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An extended study has been carried over several years to investigate heat transfer performances in stagnation and parallel flows over flat plates. In particular, the study focused on nonlinear dynamics effects associated imposed conditions at the boundaries (i.e., pulsating flow, time-variable surface heat flux or temperature, or a combination of these) and on thermal coupling that occurs when the heat conduction through the impact plate is considered. In all such cases transients were induced. The work included theoretical modeling and partial experimental investigation. The investigated physical systems are presented below together with their analysis approach and main results.

(i)   impinging planar jets onto a zero thickness plate 

A detailed boundary-layer model was implemented to ascertain the influence of pulse shape, frequency, and amplitude on instantaneous and time-averaged convective heat transfer in a planar stagnation region formed beneath an incident pulsating flow. The governing equations resulted from the conservation laws for momentum and energy treated with a Karman-Pohlhausen methodology. Both periodic sinusoidal and periodic ramp-up/ramp-down profiles were considered for the jet incident velocity and/or applied surface heat flux. Temperature dependent fluid kinematic viscosity and thermal conductivity were included. Interactions between low-frequency high-amplitude flow pulsations and the nonlinearities in the governing equations for the boundary layer dynamics were found to lead to reductions in time-averaged Nusselt number up to 16%. Predictions are in good agreement with previous and present experimental results. A means to suppress heat transfer is thus suggested that may have practical application to gas turbines where blades are exposed to a periodic flow. High-frequency low-amplitude pulsations in the incident flow led to small (< 1%) increases in time-averaged Nusselt numbers relative to steady-state conditions.  

The experimental set-up was could produce either steady or pulsating planar air jets of adjustable flow rate and pulse characteristics. The impingement plate was electrically heated and could be positioned horizontally and vertically at different distances from the nozzle. A surface-mounted microsensor provided highly localized and essentially instantaneous heat flux and temperature signals.  Flow measurements were made with a single-axis hot-film probe. Heat transfer and flow measurements were synchronized in order to associate influences of flow structures and pulsations on heat transfer.  

Experiments were performed for steady and pulsating jets in order to validate the thoretical model as well as to reveal the formation and interaction of coherent flow structures that mostly affect the instantenaeous heat transfer performances. The agreement of theoretical predictions with experimental measurements for the impact surface temperature ranged from zero to 5% in differences. 
(ii) impinging planar jets onto a finite thickness plate

This case study continues the previous mathematical modeling (i) by including the transient conduction through the impinging plate. The previous model assumed that the heat flux leaving the surface is known, while this analysis considered situations when the known heat flux is that applied at the bottom of the impinging plate. The heat flux leaving the surface results from the interaction between the plate thermophysical properties and geometry and the incident flow characteristics. The new approach improved the agreement of theoretical predictions with experimental measurements for surface temperature from 5% to 1%. 

The mathematical derivation of the temperature distribution across the plate was based on the decomposition of the one-dimensional heat diffusion equation and its associated boundary conditions into a steady-state equation and a pure transient equation. The transient equation was then solved by using a modified normal mode method.  

The novelty of the present model was the consideration of the heat diffusion through the plate. Therefore, it was deemed appropriate to assess the influence of various parameters on the dynamics of the plate temperature distribution. This would further allow to reveal the plate influence on the boundary layer thicknesses and Nusselt number. The results pertained to a sinusoidal freestream velocity and to a constant applied heat flux. Therefore, the fluctuations in the plate temperature propagated from the impingement surface to the bottom of the plate. The temperature fluctuations had higher amplitudes and penetrated deeper into the plate with increasing plate thermal diffusivity and decreasing plate thickness. The steeper fluid temperature gradients at the surface, associated with the thinner boundary layers in higher Prandtl number fluids, acted as a stronger driving force for the plate temperature. It is predicted, thus, that flow pulses would rather induce significant temperature fluctuations at the impingement surface for water flows (Pr  ( 6) than for air flows (Pr  ( 0.7). The flow pulse characteristics influenced the temperature fluctuations as well. Thus, higher amplitudes of the driving flow pulses induced higher temperature fluctuations at the surface. By contrast, flow pulses of higher frequency induced lower fluctuations in the plate temperature. This result is associated with the thermal inertia of the plate and of the fluid as well. 

(iii) parallel flows over a finite thickness plate.

A mathematical model was developed to characterize the heat transfer performances in steady parallel flows over a finite thickness plate. The transients were induced by a step change in either the temperature or the surface heat flux imposed at the back plate surface. 

The system governing equations, developed from the classical conservation equations by using the Karman-Pohlhausen integral method, weree two coupled and highly nonlinear ordinary differential equations. The system dynamics was expressed in terms of the temporal variations of the boundary layers thickness ratio and of the contact surface dimensionless temperature. The model was validated by comparison with exact and integral solutions reported in the literature for steady state conditions and zero thickness impact plate. The maximum resulted error was of 6.5%.

Selected fluid-plate combinations, frequently encountered in practical applications, were considered to illustrate the system heat transfer performances: water and air as fluids, steel and PVC as plate material. Numerical solutions indicated that the transients were long enough to affect the time average behavior of the system. The heat flux transferred between the plate and the fluid was strongly influenced by the plate geometry and material during the transient and steady-state conditions as well. 

Results were reported in terms of a correction factor that expresses the difference in heat flux transferred relative to the classical zero thickness plate case. In this way, practitioners could still use the existing correlations for zero thickness plate and then correct them with the correction factor indicated in this study. Even approximate to some extent, as a result of the integral methodology used here, the correction factor reduces the certain error associated with the neglecting of the thermal coupling between the flow and the plate. 

The system time response sums up the plate penetration and the thermal boundary layer development. Results indicated large penetration times and low contact surface temperatures associate with low thermal conductivity materials as PVC or with thick plates. In such cases, the neglecting of the plate thickness may lead to large errors.  When the imposed boundary conditions referred to a constant temperature, the errors were as high as 90% for water flows over steel plates, even under steady state conditions. By contrast, when the imposed boundary conditions referred to a constant surface heat flux, the errors pertaining to transients were up to 50%, while equal to zero under steady state conditions when the plate influence was entirely canceled.   

Results suggested also that periodic changes in the imposed temperature or surface heat flux (i.e., on/off regimes or Joule effect associated with alternating current through a resistor)  may lead to unexpected system behaviors due to nonlinear dynamics effects generated by the interdependent and highly non-linear system governing equations.  

