 5. Comparison of Nusselt number (Nu) results. 

 
Fig. 6. Comparison of pressure drop (∆𝑃) results. 

 6.88% for square and rectangular shape pin fin heatsink. 
Hence, the present numerical scheme is a well reasonable 
presentation of an earlier numerical work of (Yousfi et al., 
2019) indicating the relevance of the present model.  

4.2 Effect of Reynolds Number (Re) on heat transfer 

From Fig. 7, it is quite noticeable that increasing the 
Reynolds number enhances the heat transfer. The highly 
concentrated heated zone (yellow region) is observed at Re 
= 8547 as shown in Fig. 7. As Reynolds number gradually 
increases from 8547, the yellow regions shift to a more 
intense color region of lower temperature for subsequent 
all the Reynolds numbers as observed from Fig. 7 (Re=12830 
to Re=21367). The lowest average temperature for heatsink 
fin combination is observed for Re=21367, indicating the 
higher the turbulence effect, the higher the mixing resulting 
better heat transfer performance. 

 

Fig. 7. 3D temperature contour plots for different Reynolds 
number of perforated rectangular shape pin fin heatsink. 
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Fig. 8. 3D velocity magnitude contour plots for different 
Reynolds numbers of perforated rectangular shape pin fin 

heatsink. 

From the velocity magnitude contour plots (Fig. 8), it is 
comprehensible that the establishment of recirculation 
zones (blue color) of the pin fins airflow downstream 
appears for all the cases. But, these zones (blue colour) 
begin to disappear following the increase of Reynolds 
number ranging from 8547 to 21367.On the other hand, the 
reattachment zones (red colour) begin to appear according 
to the increase of Reynolds number from 8547 to 21367. 
However, highest velocity area is observed for higher 
Reynolds numbers (for Re=17145, yellow color and for 
Re=21367, red color). 

4.3 Effect of Perforation shape on heat transfer 

The temperature distribution for 4-different perforation 
shapes has been illustrated in Fig. 9. In Fig. 9, the density of  

 

Fig. 9. 2D temperature contour plots (at X=50.01 mm from 
YZ plane) for (a) circular, (b) elliptical, (c) hexagonal, (d) 

rectangular perforated pin fin heatsink at Re=21367. 

the yellow region is changing slightly for different shapes of 
perforations. The heat transfer is maximum for circular and 
elliptical perforations, though the circular perforations are 
marginally better. The base-plate temperature for circular 
and elliptical shapes perforated heatsinks are around 303 K 
to 305 K, and the pin fin temperature varies from 298 K to 
301 K. Moreover, for rectangular and hexagonal shaped 
perforated heatsinks, the temperature of base-plates is 
around 308 K to 310 K and 307 K to 309 K respectively, and 
the circular and elliptical perforated pin fin heatsinks 
temperature varies from 299 K to 302 K and from 299 K to 
301 K respectively. 

4.4 Effect of Bulges on heat transfer 

Increasing the bulge height and area as shown in Figs. 10-
12, flow pattern through the interspace of the pin fin 
changes that creates a more favorable condition for the 
enhancement of heat transfer. In Fig. 10(b), where bulge 
height is 1.5 mm, flow is taking a diverging route after 
passing the bulges. 

 

Fig. 10. (a) Streamline plots for 1.5 mm bulge height, (b) 
entry region, (c) end region. 

 
  Fig. 11. (a) Streamline plots for 3 mm bulge height, (b) 

entry region, (c) end region. 
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Figure 12. (a) Streamline plots for 4.5 mm bulge height, (b) 

entry region, (c) end region. 

Hence, heat transfer contact area decreases, reducing heat 
transfer compared to h=4.5 mm (Fig. 12(b)) where the 
increased bulge height and surface area directs the flow to 
a converging route towards the next array of fin of the 
heatsink causing higher frontal area contact and thereby 
enhances the heat transfer. From Fig. 10(c)-12(c), it is 
understandable that by increasing the bulge height and 
surface area; there are more vortexes at the end of the 
array of the fin. This vortex plays a vital role in mixing the 
fluid with the last array of fin before leaving the domain. 
Hence, subsequent heat transfer is possible due to this end 
mixing mechanism. However, the pressure differences are 
also higher for bulges compared to ones without bulges. 
Hence, more pumping power is required thereby affecting 
the overall performance. 

4.5 Effect of Reynolds number on Nusselt number 

From Fig. 13, the Nusselt number rises almost linearly with 
the increment of the Reynolds number for all the 
configurations, the rectangular shaped elliptical perforation 
pin fin heatsinks with a bulge height of 4.5 mm has the 
maximum Nusselt number compared to all other cases. 
However, the calculated enhancement of Nu is 24.6% at 
Re=8547 and 26.6% at Re=21367 compared to the 
corresponding rectangular shaped fin respectively. 
However, the rate of increment of heat transfer is also 
higher at a higher Reynolds number.   

4.6 Effect of Reynolds number on HTPF 

Fig. 14 shows that the HTPF values are increasing with the 
increase of Re number. The HTPF evaluated from eq. (14) 
has unit value for the solid rectangular pin fin heatsink 
design which is our baseline case adopted from the previous 
literature (Yousfi et al., 2019). However, from Fig. 14, the 
rectangular  pin  fin   elliptical  perforation  bulge  height  of  

 

Fig. 13. Variation of Nusselt number (Nu) with Reynolds 
number (Re) for different cases. 

 

Fig. 14. Variation of HTPF with Reyolds number (Re) for 
different cases. 

4.5mm depicts the highest value of HTPF for higher 
Reynolds numbers.  So, for the present study, the 
rectangular pin fin elliptical perforation bulge height of 4.5 
mm merits to consider in the future CPU heatsink design. 

4.7 Effect of Thermal resistance on Pressure drop 

Thermal resistance is the ratio of the temperature 
difference between two surfaces to the heat flow rate per 
unit area. On the other hand, the larger the pressure loss, 
the larger the heat flow and the lower the thermal 
resistance. In Fig. 15, it is observed that thermal resistance  
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Fig. 15. Variation of thermal resistance (𝑅௧௛) with pressure 
drop (ΔP) for different cases. 

is decreasing by the increasing of the pressure drop. It is 
known that thermal resistance is inversely proportional to 
heat transfer, and on the other hand, HTPF is dependent on 
pressure drop. A higher-pressure drop is the reason for 
lower HTPF. Also, the pressure drop is lower for the 
rectangular shaped circular perforation pin fin heatsinks 
compared to the other cases. Again, for thermal resistance, 
rectangular pin elliptical perforation with 4.5 mm bulge pin 
fin has lower values compared to others. If hydro-thermal 
performance factor (HTPF) is considered as the high priority 
in heatsink design, then rectangular pin elliptical 
perforation bulge 4.5 mm pin fin heatsink would be the best 
possible design under the present consideration. 

5. Conclusion 

In the present study, 3D CFD simulations are performed in a 
fully developed steady-state condition where the fluid flow 
is in turbulent condition. Nusselt number, pressure drop, 
thermal resistance, as well as HTPF are compared with 
various design geometries of staggered fin arrangement. 
The perforation and bulges on the base plate of the 
heatsinks alters the flow pattern around the pinfins of the 
heatsink and hence the obtained results clarify the 
enhancement in both the thermal and hydrothermal 
performance of the heatsinks. Rectangular shaped elliptical 
perforation with a bulge height of 4.5 mm ensures the 
highest possible HTPF. HTPF increases around 26.24% to 
29.7% by changing the Reynolds number from 8547 to 
21367. From the present study, the obtained Nusselt 
number (1677.2434) at Re=21367 and the HTPF (1.297) is 
very high compared to previously published cases. Hence, 

this design can be more compatible and integration can be 
done with the possible mode of applications in electronic 
cooling.  
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Nomenclature 

Symbol 

A Surface area, mm2 

𝐻 Domain height, mm 
ℎ Conductive heat transfer co-efficient, Wm-1K-1 
𝑘 Thermal conductivity, Wm-1K-1 
𝑇 Temperature, K 
𝑞ᇱᇱ Heat flux, Wm-2 
v Inlet air velocity, ms-1 
∆𝑃 Pressure drop, Pa 

Subscript 

𝐴௕ Base-plate surface area, mm2 
𝐴ௗ Domain surface area, mm2 
𝐷௛ Hydraulic diameter, mm 
𝐻௣ Fin height, mm 
𝑘஺௜௥  Thermal conductivity of air, 𝑊𝑚ିଵ𝐾ିଵ 
𝑘௠ Thermal conductivity of aluminum, 𝑊𝑚ିଵ𝐾ିଵ 
𝐿௖ Chip length, mm 
𝐿ௗ Domain length, mm 
𝐿௙ Pin fin length, mm 
𝐿௣ Perforation length, mm 
𝑃ூ௡ Inlet pressure, Pa 
𝑃ை௨௧ Outlet pressure, Pa 
𝑅௧௛ Thermal resistance, 𝐾𝑊ିଵ 
𝑆௅ Pitch length, mm 
𝑆் Pitch transverse length, mm 
𝑇ூ௡ Inlet temperature, K 
𝑇ை௨௧ Outlet temperature, K 
𝑇ௐ Average wall temperature, K 
𝑊௖ Base-plate width, mm 
𝑊ௗ  Domain width, mm 
𝑊௙  Pin fin width, mm 
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𝑊௣ Perforation width, mm 

Greek Letter 

𝜌 Density, 𝐾𝑔𝑚ିଷ 
𝜌஺௜௥  Density of air, 𝐾𝑔𝑚ିଷ 
𝜇 Viscosity, 𝐾𝑔𝑚ିଵ𝑠ିଵ 
𝜇஺௜௥ Viscosity of air, 𝐾𝑔𝑚ିଵ𝑠ିଵ 

Abbreviation 

𝐻𝑇𝑃𝐹 Hydro- Thermal Performance Factor 
𝐺𝑀𝑅𝐸𝑆 Generalized Minimal Residual Iterative Methods 
𝐶𝐹𝐷 Computational Fluid Dynamics 
𝐹𝐸𝑀 Finite Element Method 
Nu Nusselt number 
Re Reynolds number 
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