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Abstract

:

In this study, numerical simulations have been carried out to analyze the effect of convective heat transfer on flow separation occurring in a DLP-PAR nozzle. Heat transfer coefficient (0, 200 and 1000 w/m2K) was applied to the nozzle wall to incorporate the cooling effect for different gas inlet temperatures ranging from 1000 to 1500 K. The impact of the cooling effect was analyzed based on nozzle wall temperature and wall static pressure. The wall static pressure distribution also characterizes movement of the separation point. For an inlet temperature of 1000 K, a detailed heat transfer study was carried out for four different nozzle pressure ratios (14, 22, 30 and 40). Significant amount of heat transfer was observed for pressure ratio 14, which in turn had an impact on flow separation. The wall cooling resulted in a shift of the point of separation towards the nozzle exit. For the nozzle pressure ratio of 14, this shift was by about 8.8%, indicating that the flow separation can be delayed by way of cooling for the considered inlet temperature. For higher inlet temperatures, the effect of heat transfer on flow separation seems to be negligible. The current study concludes that the separation point can be controlled by convective cooling for inlet gas temperatures below 1500 K so that the optimal performance of the nozzle can be achieved.
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1. Introduction


The performance of a rocket engine depends mainly on the design and operation of the nozzle. For optimal performance over the entire flight, the nozzle is designed at an intermediate NPR (ratio of the chamber and ambient pressure, Pc/Pa), which lies between sea level and high-altitude pressure. For off-design conditions, the nozzle flow will be overexpanded (Pe < Pa) at low altitude and underexpanded (Pe > Pa) at high altitude where Pe is the exit pressure [1]. During the atmospheric flight, the exhaust flow adapts to the ambient pressure through a system of oblique shock and expansion waves. The adverse pressure rise associated with the shock leads to the detachment of the boundary layer from the wall inducing flow separation within the nozzle. In highly overexpanded nozzles, the shockwave boundary layer interaction (SWBLI) shows strong unsteadiness, which triggers symmetrical or asymmetrical flow separations leading to side loads [2]. In order to control the effects of flow separation and to improve the nozzle efficiency, understanding the origin and fundamental physics of this phenomenon is essential which continues to motivate both fundamental and applied research in the field.



Swan et al. [3] and Foster et al. [4] observed that nozzle pressure ratio (NPR) was an important parameter for determining the separation position, and it does not depend on parameters such as fuel ratio or combustion temperature. In one of the pioneering efforts in this domain, Summerfield et al. [5] published an expression between NPR and separation position called separation criterion, which predicts the location of the separation point for the particular NPR. Nave et al. [6] and Romine et al. [7] established an empirical relation to calculate the sideloads due to the separation and observed different shock separation patterns, including cap shock pattern.



Most of the experiments conducted were for subscale nozzles with cold gas flow. In order to gain insight into the flow separation in the real nozzles, numerical simulations provide a viable alternative. In the recent past, several researchers, including Stark et al. [8], Ostlund et al. [9], Nebbache et al. [10], Pilinski et al. [11], and Yonezawa et al. [12], studied the performance of various turbulence models to capture the flow separation over a range of NPRs for gas temperatures between 270 to 500 K and adiabatic wall conditions. A summary of observations from these studies is given in Table 1.



Refined models with cold flow conditions, such as the modified SST model, where the diffusion coefficients were modified (Allamprabhu et al. [13]); DDES model, which is a hybrid of RANS and LES (Larusson et al. [14]); subgrid-based LES modeling (Kamali et al. [15]); and others resulted in accurate prediction of flow separation and capturing the shock pattern.



Chen et al. [16] and Frey et al. [17] observed the hysteresis phenomenon in boundary layer separation and reattachment between a range of pressure ratios for cold flow and captured a cap-shock pattern that led to the reattachment of separated flow. For a deeper understanding of the hysteresis effect during the transition between different shock patterns, Onofri et al. [18] simulated and compared the results for both the steady-state and transient overexpanded flow with the experimental data. It was observed that the time-accurate evolution captured the transition shock structure with better accuracy. Thongsri et al. [19] studied the gas flow and ablation effect through conjugate heat transfer analysis with CFD and finite element analysis for an inlet temperature of 3000 K. Haroon et al. [20] captured the flow pattern for a 2D non-axisymmetric convergent-divergent nozzle and a 3D axisymmetric nozzle for NPR 3 and 3.4.



Gross et al. [21], Nasuti et al. [22], Ostlund et al. [23], Sreejith et al. [24], Bhide et al. [25], and Zmijanovic et al. [26] numerically simulated the internal flow for Thrust Optimized Parabolic (TOP), Thrust Optimized Contoured (TOC) and Truncated Ideal Contoured (TIC) nozzles with cold gas flow and adiabatic wall boundary conditions. It was observed that except for the ideal contour, all the other contours with the internal shock produced cap shock pattern, which led to flow reattachment during startup and shutdown conditions.



In order to delay the flow separation and control its effect (side loads), different techniques were used, ranging from altering the nozzle contour to injecting gas along the nozzle contour (bleed flow). Fouladi et al. [27] studied the effect of the initial divergence angle of a TOP nozzle on flow structure for cold flow and no heat flux wall conditions. Ivanov et al. [28], Sreerag et al. [29], Nikhil et al. [30], Hadjadj et al. [31], and Mayank et al. [32] investigated the effect of secondary injection on flow separation for bell [28,29,30,31] and dual bell nozzles [32]. It was observed that the hysteresis occurring during the transition between two shock patterns during startup and shutdown was effectively controlled by secondary gas injection for cold gas flow and adiabatic wall condition [28,31]. Wang et al. [33] captured the flow pattern for very large area ratio nozzles. The study was conducted for ground and high-altitude conditions. Shimura et al. [34] initiated the study of the cooling effect on flow separation by using a constant nozzle wall temperature profile as a wall boundary condition. An overview of the prominent studies in this domain is provided in Table 2.



Though most of the studies have captured the shock pattern and effects due to flow separation, very few have implemented real-time nozzle conditions to study flow separation. The above-mentioned studies were conducted mainly for inlet gas temperatures in the range of 270 to 300 K and adiabatic wall conditions, as shown in Table 2. Though there are some studies in relatively higher temperature ranges, they are confined primarily to adiabatic wall conditions. Further, the significance and the influence of convective heat transfer across the wall on flow separation have not been studied in the published literature. This finding is particularly important in rocket nozzles as they are continuously cooled for thermal management of the material. It may also be noted that at higher temperatures, the critical thermophysical properties that influence the flow and heat transfer become increasingly temperature-dependent and this can have an impact on the nozzle performance as well. The temperature-dependence of properties has also been taken into account in the present study.



In the present work, we employed ANSYS Fluent v20.0 as a CFD solver to study the heat transfer effects on flow separation in a parabolic contoured nozzle (DLP-PAR). Different heat transfer coefficients were imposed on the nozzle wall, and their influence on the separation point and shock pattern was analyzed. In order to capture the nozzle performance in the temperature range of practical interest, inlet temperatures ranging from 1000 K to 1500 K were used in the simulations. The impact of convective heat transfer on flow separation was analyzed based on the wall pressure distribution. Thus, the present study examines the control of separation point movement through convective cooling for different inlet gas temperatures. This study provides an important analysis of heat transfer effects on flow separation and forms the basis for optimizing the design of nozzle cooling systems considering flow separation.




2. Materials and Methods


Axisymmetric, steady-state SST k-ω solver was used to simulate heat transfer effects on nozzle flow separations. The SST model coefficients, a1 parameter and two turbulence diffusion coefficients (σκ and σω) [35], were modified to accurately capture the flow separation, which was extracted from the study by Allamprabhu et al. [13]. The compressible form of steady Navier–Stokes equations was solved using a density-based approach [35]. The governing equations [24] used in the numerical analysis are mentioned below.



The continuity equation:


    ∂   ρ  u i      ∂  x i    = 0  



(1)







RANS equation:


    ∂   ρ  u i   u j      ∂  x j    = −   ∂ P   ∂  x i    +  ∂  ∂  x j    ⌊ μ     ∂  u j    ∂  x i    +   ∂  u i    ∂  x j    +  2 3   δ  i j     ∂  u i    ∂  x i      ⌋ +   ∂   −   ρ  u i   u j   ¯      ∂  x j     



(2)







Energy equation:


    ∂    u i    ρ E + p       ∂  x i    =  ∂  ∂  x j    ⌊   k +    C p   μ t   C      ∂ T   ∂  x j    +  u i    −   ρ  u i   u j   ¯    ⌋  



(3)







The nomenclature used in the above equations is as follows: µt turbulent viscosity;  ρ  density; µ viscosity;    C p    specific heat; R gas constant; T temperature; k thermal conductivity; C turbulent Prandtl number; P pressure; ui and uj mean velocity components;      u i   u j   ¯    averaged fluctuating velocity components.



To estimate flux, the Advective Upstream Splitting Method (AUSM) was employed as it accurately captures the shock and contact discontinuities. Green–Gauss cell-based spatial discretization was used. For temporal discretization, the implicit time marching algorithm was considered. Density variation was modeled using ideal gas equation. User-defined functions (UDF) were compiled for thermal conductivity and molecular viscosity to incorporate their temperature dependence. The numerical model used in the study is validated against the experimental data of Verma et al. [34].



2.1. Computational Domain and Boundary Conditions


DLP-PAR nozzle contour of area ratio 30 and throat radius of 10 mm was generated using Rocket Propulsion Analysis (RPA) v2.3. To impose the ambient pressure near the nozzle, the computational domain was extended axially 100 times the exit radius downstream of the nozzle exit and 50 times the exit radius upstream of the nozzle exit, as shown in Figure 1.



The structured mesh was generated using GAMBIT 2.4. The spacing of the first cell from the nozzle wall was 5 µm, keeping the y+ value mostly lower than one along the nozzle wall to ensure adequate resolution of the boundary layer region. A mesh-independence study was carried out to ensure that the discretization is adequate. First, the simulation was carried out using a coarse mesh with 198,750 quadrilateral cells. Then, a multi-block structured grid was meshed to accurately capture the shock progress. The grid in the divergent section of the nozzle was split into three blocks, as shown in Figure 2. The region with high grid density captures the shock separation location and Mach disk. Simulations were carried out with refined meshes of 345,834 and 928,387 cells, respectively. Results of the successive refinements, quantified by the predicted location of the separation point, are summarized in Table 3. The mesh with 3,45,834 cells was found to be adequate for the present study as further refinement to about 3 times the mesh size resulted only in 0.12% variation in the result (Table 3).



Pressure inlet boundary condition was applied for nozzle inlet and ambient inflow. A fixed NPR was given at the nozzle inlet for the flow to occur. The hot and cold flow of nitrogen gas was considered at the inlet. Pressure outlet boundary condition was applied for outflow at ambient pressure condition. Two heat transfer conditions (adiabatic and convective heat transfer) were applied to the inner wall, and an adiabatic condition was applied to the outer wall (Table 4).




2.2. Validation


Numerical modeling of high-speed nozzle flows reported in recent years for various applications (including underexpanded jets [36], particle-laden jets [37], and acoustic sources, [38]) have extensively made use of various turbulence modeling schemes that suit the respective applications. For the intended scope of the present study, the static pressure distribution as well as the flow separation at the wall are important parameters in the analysis. The validation of the numerical model is carried out in two steps: the first step is based on the comparison of wall pressure distribution with experimental data, and in the second step the flow separation point, based on axial wall-shear calculation, is compared with published experimental data for flow separation in supersonic nozzles. Both of the sets of validation results are presented below.



The validation study was performed with the experimental results of Verma et al. [39], who tested the DLP-PAR nozzle with an area ratio of 30 and throat radius of 10 mm for different NPRs. It was observed that the MSST model slightly overpredicted the separation point (Figure 3a). Consequently, the mesh was adapted in the region where the separation occurs for that particular NPR [13]. The results coincided with the experimental results over the entire range of NPRs considered (Figure 3b).



Prediction of the point of separation, which is based on the axial wall shear computation (note that axial wall shear will be equal to zero at the point of separation), is validated against the experimental data of [39] which pertain to oil flow visualization studies for supersonic flow separation. The simulated separation location was compared to the experimental values for further validation of the model (Figure 4). Qualitatively, the simulation results also match the experimental observation that the location of the separation point moves towards the nozzle exit with an increase in NPR (Figure 3b and Figure 4). Thus, the comparison shows that the model is capable of capturing the separation with adequate accuracy.





3. Results


A numerical study on wall heat transfer effects and their influence on flow separation was carried out for hot gas flow with convective heat transfer wall conditions. The nozzle pressure ratio (NPR) considered in the study generates a flow pattern where the boundary layer separates from the nozzle wall, and the flow does not re-attach further (Free shock separation). This is a common phenomenon observed during the startup or shutdown. Significant pressure change occurs across the FSS pattern. Initially, the boundary layer remains attached with a minimum static wall pressure distribution, then there is a steep rise in pressure which initiates the flow separation followed by a fully separated flow region with constant wall pressure as shown in Figure 5. The wall pressure distribution comprising the details of separation point, separation length, etc., for different boundary conditions mentioned in Table 4 has been analyzed below.



3.1. Effect of Nozzle Pressure Ratio (NPR)


For cold gas flow (300 K), the point of separation was observed to move towards the nozzle exit with every successive NPR (Figure 5). Two different shock patterns were captured for the considered NPR, Mach reflection and cap-shock pattern. Regular Mach reflection with a convex Mach disk was observed for NPR 14 and 22 (Figure 6a,b). Cap shock pattern indicates the onset of transition between free shock separation (FSS) and restricted shock separation (RSS). Momentum imbalance due to cap shock and internal shock caused by the nozzle contour pushes the flow toward the nozzle wall leading to reattachment (RSS). For DLP-PAR, nozzle cap shock was captured for NPR 30 and 40 as shown below in Figure 6c,d. These observations are in line with the studies reported pertaining to transition in this NPR range [13,23].




3.2. Effect of Inlet Temperatures


To study the influence of inlet temperature on the separation, four different pressure ratios (14, 22, 30, and 40) and four inlet temperatures—300 K, 1000 K, 1200 K, and 1500 K (for hydrogen–oxygen propellant)—at adiabatic wall condition were considered. This range of inlet temperature is common for such engines [1]. For a particular NPR, say 14, increasing the inlet temperature resulted in the early occurrence of separation (Figure 7b). This could be attributed to the dependence of temperature on viscosity. The viscosity of the gas increases with an increase in temperature, which in turn affects the boundary layer thickness causing decelerated flow and adverse pressure gradient. The results (in Figure 7a) also indicate the impact of NPR on the delay of separation. For an NPR of 14, the separation is delayed by Xft/Rth = 0.08 when the inlet temperature increases from 300 K to 1000 K. For NPR = 30, the corresponding delay (in separation for the same temperature range) is found to be Xft/Rth = 0.72. The pressure difference between the initialization of separation and the actual occurrence of separation is smaller for higher NPRs.




3.3. Effect of Heat Transfer Coefficients


The wall cooling effect in this study has been incorporated by applying convective heat transfer boundary conditions and varying the heat transfer coefficient. Different heat transfer coefficients (0, 200 w/m2K, and 1000 w/m2K) were considered. The inlet temperatures used for the simulations were 1000 K, 1200 K, and 1500 K. A quadratic surface, at a distance y = 0.0015 m, parallel to the nozzle contour was created to study the heat transfer effects on the flow outside the boundary layer.



In general, the convective heat transfer across the wall was found to delay the flow separation. The higher the heat transfer coefficient, the further the separation moves towards the nozzle exit plane (Figure 8a). This could be due to the fact that as the near wall gas temperature decreases due to cooling, its viscosity decreases, leading to a thinner boundary layer. This, in turn, delays the separation. For NPR 22, 30, and 40, the impact on separation is relatively less than NPR 14 (Figure 9a, Figure 10a and Figure 11a).



The heat transfer rate for an area behind the shock emanating at the separation point has been calculated and represented in Table 5. It was observed that the heat transfer rate at and beyond NPR 22 remains almost the same. The saturation of heat transfer could be due to the expansion of the flow at higher NPRs. The temperature difference between HTC 0 and 1000 w/m2K along the quadratic surface is around 20.8% for NPR 14 and around 1 to 2% for other considered NPRs (Figure 8b, Figure 9b, Figure 10b and Figure 11b), justifying the above observation. The drop in Mach number across the region of the shock and the concomitant increase in static temperature are shown in Figure 8b, Figure 9b, Figure 10b and Figure 11b. The minor advancement of the Mach disk towards the exit is shown in Figure 12.



For an inlet temperature of 1200 K, at NPR 14 and NPR 40, the effect of cooling on separation appears to be reduced compared to the same NPR at 1000 K inlet temperature (Figure 13).



For an inlet temperature of 1500 K, cooling has a negligible effect on flow separation for the considered NPRs (Figure 14). Therefore, it could be concluded that for higher inlet gas temperatures, nozzle wall cooling has a lesser impact on flow separation.





4. Conclusions


A numerical investigation was carried out to study the effect of heat transfer on flow separation for a DLP-PAR nozzle. Simulations of shock-induced separation were carried out for a series of operating conditions of practical interest in rocket engines. The influence of nozzle wall cooling on flow separation was examined, and the following are the main findings of the study.




	
Increasing the inlet gas temperature results in early occurrence of separation, and for higher NPRs, the separation occurs much earlier than the lower NPRs, i.e., for NPR 14 the separation was delayed by Xft/Rth = 0.08 and the corresponding delay for NPR 30 was Xft/Rth = 0.72.



	
Wall cooling (modelled in the study by way of heat transfer boundary condition) is found to delay the separation significantly under certain inlet conditions, under which the separation moves towards the nozzle exit plane further with an increase in wall heat transfer. For NPR 14 at an inlet temperature of 1000 K, the separation point moves towards the nozzle exit by 8.8% with cooling and 1.5 to 2.5% for other NPRs.



	
At an inlet temperature of 1000 K, the effect of heat transfer appears to be significant for NPR 14 compared to the other NPRs considered in the study.



	
With an increase in inlet temperature, the effect of heat transfer on flow separation progressively diminishes over the pressure ratios considered.








The findings of the present study contribute to the global body of knowledge in thermal management of rocket nozzles as well as on nozzle performance improvement. An appropriate combination of cooling rate can potentially improve the thrust performance by minimizing the impact of flow separation within the supersonic nozzle.
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Figure 1. Computational domain and boundary conditions. 
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Figure 2. Block-structured grid of the DLP-PAR nozzle used for NPR 14. 
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Figure 3. Wall pressure distribution: (a) at NPR 14 for different viscous models; (b) comparison of simulation result with the experimental result [39] for different NPRs. 
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Figure 4. Comparison of simulation and experimental [39] separation points (determined based on wall-shear prediction) for different NPRs. 
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Figure 5. Wall pressure distribution at different NPRs (To = 300 K). 
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Figure 6. Mach contours for different nozzle pressure ratios: (a) NPR 14 (b) NPR 22 (c) NPR 30 and (d) NPR 40. 
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Figure 7. Wall pressure distribution for different inlet temperatures at (a) different NPRs and (b) NPR 14. 
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Figure 8. NPR 14 at an inlet temperature of 1000 K for different heat transfer coefficients: (a) Pressure distribution along the nozzle wall, (b) Temperature and Mach number variation at a distance y = 0.0015 m from the nozzle wall. 
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Figure 9. NPR 22 at an inlet temperature of 1000 K for different heat transfer coefficients: (a) Pressure distribution along the nozzle wall, (b) Temperature and Mach number variation at a distance y = 0.0015 m from the nozzle wall. 
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Figure 10. NPR 30 at an inlet temperature of 1000 K for different heat transfer coefficients: (a) Pressure distribution along the nozzle wall, (b) Temperature and Mach number variation at a distance y = 0.0015 m from the nozzle wall. 
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Figure 11. NPR 40 at an inlet temperature of 1000 K for different heat transfer coefficients: (a) Pressure distribution along the nozzle wall, (b) Temperature and Mach number variation at a distance y = 0.0015 m from the nozzle wall. 
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Figure 12. Represents the movement of Mach disk for NPR14 at HTC 0 and 1000 w/m2K. 
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Figure 13. Wall pressure distribution at an inlet temperature of 1200 K for different heat transfer coefficients: (a) NPR 14 and (b) NPR 40. 
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Figure 14. Wall pressure distribution at an inlet temperature of 1500 K for different heat transfer coefficients: (a) NPR 14 and (b) NPR 40. 
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Table 1. Studies on Numerical simulation of flow separation and wall pressure.
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	Authors
	Turbulence Model
	Nozzle Contour
	Remarks on Validation





	Ostlund et al. [9]
	SST
	TOP
	over prediction for NPR 12 and 16.2



	Nebbache et al. [10]
	SST
	TOC
	over prediction for NPR < 23.9



	Pilinski et al. [11]
	SST
	TIC
	under prediction for NPR < 34.7

over prediction for NPR > 41.3



	Yonezawa et al. [12]
	SST and SA
	CTP (Compressed Truncated Perfect)
	no differences between the two models, underpredicted



	Stark et al. [8]
	SST
	TIC
	Under prediction for NPR 25
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Table 2. Overview of nozzle geometry and boundary conditions considered in the reported literature and the present study.
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	Authors
	Nozzle Contour
	Area Ratio
	Nozzle Inlet Temperature (K)
	Nozzle Wall Boundary Condition





	Ostlund et al. [23]
	TIC, TOP, TOC, Conical
	43.4
	270
	Adiabatic



	Ostlund and Jaran et al. [9]
	TIC, TOP, Conical
	45, 43.4
	270
	Adiabatic



	Nebbache et al. [10]
	TOC
	30.32
	270
	Adiabatic



	Pilinski et al. [11]
	TIC
	13.9
	270
	Adiabatic



	Yonezawa et al. [12]
	CTP
	49
	290
	Adiabatic



	Allamprabhu et al. [13]
	TOP
	30
	270
	Adiabatic



	Laurusson et al. [14]
	Parabolic nozzle
	
	300
	Adiabatic



	Onofri et al. [18]
	TOP
	45
	300
	Adiabatic



	Gross et al. [21]
	TIC, TOP, Dual bell
	13.9, 30
	300
	Adiabatic



	Nasuti et al. [22]
	TIC, TOC, TOP
	
	300
	Adiabatic



	Sreejith et al. [24]
	TIC, TOP and Conical
	13.9, 30
	300
	Adiabatic



	Zmijanovic et al. [26]
	TOC, TOP
	30.32, 30
	290
	Adiabatic



	Fouladi et al. [27]
	TOP
	60
	300
	Adiabatic



	Ivanov et al. [28]
	TOC
	
	293
	Adiabatic



	Sreeraj et al. [29]
	Bell nozzle
	30
	300
	Solid wall



	Khobragade et al. [30]
	CD nozzle
	10.74
	800
	no heat transfer



	Hadjadj et al. [31]
	TOP, TIC
	30
	300
	Adiabatic



	Verma et al. [32]
	Dual bell
	
	300 and 2842
	Adiabatic



	Wang et al. [33]
	Laval nozzle
	30.25
	Cold flow
	Adiabatic



	Shimura et al. [34]
	Conical nozzle
	4.55
	1200
	wall temperature = 300 K



	Present study
	TOP
	30
	300, 1000, 1200 and 1500
	Adiabatic and Convective heat transfer (coefficients = 0, 200 and 1000 w/m2K)
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Table 3. Grid independence study.
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	No. of Elements
	Separation Point (X/rth)





	198,750
	2.62



	345,834
	2.437



	928,387
	2.434
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Table 4. Boundary conditions.






Table 4. Boundary conditions.





	Boundary
	Type
	Conditions





	Nozzle inlet
	Pressure inlet
	Po = NPR*Pa; To = 300 K (for cold flow), 1000, 1200 and 1500 K (for hot flow) (NPR = 14, 22, 30 and 40)



	Ambient inflow
	Pressure inlet
	Po = 101,325 pa; To = 300 K



	Inner wall
	Wall
	No slip; Adiabatic and convective heat transfer (HTC = 0, 200 and 1000 w/m2K)



	Outer wall
	Wall
	Adiabatic



	Outflow
	Pressure outlet
	Pa = 101,325 pa
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Table 5. Heat transfer rate (in W) calculated for an area behind the shock for inlet temperature = 1000 K.
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	HTC
	Q_NPR14
	Q_NPR22
	Q_NPR30
	Q_NPR40





	0
	-
	-
	-
	-



	200
	13.69
	23.35
	23.15
	22.78



	1000
	34.55
	116.6
	115.76
	113.88
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