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Summary: The need for compact heat exchangers has led to the development of many types of surfaces that enhance the rate of heat transfer, among them perforated plate heat exchangers. Perforated plate heat exchangers consist of a series of perforated plates, separated by a series of spacers. In the present study, numerical simulations were performed to determine the overall heat transfer coefficient of a perforated plate with square arranged cylindrical perforations. Three parameters were varied in the study: plate porosity (in the range of 10 to 50%), hole-based Reynolds number (in the range of 100 to 10000 Re), and the working fluid (one-, two-, and three atomic gasses). The resulting Nusselt number was correlated as the function of per-hole Reynolds number, Prandtl number, and geometric parameters. At the end of the paper, the Nusselt number prediction was compared with different authors correlations. The data agreed on qualitatively with the results obtained using a CFD. Using these data, a Nusselt criterial equation was obtained.
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1. INTRODUCTION
One of the most important properties of heat exchangers a part of having a high effectiveness is the need to be very compact, i.e. they must accommodate a large amount of surface to volume ratio. This helps in controlling heat exchanger with the surroundings by reducing the exposed surface area. A small mass means also a smaller cooling load and a faster cooling time for refrigeration. The need of attaining high effectiveness and high level of compactness together in one unit led to the invention of matrix heat exchangers (MHE), i.e. perforated plate heat exchangers by McMation et al. [1]. Matrix heat exchangers consists of a package of perforated plates with a multitude of flow passages aligned in the direction of flow, allowing high heat transfer in a properly designed unit. This type of exchangers can have up to           6000 m2/m3 surfaces to volume density [2]. A proper literature review could be found in papers of G. Venkatarathnam and Ragab M. Moheisen [3,4]. The goal of this study is to determine the heat transfer coefficient for a 2 mm thin perforated plate with square arranged perforations at near- ambient conditions. The porosity was varied in the range from 10 to 50%, and the Reynolds number between 50 and 7000, while the hole diameter was kept constant. For the analysis, three kinds of gasses were used: helium, air and carbon dioxide, i.e. monoatomic, two atomic and three atomic gasses.
The most of the authors have derived empirical correlations for a Nusselt number and friction factor versus Reynolds number. The general approach was to find a relation in the form:
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where C and n are functions of the geometric parameters, and Reynolds number is based on flow velocity in the perforation and perforation diameter [2]. Results of some authors who gave similar solutions are presented in Tab. 1. [5,6,7].
Table 1. Heat transfer correlations for perforated plates [5,6,7]
	Authors
	Limitations
	Equation
	C
	n

	
	300<Re<3000
	StPr2/3=CRen
	1.2
	-0.62

	Orlov et al.
	
	
	
	

	
	σ=0.3246
	
	
	

	
	200<Re<1000
	Nu=CRen
	0.065
	0.74

	Mikulin et al.
	
	
	
	

	
	0.25<σ<0.35
	
	
	

	
	300<Re<3000
	StPr2/3=CRen
	0.00036((1-σ)σ-0.2)-2.07
	-0.0436σ -2.34

	Shevyakova et al.
	
	
	
	

	
	0.3<σ<0.6
	
	
	


2. NUMERICAL RESEARCH
In order to choose the best suitable model for the numerical research several of two equation models were tested: standard k-ε model, low-Re k-ε, RNG k-ε, but also and k-ω model. Although all of them gave similar results, the RNG k-ε model presented itself as the fastest converging, and therefore was adopted for the simulation. In the study, a plate with 16x16 perforations was placed in the numerical channel (Fig. 1). The plate was set to be a constant temperature heat source due to a steady-state  assumption, while the fluid stream was set to flow perpendicular to the plate. Turbulence quantities at the inlet are determined from the empirical correlations for turbulence intensity for internal pipe flows. The domain is created as a sufficiently long (>20d), especially on the downstream side, to ensure the simulation results.
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Fig. 1 Side (left) and front view (right) of the numerical channel and its grid 
In order to generate the optimal grid, the grid size was varied in two directions along the plate length and width, regarding Y - Z plane, so that the size of cell edge was mutually equal (Fig.1). The cell edge length was varied from 0.88 to 0.2 mm and the fluid temperature at the outlet was chosen as a quality parameter. The results have shown that under the size of 0.8 mm, the temperature at the outlet was varying not more than 0.1 K (Tab. 2). According to this, the cell length was chosen to be at least 0.5 mm, i.e. minimum 4 cells per hole diameter. 
Table 2 Outlet temperature variation in the function of cell length

	Cell edge size [mm]
	0.878
	0.798
	0.721
	0.598
	0.527
	0.351
	0.263

	Outlet temperature [°C]
	21.65
	22.3
	22.28
	22.33
	22.35
	22.22
	22.4


The energy balance for the fluid side reads:
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i.e.,
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where cp represents mass specific heat capacity and w is the fluid velocity. On the other hand, the heat taken from the plate is equal to:
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i.e.
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where F represents the active heat transfer surface, and Δϴ is the difference between plate surface temperature and average fluid temperature. Combining Eq. (3) and (5), heat transfer coefficient is then equal to:
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3. RESULTS AND DICUSION
For the fitting of the numerical experiment results in the form of a Nusselt criteria an arbitrary function was chosen
	
	
[image: image9.wmf]Pr)

Re,

,

/

(

d

p

f

Nu

=

.
	(7)


The term (p/d) of Eq. (7) on the right-hand side is inversely proportional to the square root of the porosity, and therefore represents the influence of the geometry factors on the heat transfer. The Reynolds number is defined in the function of a free stream fluid velocity and the hole diameter:
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and the Nusselt number is equal to
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The fitting was done on the basis of the Least square method and the following criteria has been obtained 

	
	
[image: image12.wmf]333

.

0

38

.

0

723

.

0

Pr

Re

114

.

1

-

÷

ø

ö

ç

è

æ

=

d

p

Nu


	(10)


with an R2 value of 0.87 (Fig. 2), and as it could be noted the results is close to the result suggested by Orlov et al. [5]. Further, it could be noted, that the results of the suggested criterion equation are among the results suggested by Mikulin et al. [6] and the results of Shevyakova et al. [7]. The comparison with the results of other authors has been presented in the Fig. 3. Also, the obtained criteria equation has a larger application area with respect to the both geometry and Reynolds number.
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Fig. 2 Comparison of obtained Nusselt criteria and numerical simulation 
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Fig. 3 Comparison of obtained Nusselt criteria and other authors' results
4. CONCLUSION
The results presented in this paper show that the convective exchange of the heat on perforated plate depends strongly on the geometry parameters: porosity of the plate and perforation diameter. In this article, Nusselt criteria were obtained for a wider range of different parameters: Reynolds number, perforation diameter, a pitch between perforations, i.e. plate porosity and Prandtl number. From comparison with numerical results, it could be concluded that the obtained Nusselt relation is an adequate for engineering calculations. Further, in the paper, the comparison with other authors was done. The difference was found to be acceptable, but the suggested Nusselt correlation has the wider range of applicability for Reynolds number, but also for the plate porosity.
5. FURTHER WORK
Future work on this issue would be a development of a criterial equation that would include the following parameters: the number of perforated plates in the package, the distance between plates, as well as the influence of the perforation size and plate thickness.
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