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Abstract: The increasing demand of cooling in internal combustion engines (ICE) due to engine downsizing may require a shift in the heat removal method from the traditional single phase liquid convection to the application of new technologies based on subcooled fluid boiling. Accordingly, in the present study, experiments based on subcooled flow boiling of 50/50 by volume mixture of ethylene glycol and water coolant (EG/W) in a rectangular channel heated by a cast iron block are presented. Different degrees of subcooling, velocity and pressure conditions are examined. Comparison of three empirical reference models shows that noticeable deviations occur especially when low bulk subcooling and velocity conditions are considered. On the basis of the experimental data, a modified power-type wall heat flux model is developed and its ability to represent adequately reality is tested through numerical simulations against a reference rig case and a practical diesel engine. Computational results show that this modified model can effectively be used for practical engine cooling system design.
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1  Introduction

The research on the sub-cooled flow boiling heat transfer in modern diesel engine cylinder head design has recently aroused great interest due to the following reasons. Firstly, subcooled flow boiling occurs in critical high heat-flux region or under high thermal load conditions [1]; secondly, the subcooled flow boiling heat transfer enables it to remove the ever increasing thermal load in engine cylinder head, whose rate is order-of-magnitude higher than that of convectional single-phase forced convection heat transfer [2]. However, the boiling process is extremely complex and influenced by multiple parameters, such as temperature [3], velocity [4], pressure [5], material roughness [6], etc., which is still not fully understood yet.

Finlay et al. [7] investigated the subcooled flow boiling heat transfer to 50/50 EG/W in a uniformly heated cylindrical duct with a small cross section made of copper, aluminum and cast iron, respectively. According to the authors, boiling was much less vigorous with the aluminum and cast iron testing sections compared with that of the copper testing section, and nucleate boiling can have a significant influence on heat transfer, particularly at the coolant velocities below 1.0 m/s. After that, Norris et al. [8] conducted laboratory tests to determine the relationship between heat flux and wall temperature by using part of a real diesel engine cylinder head instead of a cylindrical duck, and the experimental results was in good agreement with the prediction of Chen model [9] and Finlay’s experimental data [7]. Unfortunately, the comparison was made within low wall superheat and heat flux range. Abou-Ziyan [10] investigated the subcooled flow boiling heat transfer of water in six different T cross-section ducks heated from bottom cast iron test sample, which simulates the cooling of critical areas in the cylinder heads of diesel engines. It can be seen from the results that the increase in either the width or height aspect ratio of the T-ducts enhances the convection heat transfer coefficients and the boiling heat fluxes considerably. Ramstorfer et al. [11] carried out the experiments of 40/60 EG/W on subcooled flow boiling heat transfer with two different types of coated and one original uncoated cast iron surfaces in a vertical test channel. The experimental results demonstrated that the modified microstructure of the heated surface can markedly intensify the boiling heat transfer process, and the concept could be applied to engine cooling systems.

Recently, Hua et al. [4] conducted subcooled flow boiling experiments on water in a one-side heated rectangular channel with cast iron heated surface. In contrast to the comparison results in Finlay et al. [7], Chen model over-predicted the wall heat flux, according to the authors, it is because that Chen model was not specially developed from data for cast iron heating surface and one-sided short heating condition. Yu et al. [12,13], compared the prediction of four wall heat flux models, proposed by Mcadams et al. [14], Jens et al. [15], Shah [16] and Kandlikar [17], respectively with the experimental subcooled flow boiling heat transfer data in a one-sided heated stainless steel tube using water, 50/50 EG/W and 40/60EG/W as the working fluids. The results showed that these equations failed to predict all the experimental results. Besides, an over-prediction can be seen in the high heat flux region, which is because that these equations were not developed for mixture boiling and one-sided heating. Paz et al. [6] conducted subcooled flow boiling experiments of water in a rectangular one-sided heating channel, and heating samples made of three different materials (copper, aluminum and stainless steel) were tested. The experimental results showed that deviations existed in boiling curves of different heaters, which is largely due to the different effect of interactions between fluid and solid combinations on the boiling process. Subcooled flow boiling on copper and stainless steel heating surfaces was experimentally investigated from both macroscopic and microscopic points of view by Zou et al. [18]. Although there is no obvious difference between the copper and the stainless surface in terms of bubble dynamics, the copper surface outperformed the stainless steel surface in terms of heat transfer coefficient, which is because that the heat conduction from free surface without covering bubbles to the region covered with bubbles is better for the heated surface of copper with a higher thermal conductivity. Recently, Chen et al. [19] conducted the numerical research on thermal property effect of heated surface on bubble growth with microlayer evaporation, and found that the higher the thermal conductivity of the heat transfer surface, the greater the rate of microlayer evaporation. It can be seen form the above findings that wall heat flux models derived from different experimental conditions, for instance, uniformly heated method, copper or aluminum heater, and different fluid-solid combinations rather than 50/50 EG/W and cast iron, would not be suitable for diesel engine coolant passage design.

Consequently, the sub-cooled flow boiling experimental data obtained from the test rig is of crucial significance, and the test rig is used to simulate the characteristic conditions of the coolant channels in the cylinder head regions diesel engines. However, the reprehensive subcooled flow boiling experimental data considering these conditions is not sufficient to either reveal the characteristic of subcooled flow boiling or develop an appropriate wall heat flux model for the application in diesel engine cylinder head design. Therefore, the objective of this work is to study the subcooled flow boiling characteristics under conditions similar to the actual diesel engine operating conditions. Moreover, a subcooled flow boiling correlation exclusively for cast iron heated surface was proposed by using the power-type addition method. And this correlation was incorporated into Computational Fluid Dynamics (CFD) codes and the performance of this modified model proved that it is suitable and accurate for diesel engine cylinder head design.

2  Experimental Setup

2.1 Experimental Apparatus

The experimental apparatus mainly consists of two parts, i.e., the circulate loop and the test section. A schematic diagram of the system is shown in Fig. 1. A storage tank of 150 L was designed to maintain stable bulk fluid temperature. And four immersion heaters with the total maximum power of 4 kW were installed at the bottom of the storage tank. In addition, a PID controller is used to receive the temperature signal from inlet temperature sensor, and control the heaters, thereby achieving and maintaining certain bulk fluid temperature. Likewise, a solenoid valve for high pressure nitrogen was mounted on the top of the storage tank to adjust the pressure in the loop by the PID controller. The fluid was circulated by a variable-speed pump, and the flow rate was kept at the prescribed values with the by-pass loop valve opened.
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Figure 1: Schematic of boiling system

The test section is shown in Fig. 2, which is a horizontal rectangular test section with the length of 300 mm and a cross sectional area of 38 × 48 mm, located at 2000 mm downstream of a stainless steel rectangular tube, thereby ensuring that the flow in the test section was fully developed, as shown in Fig. 3. The test specimen made of cast iron is in the dimension of 90 × 10 mm and fitted as the bottom surface of the channel, which is located at 110 mm downstream the test section inlet. The test specimen was heated by 7 heating rods inserted below the testing surfaces, which can supply a maximum power of around 7 kW. As shown in Fig. 4, seven K-type thermocouples with the diameter of 1.0 mm were arranged below the test specimen along the vertical direction in two rows, among them, three thermocouples were placed in the upper row and the other four were in the lower row. The distance between the upper row and the test section surface is 3 mm, and that between the upper and lower row is 5 mm. PTFE (Polytetrafluoroethylene) was coated on the surrounding surfaces of the cast iron test sample to minimize thermal diffusion.
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Figure 2: Photo of the test section
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Figure 3: Details of test section
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Figure 4: Location of thermocouples and dimension of test specimen

2.2 Experimental Procedures

Prior to the formal testing, the bulk fluid was heated to the temperature close to its boiling point (around 95°C) for several hours, in this manner to remove the dissolved gas in the fluid. The experimental range of inlet temperature, bulk velocity and system pressure were set as 70–90°C, 0.25–1 m/s and 1–2 bar, respectively. Under each experimental condition, the test surface was heated from low heat flux to high heat flux, and the data was taken when the system reaches and maintains the thermally steady state for 20 min.


q=λT2−T1H2
(1)


Tw=T1−H1(T2−T1)H2
(2)

where T1 and T2 are average temperatures of the upper and lower thermocouple rows respectively, H1 (3 mm) and H2 (5 mm) are the distance from the heated surface to the upper and lower thermocouple rows, respectively, as shown in Fig. 4. λ is the thermal conductivity of the test specimen.

2.3 Experimental Uncertainties

The experimental errors of variables were mainly attributed to the accuracy of sensors, manufacturing tolerances, the layout of thermocouples, undesired heat losses and functions to calculate the indirect variables. Prior to the experiment, all the thermocouples and correspondent data acquisition system were calibrated according to thermal conditions between ice and saturation temperature of water. For the uncertainties of indirect measurement such as heat flux, the Eq. (3) was adopted for the calculation. All calculated and measured uncertainties are listed in Tab. 1.


Δq=(∂q∂x1)2δx12+(∂q∂x2)2δx22+⋯+(∂q∂xn)2δxn2
(3)

where 
x1
,
x2
…
xn
are direct measured values and 
δx1
,
δx2
… δxn are the uncertainties of these variables.
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2.4 Fluid Thermophysical Properties

The thermal properties of bulk liquid are required in the data reduction and analysis of this study, which are usually a function of temperature. The effective thermophysical properties of EG/W mixtures are calculated based on the values of pure water and ethylene glycol, and also the concentration of ethylene glycol in the mixtures. The density, specific heat capacity, thermal conductivity and dynamic viscosity of pure liquids and mixtures were evaluated by using semi-empirical equations as suggested in Yu et al. [13].

3  Experimental Result and Discussion

3.1 Single-Phase Heat Transfer

Before the subcooled flow boiling heat transfer experiment, a series of single-phase heat transfer experiments were carried out to study the heat transfer characteristics of one-side heated rectangular channels. The prediction of convective heat flux qsp was calculated as follows:


qsp=hsp(Tw−Tb)
(4)

where the hsp is the single-phase heat transfer coefficient calculated from Dittus-Boelter equation [20]. Tw and Tb are wall temperature and bulk temperature, respectively.


hsp=0.023Rel0.8Prl0.4(klDh)
(5)

where Rel and Prl are the liquid Reynolds number and Prandtl number, respectively, as can be seen in Eqs. (6) and (7). kl is the thermal conductivity of the bulk liquid. All these values are evaluated at bulk temperature expect μw. Dh is the hydraulic diameter of the test channel.


Rel=ρlubDhμl
(6)


Prl=μlcp,lkl
(7)

where ρl, ub, μl and cp,l are bulk density, velocity, dynamic viscosity and specific thermal capacity, respectively. Dh is the hydraulic diameter of the channel, which can be calculated as follows:


Dh=4APe
(8)

where A is the cross-sectional area of the channel, and Pe is the wetted perimeter of the channel. And in this paper, the Dh equals to 42.4 mm.

The comparative results between experimental data and the predicted values can be seen in Fig. 5a. It can be seen that the Dittus-Boelter equation under-predicted the heat flux value, and this trend is in consistence with the results of the previous literatures [4]. Hence, a modified equation was correlated based on the experimental data:


hsp=0.05Rel0.76Prl0.3(klDh)
(9)

The comparison between experimental heat flux and predictions by modified equation was shown in Fig. 5b. The maximum deviation is within ±10%, which means the modified equation could well predict the convective heat transfer coefficient of this apparatus.
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Figure 5: Comparison of experimental convective heat flux with predictions (a) Dittus-Boelter correlation (b) Modified Dittus-Boelter correlation

3.2 Subcooled Flow Boiling Heat Transfer

The coolant temperature, velocity and operation pressure are important control variables of the cooling system of ICEs. Consequently, the effect of these parameters on subcooled flow boiling heat transfer was discussed in more details.

To investigate the effect of subcooling on subcooled flow boiling heat transfer, the boiling curves at constant velocity and system pressure (ub = 1.0 m/s, P = 1.0 bar) are plotted with various inlet temperatures ranging from 70°C to 90°C, as shown in Fig. 6. It can be seen that, in the partially developed boiling region (PDB), the boiling curves at lower inlet temperature would be shifted to the left, whereas in the fully developed boiling region (FDB), the boiling curves merge into an asymptote. This convergence implies that the effect of subcooling on flow boiling vanishes in the FDB region. As shown in Fig. 6, the heat transfer coefficient increases with the decrease of subcooling, which is mainly due to the decreased temperature difference between bulk fluid and wall temperature. As in the boiling region, the heat transfer coefficient curves grow steeper, indicating that the boiling process enhances the heat transfer performance. Moreover, with the decrease of subcooling, the onset of boiling (ONB) initiates earlier.
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Figure 6: Effect of bulk subcooling on subcooled flow boiling heat transfer (ub = 1.0 m/s, P = 1.0 bar)

Fig. 7 presents the effect of velocity on subcooled flow boiling at constant inlet temperature and system pressure with the velocities (Tin = 80°C, P = 1.0 bar) ranging from 0.25 m/s to 1.0 m/s. With the increase of bulk velocity, the convective heat transfer coefficient increases, leading to higher boiling curve in PDB region due to the fact that in this region the overall heat flux is largely dependent on forced convection. However, this dependence disappears when the boiling falls into the FDB region where the boiling curves converge into the nucleation boiling curve. During the boiling process, the bubble behavior, such as nucleation, growth and departure, is strongly governed by the thermal boundary layer of which the thickness decreases with the increase of bulk velocity [21]. Therefore, the increased bulk velocity would suppress the boiling process, and finally lead to a delay on ONB and convergence to FDB for high bulk velocity cases. This trend is clearly reflected in Fig. 7, that is, as the inlet velocity increases, the heat transfer coefficient curves tend to grow slower initially, and finally merge into an asymptote.
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Figure 7: Effect of bulk velocity on subcooled flow boiling heat transfer (Tin = 80°C, P = 1.0 bar)

The boiling curves at different system pressure are plotted in Fig. 8. These data were obtained at the constant inlet temperature of 90°C, bulk velocity of 0.25 m/s and various system pressure of 1.0 bar, 1.5 bar and 2.0 bar, respectively, for which the saturation temperature is 107.8°C, 119.9°C and 129.3°C. It can be seen that, the effect of system pressure on single-phase heat transfer is considerably small, and the boiling curves and heat transfer coefficient curves at different pressures seem to follow a similar development pattern. However, the ONB is delayed with the increase of system pressure, which is mainly due to the enhanced saturation temperature of the 50/50 EG/W mixture.
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Figure 8: Effect of system pressure on subcooled flow boiling heat transfer (Tin = 90°C, ub = 0.25 m/s)

4  Subcooled Flow Boiling Correlation

4.1 Comparison between Experimental Data and Predictions

A number of subcooled flow boiling heat transfer models have been proposed in the past decades. However, for the application in engine cylinder head design, the additive or superposition model was exclusively adopted, such as Chen model [9]. The overall heat transfer of this model relies on a combined effect of both single-phase forced convection and nucleate boiling. The successful application of these models to engine cooling passages was presented in [20]. However, the application of Chen model to CFD design is not clear because the definition of an effective hydraulic diameter and velocity scale for the cooling passage is difficult due to its complex and irregular architecture. In view of this issue, one power-type addition type model was proposed by Ramstorfer [11], which mainly focuses on the component with greater influence on the convective and nucleate boiling components. The model could associate the overall flow boiling phenomena with the more dominant mechanism in these two regions, and ensure a smooth transition in between. Moreover, it eliminates the dependence of structure parameters on the calculation of the nucleation boiling term. Consequently, two power-type addition type models proposed for cast iron heated surfaces were chosen as the reference models to make a comparison between prediction and experimental data of this paper. All the reference models are listed in Tab. 2. And all the single-phase forced convective heat flux in these equations was calculated by using Eqs. (4) and (9).
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Some representative comparison results between predictions and experimental data are illustrated in Fig. 9. It can be seen that, Chen model [9] over-predicts the wall heat flux of cast iron heated surface, which is in agreement with the results reported in the literature [4]. The large deviation is because that no related parameters accounting for fluid-solid interaction are included in this model, indicating that the Chen model [9] is inappropriate for predicting wall heat flux of diesel engine cylinder heads made of cast iron. Therefore, further improvement of this model was not considered in this paper.
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Figure 9: Comparison of heat flux between predicted and experimental data at Tin = 90°C, P = 1 bar (a) ub = 0.25 m/s (b) ub = 1.0 m/s

In the power-type addition models, for the particular measurement conditions considered in this paper, the performance of the reference models is unreasonable with a deviation larger than ±30% in high wall superheat region or fully developed subcooled flow boiling region, especially for low bulk subcooling and velocity conditions. An extensive analysis was made on this noticeable discrepancy. As in this power-type addition model, with the increase of wall superheat, the contribution of nucleation boiling component becomes larger, then the boiling curve will finally merge into the fully developed sub-cooled flow boiling curve. Thus, the deviation in this region is largely due to the poor prediction of nucleation boiling contribution in these models. Rohsenow’s saturated pool boiling equation [22] is utilized for the calculation of this term in reference models, therefore the primitive empirical constants Csf and γ should be derived from experimental data of same fluid-solid combinations, which are important to define the interaction between the working fluid and the heated surface in the boiling process. Although both reference models were proposed for cast iron heated surfaces, the application scope of fluid is different from that of the working fluid in this paper. Consequently, these unmatched empirical constants lead to large deviations in these reference models.

4.2 Modified Correlation

Based on Ramstorfer’s power-type addition method [11], a modified model is developed here to include the experimental data in this paper. Several modifications have been made, for example, new empirical constants Csf and γ take into account the fluid-solid combinations involved in this paper, and exponent n reflects the contribution of forced convection and nucleation boiling components. Moreover, natural convection was excluded, whose contribution to overall heat flux is negligible within the experimental range of this paper:


qn=(qsp)n+(qnb)n
(17)


qnb=μlhlg[σg(ρl−ρg)]−1/2(cplΔTsatCsfhlgPr)1/γ
(18)

where qsp term is calculated based on Eq. (4) and Eq. (9). n, Csf and γ are the parameters to be determined.

Eq. (17) was correlated with the experimental data of this paper, and n = 6.5, Csf = 0.027 and γ = 0.7 optimally fit all the data. Fig. 10 presents the results of the comparison between the experimental data and the predictions. It can be seen that most of the deviations are within ±20% and the mean deviations are all less than 10%, indicating that the modified correlation is available for the accurate prediction of the subcooled flow boiling heat flux.
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Figure 10: Comparison between experimental data and predictions of proposed correlation

5  Validation of Proposed Correlation in CFD

To validate and access the modified wall heat flux model in CFD application, its ability to represent adequately reality was tested through numerical simulations of a reference rig case and a practical diesel engine. The modified wall heat flux correlation was incorporated into ANSYS Fluent by User Defined Functions (UDF), thereby calculating the heat flux through the heated wall to fluid domain. The single-phase steady state simulation was considered for all cases, and the fluid was regarded as an incompressible flow. The pressure terms were addressed with the second-order discretization, and the momentum equation, turbulent kinetic energy, and turbulent dissipation rate equation were discretized with the second-order upwind scheme. In addition, the SIMPLEC algorithm was used to address the pressure-velocity coupling [23].

Continuity equation:


∂ρ∂t+∂∂xi(ρui)=0
(19)

where ρ is the fluid density, u is the fluid velocity.

Monument equation:


∂∂t(ρui)+∂∂xj(ρuiuj)=ρgi−∂p∂xi+∂∂xj[μ(∂ui∂xj+∂uj∂xi−23∂uk∂xkδij)]
(20)

where g is acceleration of gravity, p is the pressure, μ is the dynamic viscosity.

Energy equation:


∂∂t(ρH)+∂∂xi(ρuiH)=qw+∂p∂t+∂∂xi[(μPr+μtσH)∂H∂xi]
(21)

where H is the enthalpy of the fluid, qw is the wall heat flux, Pr is the Prandtl number, μt is the turbulent viscosity coefficient, σH is a constant.

A standard wall function was adopted in the near-wall region, and the corresponding y+ was controlled within the range from 30 to 90. The fluid flow was considered to be fully turbulent under all the experimental conditions mentioned in this paper, and the k–ε turbulence model was adopted accordingly.


∂∂t(ρk)+∂∂xi(ρkui)=∂∂xj[(μ+μtσk)∂k∂xj]+Gb+Gk−ρε
(22)


∂∂t(ρε)+∂∂xi(ρεui)=∂∂xj[(μ+μtσε)∂ε∂xj]+C1εk(Gk+C3Gb)−C2ρε2k
(23)

where k and ε are the turbulent kinetic energy and the specific dissipation rate of turbulence, respectively. The empirical constants in k-ε model is given in Tab. 3.
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5.1 CFD Validation in Reference Rig Case

In each case, a three-dimensional mesh containing hexagonal elements was generated to cover the entire flow domain. The boundary conditions, such as inlet temperature, outlet pressure and wall temperature, were defined according to experimental conditions in this paper. To ensure grid independence, three meshes with hexahedral cells of number 164262, 263254 and 390126 were used, which are referred to as coarse grid, medium grid and fine grid, respectively. As shown in Fig. 11, the wall heat flux curve of the medium gird is very close to that of the fine grid. Consequently, the model of the medium mesh was selected for simulation, as presented in Fig. 12.
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Figure 11: Results of grid sensitivity test (Tin = 90°C, ub = 1.0 m/s, P = 1.0 bar)
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Figure 12: Computational domain of the test channel

The comparison results between CFD predictions and experimental data are shown from Figs. 13–15. It can be seen from the figure that the simulation results are in good agreement with the experimental value, which is because that the effects of subcooling, velocity and pressure on subcooled flow boiling heat transfer are reasonably and accurately predicted by using the modified model.
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Figure 13: Comparison between simulation results and experimental data under various subcooling conditions
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Figure 14: Comparison between simulation results and experimental data under various velocity conditions
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Figure 15: Comparison between simulation results and experimental data under various system pressure conditions

5.2 CFD Validation in Practical Diesel Engine

To further access the performance of the modified model for actual engine applications, the numerical simulation of a four-stroke diesel engine was made. The engine consists of six cylinders with the same structure, and the geometry of calculation domain is illustrated in Figs. 16a and 16b. Both experimental measure and numerical simulation were performed in Cylinder 2 only, and the influence of other cylinders on cylinder was neglected due to the same cylinder structure and the independent cooling condition. The drillings of temperature measuring points are shown in Figs. 16c and 16d.
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Figure 16: The geometry of cylinder head and temperature measuring points

A conjugate heat transfer simulation was made to solve this fluid and solid heat transfer process. The material of the cylinder head is cast iron with the density of 7350 kg/m3, thermal conductivity of 44.8 W/m∙k and the specific heat of 480 J/kg∙K. The pressure drop between the inlet and outlet of coolant passage was chosen as the quantity for the grid refinement study, which has been proved to be very sensitive to the computational grid [24]. Tab. 4 shows the effect of the grid refinement on the pressure drop. According to the mesh sensitivity analysis, the medium grids with number of 6.9 million are refined sufficiently to obtain a convergent value of the pressure drop.
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The inlet fluid temperature, velocity and outlet pressure were set as 351 K, 1.5 m/s ad 160 kPa, respectively, according to actual engine working conditions. While the thermal boundary conditions of fire deck, intake/exhaust port were derived from one-dimensional thermodynamic simulations of this engine [24]. All the information of thermal boundary conditions is listed in Tab. 5.
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The comparisons of measuring points between experimental data and simulation results with and without boiling wall heat flux model were illustrated in Fig. 17. It can be see that the simulation results of temperature considering boiling are lower than that without considering boiling, also implying that subcooled flow boiling heat transfer exists in engine cylinder coolant passages. The mean deviation of measuring points at Plane A drops from 4.25% without considering the boiling to 1.43% when the boiling is considered; as for the measurement point at Plane B, the mean deviation decreased from 9.33% to 5.63%. Fig. 18 shows the comparisons of temperature distribution on fire deck with and without boiling consideration. When considering the boiling, the maximum temperature drops from 579.2 K to 571.2 K, indicating that the heat transfer is considerably enhanced as the result of subcooled flow boiling regime. Thus, the appearance of boiling heat transfer in engine coolant passages is able to increase the heat transfer performance, which is well captured by the optimized wall heat flux model used in this paper.


Meandeviation=1N|Texp−Tpre|Texp×100%
(24)
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Figure 17: Comparisons between experimental data and predictions at each measuring points
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Figure 18: Comparison of wall temperature distribution on cylinder fire deck with and without boiling wall heat flux model (a) Without boiling (b) With boiling

6  Conclusion

The subcooled flow boiling wall heat flux model is important for ICE cylinder head design. This study reports the subcooled flow boiling experiment of 50/50 EG/W in a horizontal rectangular channel with a flat plane heated surface made of cast iron. The experiment was made under various experimental conditions, aiming to simulate the flow boiling characteristics in the actual cooling passages of diesel engines. A power-type addition model was modified and incorporated into CFD software, of which the performance for the actual diesel engine applications was further accessed. The main conclusions are as follows:

1. With the increase of system pressure, the boiling heat flux tends to decrease, which is due to the enhanced fluid saturation temperature. With the growth of the wall superheat, the effects of subcooling and velocity on boiling heat transfer gradually vanish, and finally the boiling curves merge into the nucleation boiling curves at the system pressure.

2. The comparison of heat flux between the predictions of reference empirical models and experimental results showed large deviations. A modified wall heat flux correlation was proposed based on the power-type addition method, and the maximum deviation is within ±20% compared with the experimental data of this paper.

3. The proposed wall heat flux model can be easily incorporated into CFD codes because no geometry-dependent parameter is required. The comparison between simulation results and experimental data showed the modified model was available for the precise prediction of the subcooled flow boiling heat transfer both in test rig used in this paper and the actual diesel engine.
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Table 3: Empirical constants in k-¢ model
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Table 4: Pressure drop under different grid numbers

Coarse grid Medium grid Fine grid

Grid number (million) 34 6.9 8.3
Pressure drop (kPa) 15.3 16.7 16.9





OEBPS/Images/FDMP_16763-fig-15.png
Heat flux (kW/mz)

600

| Cale  Exp
500 n Tm =90 °C, u, = 1.0 m/s, P=1.0 bar
T—— o T,=90°C,u=15ms,P=1.0bar
4004 R A T = 90 °C, u, = 2.0m/s,P=1.0bar 4
300
200 1
100 4
0=

100 110 120 130 140 150 160 170 180 190
Wall temperature (°C)





OEBPS/Images/FDMP_16763-fig-7.png
Heat flux (kW/m®)

500

L] 'I'm= 80 °C, u, = 0.25 m/s, P=1.0 bar
L] Ti“ =80 °C, u = 0.5 m/s, P=1.0 bar
40094 T, =80°C,u, = 1.0m/s, P=1.0 bar
300 bl
.
A B
Aenm
200+ X Tsm, 1.0 bar A : .
. LA 4o
1004 4% e "
a4 P g %"
TI .' Ll -
0 1

100 110 120 130 140 150 160 170 180 190

Wall temperature (°C)

Heat transfer coefficient (W/m’K)

6000

L] 'I'm =80 °C, u, = 0.25 m/s, P=1.0 bar
e T =80°C,u =05m/s,P=10bar

5000
A4 T, =80°C,u =1.0m/s,P=1.0bar
-

4000 ‘ .

:Tsal.l.()bar . ‘..

| A
30004 44 4 A A A A A.A..-

| "

: .
20007 ¢ occooe?® "

.
.

1000 4

!
1
|
m W g
1
1

100 110 120 130 140 150 160 170 180
Wall temperature (°C)

190





OEBPS/Images/FDMP_16763-fig-9.png
Heat flux (kW/mz)

1000

800

600

400

200

0

= Experimental data
Predictions of Chen model
7 —--- Predictions of Eq. (13)
Predictions of Eq. (16) v

80 100 120 140 160 180

Wall temperature (°C)

60

200

Heat flux (kW/m’)

1000

800

600

400

200

= Experimental data
Predictions of Chen model
- Predictions of Eq. (13)
- Predictions of Eq. (16) s -
n
60 80 100 120 140 160 180

Wall temperature (°C)

200





OEBPS/Images/FDMP_16763-fig-11.png
Heat flux (kW/m®)

600

500+

S

(el

(=]
1

W

[l

(=}
L

200+

100+

0

= Experimental data
------ Coarse grid
- - - - Medium grid
Fine grid

100

110 120 130 140 150 160

Wall temperature (°C)

170 180 190





OEBPS/Images/FDMP_16763-fig-4.png
Upper thermocouple rows

C Y

o0 mm

A 4





OEBPS/Images/FDMP_16763-fig-16.png





OEBPS/Images/FDMP_16763-fig-12.png
Adiabatic walls

Outlet
Inlet

Heated surface






OEBPS/Images/FDMP_16763-fig-8.png
Heat flux (kW/m?)

500

400 ~

300+

200+

100 ~

Tsnl. 1.0 bar [ ]
'

= T, =90°C, u = 0.25 m/s, P=1.0 bar
o T =90°C,u,=025m/s P=15bar .
A T =90°C,u =0.25m/s, P=2.0 bar L

Tsat, 1.5 bar - ® 4

1 L4 A

1
| 1 u o
. 2
e e
- a ! ! Tsat, 2.0 bar

110 120

T T T T T T T

130 140 150 160 170 180 19
Wall temperature (°C)

100

6000

5] (o) P W
o < (=3 f=
= < = =
=] < =] (=]
1 1 1 1

1000

Heat transfer coefficient (W/mzK)

L] Tm =90°C, u = 0.25 m/s, P=1.0 bar

Wall temperature (°C)

(] Ti“ =90°C, u = 0.25 m/s, P=1.5 bar
A Ti“ =90 °C, u = 0.25 m/s, P=2.0 bar L
" L ]
" L4
L] ) A
n L4 4
- n ® A
N A
n L] A
X Tsat, 1.5 bar g * A
| Fsat. 1.0 bar S P
vni 2 n? E"oﬂ:tl:‘ Al
: : : Tsat, 2.0 bar
T T T T T T T M T T T T T . T T T T T
100 110 120 130 140 150 160 170 180 190






OEBPS/Images/table-1.png
Table 1: Experimental uncertainties

Parameters Uncertainties
Bulk temperature 0.1°C

Bulk velocity 0.022 m/s
Pressure 1500 Pa
Thermocouple location 0.15 mm
Thermocouple temperature 0.1°C

Heat flux <11.2%
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Table 2: Reterence subcooled tlow boiling models

Authors Correlations
Chen [9] q = Fqgp + Shu, (T, — Tp) (10)
Q79045 5049
By = 0.00122 L ATEZB AP
b 0.5 ,u?.29 h?g.24 pg_z4 sat sat (11)
1
S = (12)
1 +2.53 x 107°(Re;F1-25)"
For subcooled flow boiling situations, F' = 1.
Ramstorfer et al. [11] 7" = (Geom)"" + (gup)"° (13)
2.5 _ 14
ng?w = (%p) + (an)zs (14)
~1/2
q m h 4 / <Cp1ATval ) 1y (15)
nb — MM
‘lg (Pl - Pg) Corng Pr

where g,,. is the natural convective heat flux.
For cast iron and 40/60 EG/W combination,
Cy=10.0172 and y = 0.9.
Hua et al. [4] $H5 = (qsp)S-S + (qnb)8'5 (16)
¢ has the same format with Eq. (15).
For cast iron and water combination,

Cy =0.046 and y = 0.624.
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Table 5: Thermal boundary conditions of diesel entgine simulation

Surface Temperature (K) Averaged heat transfer
coefficient (W/m?-K)

Fire deck 1060 778

Intake port 315 380

Exhaust port 693 490

Air contacted surface 305 60
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