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Methods 

Grid independency study 

 
A total of six different mesh sizes were examined — from 15,000 to 340,000 elements were analyzed with an inlet 

mass flux of 300 kg/m2.s, a constant surface heat flux of 6.75 W/cm2, and an inlet fluid temperature of 296.46 K. 

Steady state simulations were conducted and the temperature of the fluid was compared at a distance of 900 μm × 15 

μm from the leading edge of the heater (Fig. 1). It was decided to use a mesh with 85,000 elements as the predicted 

temperature didn’t change with further refinement of the grid. 

 

Figure 1. Grid independency study. 

Explicit-unsteady formulation was used because its time scales enabled to account for acoustic waves. The global time 

step formulation was used in which the explicit special integration scheme was employed, and the same physical time 

step was used for all cells. The solver automatically calculated the size of the time step based on the Courant number, 

C, which for numerical stability requires:  

  

                                                                                                                                                                                      (1) 

𝐶 =
𝑢Δ𝑡

Δ𝑥
< 1 



Where u is the velocity, Δx is the grid element size, and Δt is the time step. 

The governing equations [14] used to solve the unsteady flow include:   

 

Conservation of mass:  

                                                           
𝜕𝜌

𝜕𝑡 
 +  𝛻 · (𝜌v)  = 0                                                                  (2) 

Conservation of linear momentum:  

                                           
𝜕𝜌v

𝜕𝑡 
 +  𝛻 · (𝜌v ⊗ v)  = −𝛻 · (𝑝𝑰) + 𝛻 · 𝑻 + 𝑓𝑏                                       (3) 

Conservation of energy:  

                                             
𝜕𝜌𝐸

𝜕𝑡 
 +  𝛻 · (𝜌𝐸v)  = 𝛻 · (v · 𝜎) − 𝛻 · 𝑞 + 𝑓

𝑏
· v                                 (4) 

Where p is pressure, I is identity vector, T is viscous stress tensor, fb is the body force (e.g., gravity), E is the total 

energy per unit mass, q is the heat flux, and ⊗ is the outer product. 

The Peng-Robinson equation of state [14] was used to calculate the pressure at different temperatures and densities, 

and is given as: 

                                                             𝑝 =
𝑅𝑇

(𝑣−𝑏)
−

𝑎 𝛼(𝑇𝑟)

(𝑣2+2𝑏𝑣−𝑏2)
                                             (5)                 

Where v is the specific volume and Tr is the reduced temperature, Tr = T/Tc, where Tc is the critical temperature. 

is given by the following expression, where ω is the acentric factor of the gas: 

         

𝛼(𝑇𝑟) = [1 + (0.37464 + 1.54226 𝜔 − 0.2699 𝜔2)(1 − 𝑇𝑟
0.5)]2 

The constants a and b are given by the following expressions: 

𝑎 =
0.4572 𝑅2𝑇𝑐

2

𝑝𝑐
;   𝑏 =

0.0778 𝑅𝑇𝑐

𝑝𝑐
 

 

Only in Case 3 the body force term, f b,  in the Eq(3) was considered in the solution. 

 

 

Time constant 
Fig.2 shows the probe temperature time constant (Ꞇ) (i.e., the time required for the probe to reach 63.2% of its 

maximum value) as a function of the mass flux. It was also observed that the probe reached its maximum value 

approximately around 2Ꞇ (not shown in Fig. 2). 

 

𝛼(𝑇𝑟) 



  

Figure 2. Time constant (Ꞇ) as a function of mass flux 

 

Forced convection 
The relation between the maximum probe temperature raise (Tmax – Ti) and the  mass flux is shown in Fig.3. The 

probe detected a raise of around 320 mK for the mass flux of 200 kg/m2.s and around 140 mK for the mass flux of 

500 kg/m2.s. The raise in the fluid probe temperature even at higher mass fluxes indicates that the PE is significant 

under forced convection conditions and as the mass flux decreases the effect of PE increases. 

  

Figure 3. Temperature raise (Vs) Mass flux 

Terrestrial conditions 

Fig. 4 confirms that the gravitational effects are negligible, and PE is significant even in terrestrial conditions. 



 

Figure 4. Fluid temperature comparison between Case 2 (zero gravity) and Case 3 (terrestrial) 

 

Density 

As shown in Fig. 5 the density of the fluid near the heater decrease rapidly while the density of the bulk fluid increases 

due to PE. 

 

 

Figure 5. Density variation inside the fluid near (red curve) and away (blue curve) from the heater 

 


