


Cooling of an Exhaust Chamber of Jet Engine by Near-Wall 
Swirl Gas and Liquid Flow
Abstract. The release of combustion products from a jet engine during ground tests can pose a significant environmental hazard. In order to prevent contamination of the environment by combustion products, these products are released into a confined space in the form of a barrel. Nevertheless, it is imperative to ensure the provision of adequate protection for the latter, particularly in instances of repeated use. In the present work, a set of problems is solved, specifically, supersonic flow reversal and surface protection against high-temperature gas. In both cases, the swirl of the near-wall jet plays an active role. In the context of vortex motion, radial pressure gradient emerges, thereby serving as a mechanism for controlling supersonic flow and changing its direction. Furthermore, the swirl near-wall jet can be used independently or in combination with a cooling liquid film for surface protection. As an example, supersonic flow in a conical Laval nozzle with an exhaust into a channel with a small constriction is considered. A swirl near-wall jet is formed at the nozzle outlet. The liquid is either atomized in the jet or delivered as a film along the surface. The liquid film formed at the channel surface as a result of deposition from the gas-droplet near-wall jet, or fed specially, is an effective means to enhance cooling. The structure of the near-wall flow and the efficiency of two-phase cooling are analyzed based on available experiments. It is demonstrated that the combined gas and liquid film protection can be calculated as that for laminar flow regime, and is the ultimate possible.	Comment by PROF. ONAH: This phase should be exponuge	Comment by PROF. ONAH: The author should provide the values of the cooling rates 
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Nomenclature
Cs  – initial water concentration in the near-wall jet
K – generalized coordinate
M – число Маха
Re  ‒ Reynolds number
H  ‒ total enthalpy, J/kg
kv  ‒ mass concentration of vapor
kl  – mass content of liquid
T  ‒  average temperature, °K
W ‒  average velocity at the inlet, m/s
cooling efficiency in terms of enthalpy
cooling efficiency in terms of temperature
ψfactor of non-isothermal character of flows
S  – heat transfer function.
Indices:
a – parameters of air component
o ‒ parameters of the main flow
оо – length of initial region
s ‒ parameters of the near-wall jet
w ‒ conditions near the surface
sa  ‒ conditions of adiabatic saturation
Tu - turbulent flow regime
Lam - laminar flow regime,.
1. INTRODUCTION

The necessity to protect the working surface of power devices against high-temperature flows both internally and externally is attributable to the significantly diminished thermal endurance of materials. The use of gas curtain cooling has become pervasive in the engineering, as evidenced by numerous works and, in particular, by monographs [1–5]. In the studies [3, 4], the authors have considered the reduction of thermal load on nozzle walls using hydrodynamic methods taking into account a number of significant factors. In the present study, the focus is on the cooling of the walls of the exhaust duct during the flow of combustion products from a conical Laval nozzle into it. The direction of supersonic flow in a confined space is adjusted by oblique surging shocks, which result in an increase in pressure near the surface. The organization of coaxial swirl flow enables the creation of the necessary pressure rise in the proximity of the wall, whilst concomitantly protecting against high-temperature flow. 
2.  PARAMETERS  OF  EXPERIMENTS  UNDER  ANALYSIS
The schematic diagram illustrating the high-enthalpy flow and the supplied cooling liquid at the nozzle outlet is shown in Fig. 1.
  [image: ]
Fig. 1. Schematic diagram of flow at the outlet of a conical Laval nozzle.
The following initial parameters were used to conduct approximate calculations. At the outlet of the conical nozzle (with diameter Dn = 1920 mm), the main flow exhibited a supersonic velocity M = 4.08, a static temperature To = 1660 K, and a pressure Po = 0.095 kg/cm2. The flow rate of combustion products was Go = 170 kg/s, and the weight fraction of additive particles was zk = 0.42. The exhaust was conducted into a confuser with the length L = 2 m, the inlet diameter Dc1 = 2110 mm, and the outlet diameter Dc2 = 1675 mm.
In the context of a two-phase flow characterized by a high mass fraction of particles, the determination of the adiabatic index k assumes particular significance. As proposed by Rudinger [6], the methodology for determining the required parameter is predicated on the following assumptions:
1. the gas is regarded as an ideal, characterized by constant specific heat capacities.
2. both the density and the specific heat capacity of the particles remain constant.
3. mass transfer between gas and particles is absent.
4. one-dimensional flow of continuous media is considered.
Then the adiabatic exponent k of the mixture of gas and particles can be found from the relation:

                                               (1)
where  kg = cp / cv  is adiabatic exponent of gaseous combustion products, 
η = zk / (1-zk)  is parameter;  δ = c/cp ,  here  c is heat capacity of particles.
To perform calculation, it was assumed that kg = 1.19, and δ = 1.1. Using (1), we obtain:  k ≈ 1.1.
3. MODEL OF SUPERSONIC FLOW MOTION CONTROL
As illustrated in Fig. 1, the supersonic flow behind the nozzle is deflected depending on the pressure P2 in the peripheral region. When the pressure P2 is less than that in the main flow, the flow continues to expand similarly as in supersonic flow around the outer corner, and its velocity increases. The collision of the exhaust gas with the confining walls of the confuser generates an oblique surging shock. Consequently, the direction of the gas changes once again, becoming parallel to the surface of the confuser.
The oblique shock, after which Р2 > Ро is formed at the separating edge of the nozzle, as shown in Fig. 1. As is known from the gas dynamics of supersonic flows, the flow parameters before and after the oblique surging shock are described as follows:

                                                                  (2)

                                                                                        (3)
The relations (2) include the angle β, which determines the position of the oblique surging shock relative to the incident flow. This angle is either considered known or is identified through additional analysis. The relationship between the angle β and flow reversal angle γ, when crossing the shock, is described by the proper formulas:

					(4)
The angle β was determined using (4) by the inverse approximation method. Since the outflowing gas rotates from the nozzle by an angle γ = 25°13' (Fig. 1), which corresponds to β = 34°, subsequently, employing the initial data and relations (2), we obtain:
Р2 / Р0 = 5,41;  ρ2 / ρ0 = 4,34;  Т2 /Т0 = 1,25.
The latter temperature relation is derived by taking into account the equation of state for an ideal gas as
Т2 / Т0 = (Р2 / Р0)·(ρ0 / ρ2)
Thus, if the pressure in the jet of combustion products at the nozzle outlet reaches Р0 = 0.095 kg/cm², then, in order to direct the flow parallel to the walls not as a consequence of its interaction with the channel surface, it is necessary to create pressure in the peripheral region after the nozzle equal to Р2 = 0.514 kg/cm². The pressure in the axial near-wall jet used for cooling is in general not significantly different from the pressure in the axial flow.
Therefore, in order to increase the pressure in the near-wall region behind the nozzle, it is proposed to swirl the peripheral flow. As known, in swirl flows, there is a radial pressure gradient, which can be approximately expressed through the rotational component of velocity:


             					(5)
Assuming the circulation Г at the outlet of a coaxial nozzle is constant, similar to the temperature profile, the pressure drop between the pressure near the wall P2 and the jet interaction boundary can be defined as follows:

					(6)



The swirl of the peripheral flow allows organizing a gradual pressure change along the radius up to the necessary value of P2, which would deflect the axial flow away from the channel wall. To estimate the swirl angle φs in a ring-shaped nozzle of the secondary flow, we present the circulation Γs = Wφ·r  =  Const through its value at the mean radius as  , where the superficial velocity is defined as .
The density of the air flow ρs = 0.62 kg/m3 is taken according to pressure P2 = 0.514 kg/s and temperature Ts = 20oC. Then using formula (6), we obtain

             		                             (7)
In this case, the angle φs = 64o.
It should be emphasized that in the evaluation performed, the value P2 is reached at the outer wall of the nozzle. In that case, the isobaric surface equal to P2 would have been brought closer to the jet interaction zone. This can be achieved by increasing the degree of flow swirl. Features of near-wall gas jet swirl during cooling of the cylindrical channel surface were considered in [7], where the effects of such important parameters as the flow regime, nonisothermal nature of the flow, swirl intensity, and separating edge thickness on the jet mixing processes were studied.
4. METHODS  FOR  CALCULATING  AND  ENHANCIBG  FILM  COOLING  OF  EXHAUST CHAMBER  WALL 
4.1. GAS  FILM  COOLING  IN A  SUPERSONIC  FLOW
The quality of cooling by a supersonic streamlined flow can be calculated using the formula of gas curtain efficiency in supersonic nozzles [3]:

,        (8)

where Recr = ρcr·Wcr·Dcr /μоо = 4Go/(π·μs·Dcr) is the Reynolds number based on the parameters in the critical cross-section of the nozzle, , Ds is the channel diameter at the inlet of the cooling liquid.

	 -   is a function, which takes into account the effect of non-isothermal nature,

    	    is equilibrium temperature of the wall without a curtain;
To  is temperature of the incident flow;  r  is temperature restore coefficient;

	    is a function, which takes into account the effect of incompressibility.
Res = ρs·Ws·s/μw = Gs/π·μs·(Do – s) is the Reynolds number based on the parameters in the annular gap, μw is the gas viscosity at the wall at temperature Tw = Tw0.
It should be noted that formula (8) is derived under adiabatic conditions, meaning it does not account for heat transfer through the wall. A managed liquid supply in swirl flow has additional favorable consequences. In the field of centrifugal forces, evaporating liquid particles (the heavier flow components) are retained near the confining wall, whereas in non-swirl flow, they would spread over the entire mixing layer.
Experimental data on the temperature of evaporating film in swirl flow are presented in the work by R. Z. Alimov. These data were obtained using an installation in which swirl air flow, heated in a plasmatron to a temperature of 800–3000 K, entered a cylindrical channel. A cooling liquid (water) was supplied at the initial part of the investigated section. The experimental results have shown that at the ratios of the flow rates of both flows Gl/Gg = 0.6–1, complete evaporation along the entire length of the test section (equal to eight calibers) did not occur. The temperature was kept practically constant at ≤ 100°C. Thus, using dependence (8) for adiabatic conditions is quite justified.
The necessary flow rate of the cooling liquid can be found by transforming dependence (8):

           (9)
Here, the cooling efficiency θ is determined by the wall temperature that can withstand the thermal load without sustaining damage.
The required cooling liquid flow rate was estimated according to relation (8) as follows. It is assumed that the wall temperature does not exceed 300°C at a sufficient peripheral flow rate and that the initial cooling liquid temperature is ~50°C. The equilibrium wall temperature without curtain To+ at r = 0.885 and constant M in the channel is ~ 2883 K. Then, by definition θ is equal to ~ 0.9. If the peripheral flow temperature is assumed to be ~ 20oC, the value θ is equal to ~ 0.89.
The sub-integral function ΨT, which takes into account non-isothermal nature of the flow, changes weakly. Thus, at Тw0 = 323 К, ΨT = 2,245, while at Тw = 573 К, ΨT = 1,91. Based on the initial data, the ΨМ function that takes into account the compressibility of the flow appeared to be equal to 0.683.
The unknown ratio Dcr/D is determined by gas dynamic functions at known M and k, whence, for example, it follows from the calculation that Dcr = 208.5 mm.
Thus, substituting the necessary ratios obtained as a result of calculation in the dependence (19), we get
Gs = 99,2 (μст / μоо)0,2 ,   кг/с,                                              (10)
At viscosity of combustion products in the pre-critical section μoo = 7·10–5 nsec/m2, the air flow rate at a temperature of 20°C is equal to Gs = 75.85 kg/s. Similarly, the water vapor flow rate at a temperature of ~50°C is equal to Gs = 68.8 kg/s.
4.2. Valuation of Gas-Droplet Cooling Efficiency and Jet Swirl Influence
The efficacy of protecting the working surface against high temperatures through the implementation of gas flow alone is limited. The employment of a two-phase near-wall jet can be a viable method of enhancing cooling efficiency. The presence of liquid, whether in the form of droplets or a liquid film along the wall, can have a substantial impact on the cooling process due to the latent heat of evaporation. The transformation of liquid into vapor is accompanied by a volumetric expansion, which exerts an additional force on the incident flow, displacing it from the protected surface.
Apparently, one of the earliest experimental studies on the efficacy of gas-drop curtains was published in [8]. The two-phase carbon dioxide gas (CO2) was emitted through a tangential slit with a height of 1.5 mm at a vapor concentration of 90 wt%. Single-phase nitrogen with temperature of То~810 and initial turbulence level of Tu~1.6–14% was used as the main flow. The blowing parameter m ranged from 2.2 to 12. A substantial enhancement in cooling efficiency, amounting to approximately twofold, was observed in the two-phase flow section during the course of the experiments. A sharp decline in efficiency was observed along the channel length during the transition to the single-phase flow regime. The authors concluded that two-phase coolers are more advantageous than gas coolers and that further research in this area could lead to improvements in thermal protection systems.
[bookmark: _GoBack]Subsequent experimental investigation into the efficacy of gas-liquid and vapor-liquid curtains on a flat surface was conducted in the work [9][16][17][18]. The air of the main flow was heated to a constant temperature of ≃ 50°C, the blowing parameter was varied within the range of 0.3–1, and the droplet concentration was maintained below 2 wt%. The experimental findings indicate that introducing droplets substantially increases cooling efficiency by 1.5 to 3 times compared to using gas-liquid or vapor-liquid jets without droplets.	Comment by PROF. ONAH: Integrate  references 16 , 17 and 18 to make the work fine
A more complete study, which examined a wide range of fundamental parameters in a cylindrical channel is presented in [10–12]. The setup and conditions under which these experiments were carried out are described below.
Experimental setup
The results of experimental measurements used for the analysis performed were obtained employing the setup described in detail in [10, 11]. The schematic flow diagram is shown in Fig. 2. The fiberglass test section was a cylindrical channel with diameter D = 100 mm and length L ~ 1200 mm. The height of the annular gap s, through which the cooling gas-liquid flow was supplied, was 5 mm. The temperatures of the wall and both inlet flows were measured using chromel–copel thermocouples. According to data of [10, 12], the uncertainty of experimental determination of the thermal efficiency parameter did not exceed 1.8%. 
[image: ]
Fig. 2. Schematic diagram of the flow in the test section.
The temperature of the main flow was measured in the range from ~18 to 200°С, and the temperature of the cooling airflow with water droplets was ~18°C. The main flow velocity at the inlet to the test section was Wo = 30~65 m/s, which corresponded to Reynolds numbers Reo= WoDo/υ = (1~2)∙105. The range of the injection parameter of the near-wall jet m = ρsWs/ρoWo was within the range of 0.5~1.6. The liquid was ejected at the inlet of the annular slit through 48 medical needles with an internal diameter of 0.3 mm evenly spaced around the slit circumference. The weight concentration of water droplets in the near-wall jet Cs varied within the range of 0~1.6–50, 100 % (liquid film). 
A high concentration of droplets near the channel surface caused droplet deposition, which resulted in the formation of a liquid film. As observations have shown, film could contain 50–80% of the supplied liquid, its thickness could reach up to 120 μm, i.e. the presence of the liquid film can have a significant effect on transfer processes in the near-wall region.
The analysis of experiments on the effect of liquid concentration in the gas curtain has shown the existence of a limiting concentration (6–10%), at which the maximum cooling efficiency is achieved. This is due to the formation of a stable liquid film on the channel surface, while further increases in concentration do not significantly affect film stability.
VALUATION  0F  GAS-DROPLET  COOLING  EFFICIENCY	Comment by PROF. ONAH: Use of instead of 0f
Figure 3 illustrates the typical pattern of wall temperature variation within the gas-droplet jet region. Two zones with different adiabatic wall temperature distributions are visible along the channel.	Comment by PROF. ONAH: Please be consistency in using Figure and Fig
In the first region (x/s <  20), which we will call the initial one, the temperature decreases slightly along the channel length due to the evaporation processes, and it approaches the adiabatic saturation value. According to visual observations, this surface is covered by a liquid film, and the vapor concentration near the surface can be determined by the saturation curve kvw = f(Tw).  
In the second region (x/s > 20), where the liquid film is evaporated from the surface, the laws of jet mixing start to prevail, and the wall temperature starts to increase rapidly. In this case, it is logical to assume that vapor near the surface in this region is also in a saturated state.


Fig. 3. The temperature of an adiabatic wall at different temperatures of the main flow,  m = 0.6, Сs = 0.016.
For flows with constant physical properties the efficiency of thermal protection of adiabatic surface is usually characterized by dimensionless wall temperature [3, 4]:

                                                      (11) 

where is the equilibrium wall temperature in the current cross-section without thermal curtain, i.e. at isoenergetic supply of both flows, and Тw is the temperature of the adiabatic surface in the presence of the curtain. Index 1 denotes the parameters in the slit cross-section. 
Assuming the gas-liquid curtain efficiency in the same way as for the single-phase flow regime, variation of the thermal efficiency parameter θT with variations in the flow temperature can be illustrated as shown in Fig. 4. It can be seen that the efficiency in two-phase cooling is much higher than that in single-phase flow. In addition, the efficiency in the initial region, and especially at low temperatures of the main flow, can far exceed the unity > 1. This important feature of the gas-droplet cooling is caused by the “chilldown” effect of wall layer due to intensive evaporation of the liquid phase directly behind the slit edge.


Fig. 4. The thermal efficiency parameter of gas-droplet cooling. 
Such a behavior of the thermal efficiency parameter and its strong dependence on temperature is unexpected from the standpoint of the classical theory of near-wall gas cooling. Therefore, it is impossible to generalize the experimental data using the temperature parameter of thermal efficiency (11). This indicates the limited ability of  parameter to describe the thermal properties of two-phase gas-droplet jets. The main parameter characterizing the intensity of adiabatic surface cooling by the near-wall flow is its expression through enthalpies of the mixing flows [3]. For this purpose, we use the enthalpy efficiency parameter written in the form:

                    (12)
In equation (12), Cs is the initial weight concentration of the liquid in the near-wall jet, and r is the heat of phase transition. 
The total enthalpy of gas in the core of the H0 flow and at the edge of the tangential slit HS is known for the problem under consideration. These quantities are determined by temperature and inlet composition. Determining the total enthalpy of a vapor-gas-droplet mixture on the wall is more complicated. This value depends on the concentrations of the gas and droplet phases, as well as the mass content of water vapor, which changes as the liquid phase evaporates. To determine this value, simplifying assumptions are required, and these assumptions are confirmed by the results of experimental studies.
To switch from (12) to the form expressed by θ, defined through flow temperatures, let us express specific enthalpies of air, steam, and water as follows: 
Hair = cp,aTair;  Hl = clTl ;  Hv = cp,v Tv                                                (13)
In the considered case the heat capacities (cp,a, cl, cp,v) in the temperature range of 0–100oC were assumed constant and equal to 1, 4.19, and 1.93 kJ/kg, respectively [13].
The enthalpy Hs of the near-wall jet entering for cooling at known weight concentrations of liquid Cs is equal to
.Hs = (1 – Cs) cp,a Tair,s + cl Cs Tl – r Cs                                             (14)
Here the third term indicates the cooling value at the phase transition of liquid into vapor (for water, in the considered temperature range r ~ 2501 [13]).
Assuming that with increasing the weight concentration dv the temperature near the insulated surface decreases due to evaporation, the main flow does not influence the evaporation processes at some distance from the initial cross-section. The fraction of evaporated water droplets can then be determined from the relation combined from (13) and (14): 
(1 – Cs) cp,aT + cp,v Cs dv T + cl Cs(1 – dv )T - r Cs(1 - dv) = (1 – Cs)cp,a Tair,s + cl CsTl – r Cs

Csdv =                    (15)
When the temperatures of the water and air at the slit inlet are equal, relation (15) is simplified:

                                                  (16)
The results of wall temperature measurements for quasi-isothermal flows are shown in Fig. 5. In the context of single-phase coaxial jet flows, the temperature of the wall near the annular slit is equivalent to the temperature of the peripheral flow. This temperature approaches the temperature of the main flow as the latter moves downstream. In the presence of dispersed liquid droplets, a significant decrease in wall temperature was observed, as illustrated in the figure. A comparison of experiments with different liquid concentrations reveals a negligible discrepancy between them, suggesting that the limiting saturation of moisture in the near-wall region occurs despite the substantial variation in Cs.
The proportion of liquid evaporation at a distance from the slit x/s = 18, where the lowest temperature was observed, gives the following estimates calculated by relation (16): for Cs = 0.05, Csdv  = 0.0083, while for Cs = 0.10, Csdv = 0.0096. The total amount of liquid evaporated in the boundary layer in both cases is nearly equivalent, amounting to approximately 1%.



Fig. 5. Effect of water droplet concentration on the wall temperature at initial values of parameters: To = 16.7oC, Tsa = 20oC, Tl = 21.8oC.
CONCENTRATIONS OF TWO-PHASE MIXTURE COMPONENTS IN THE VICINITY OF THE WALL	Comment by PROF. ONAH: Bold to be consistency
Thus, the unknown coefficients can be represented respectively as 1– Cs, Cs∙dv , Cs∙(1 –dv), where Cs∙dv is equal to the vapor concentration kv. The kv value of can be defined as

                              (17)
here Pv is the temperature-dependent partial vapor pressure, M is the molecular weight of water vapor or air. To calculate Pv it is convenient to use the approximate formula of Filonenko:

Pv = 6.104∙10-3∙10 ,  (T 0K)                                  (18)
The calculation results for the saturated vapor concentration near the surface are shown in Figs. 6 and 7. The comparisons of the Kv values in these figures with the weight concentration measurements of vapor given in [11, 12] are qualitatively consistent, confirming the validity of the methodology used.


Fig. 6. Effect of temperature To on the vapor concentration near the channel surface, Cs = 0.016. 1 – To = 31oC; 2 – 55; 3 – 96; 4 – 147; 5 – 175; 6 – 196.
The analysis of the kv distribution in the near-wall region is detailed in [14]. The main air flow temperature in Fig. 6 is the variable parameter. In the initial section of the near-wall jet, droplet evaporation causes a temperature drop, resulting in a decrease in kv. However, as the two-phase jet mixes with the hot flow, the kv increases rapidly along the channel length, and the results start differentiating depending on the temperature of the main flow То.
Figure 7 demonstrates the vapor concentration at the wall at a fixed temperature of the hot main flow (T0 = 150 0C) and the same inlet parameter (m = 0.6); however, liquid phase concentrations at the inlet are different. As can be seen the kv variation pattern is consistent with that in Fig. 6. At the same time, the inlet liquid phase concentration has a less significant impact on vapor content than the change in flow core temperature, as illustrated in Fig. 6.



Fig. 7. Distribution of vapor concentration near the wall at different initial concentration of liquid phase Cs: To  ~ 150 oC. 1–Cs = 0.016; 2 – 0.026; 3 – 0.05; 4 – 0.1.
The coordinate of the minimum temperature and consequently minimum vapor concentration near the wall (Figs. 5 and 6) determine the length of the initial section of the near-wall gas-droplet jet. The vapor concentrations determined in Figs. 6 and 7, as well as in other experiments in this series, formed the basis for the subsequent analysis of liquid film evaporation processes and the identification of important factors and ways to generalize the experimental data.
The kv/kv, min ratio, which is considered as characteristic parameter, depends on the complex adopted to describe the gas curtains: 
             KTu = ReX / [ReS (S / O) (1 – s / DK)]1.25,                       (19)
The latter characterizes the intensity of turbulent mixing of the near-wall and main flows.
In the jet-mixing area behind the initial section xo, the experimental data are described as a function of kv/kv, min depending on the complex KTu,x = ReX/[ReS (S / O) (1–s/DK)]1.25, where the Reynolds number was calculated by taking into account the length of the initial section xo. The non-isothermal nature of the flow, which has a strong influence on the evaporation process, was taken into account in the form of the ratio of the near-wall jet temperature to the external flow temperature Ts /To. 
 A generalization of all experimental data on water vapor concentration is given in Fig. 8. As can be seen in the figure, the experimental results are represented by a linear relationship, whose coefficients were calculated using the least squares method. As a result, the obtained calculation formula can be written as follows:
kv / kv, min = 1 + 0.016 K Tu  x (Ts / To) - 6.5.                                           (20)


Fig. 8. Generalization of data on vapor concentration depending on the complex used for heat curtains: 1–4 – Cs = 0.016: 1 – To = 31oC, 2 – 55, 3 – 147, 4 – 196; 5–8 – To ~ 150oC: 5 – Cs = 0.016, 6 – 0.026, 7 – 0.053, 8 – 0.103. The curve corresponds to equation (20).
In the region of moderate temperatures (T0 < 1500C), formula (20) accurately describes the vapor concentration near the surface for various main flow temperatures and liquid concentrations in the near-wall jet. For higher temperatures, however, the agreement deteriorates, necessitating further experimental and numerical studies, which are also required for practical applications.
EFFICIENCY  OF  GAS – LIQUID  COOLING
To calculate θH using the ratio (11), the concentrations of air ko, vapor kv, and liquid kl must first be determined. Assuming the approximation that the vapor concentration near the wall is constant, as has been shown in [14], the unknown coefficients can be represented in terms of the vapor concentration, kv.
Consequently, using only the vapor concentration kv, the relation (12) for θ at the wall can be transformed to the form:

θH     =                                 (21)
When the liquid completely evaporates, the value of kv reaches the known limit Cs. In the natural conditions, this is the most probable state of existence. In this case, the expression for the efficiency of the air-vapor curtain can then be written as follows:

θv     =                                                 (22)
Thus, efficiency can be represented in a combined way. As long as kv near the wall is less than Cs, formula (21) is used. Further, at full evaporation, formula (22) is used.
The treatment of the experimental wall temperature data given in [10] using relations (21) and (22) is presented in Fig. 9.



Fig. 9. Effects of (a) temperature, Сs = 0.016 and (b) liquid concentration,
To ~ 150OC  on enthalpy efficiency. 
A generalization of these experimental data in criterion coordinates and comparison with the known Kutateladze–Leontiev dependence [3], obtained for gas curtains under turbulent flow, was conducted in the following form:

                (23)
The temperature magnitude and its gradient are significant factors in determining the heat transfer process. While taking into account the factor of non-isothermal nature at the inlet of the test section S in the form of

,                 где  s / To ,   (T → oK),
we get the following formula corresponding to the turbulent flow regime:

,               (24)
where ReΔx is the Reynolds number, determined by the main flow parameters and distance Δx = x – xo ; where xo is the length of the initial section.
The experimental data presented in Fig. 9 were subsequently plotted in Fig. 10 as a function of the criterion coordinate. While the experiments for the gas curtain are satisfactorily described by the dependence (15), the efficiency of the gas-droplet cooling has shown a significant superiority. The droplet deposition on the wall increases with increasing initial liquid concentration in the near-wall jet, as well as at low temperatures of the main flow, when the droplet evaporation intensity decreases. 


Fig. 10. Effects of temperature at constant Cs = 0.016 and droplet concentration at 
To ~ 150oC, presented in generalized coordinates for turbulent flow taking into account the non-isothermal nature of flows. The curve corresponds to equation (15).
Since the efficiency of gas-droplet certain protection has shown a significant excess over efficiency of gas curtain at turbulent flow, the similar representation of the data in generalized coordinates was conducted for laminar flow regime. In this case the generalized axial coordinate is written as Klam x = ReX / [Re2S (so)2·(1 – s/DK)]2·Ψs. The results were compared with the computational dependence for the gas curtain obtained for laminar heat transfer [3].
θ  =  ( 1 + 10.6 ∙ Кlam ·s) – 0.5                                                    (25)
Figure 11 illustrates the experiments presented in Fig. 10 for the laminar flow regime, with curve (25) plotted as a dashed line.


Fig. 11. Generalization in coordinates for the laminar flow regime.
As can be seen from the figure, the gas-drop curtain exhibits a limiting value in efficiency, characteristic of laminar heat and mass transfer. A similar behavior, i.e., laminarization of jet mixing processes, has been noted in the experiments of E. P. Sukhovich [15], where the density ratio of coaxial jets was ~2.5.
The ratio of flow densities is a critical parameter in determining the jet mixing processes. According to the conditions stipulated at the problem setting, the ratio was ρs/ρo ~ 34. As it was shown in [7], in which experimental data on the gas curtain efficiency at ratios ρs/ρo varying in the range of 0.13–7.5 were presented, the blowing in of heavier gas than that in the main flow (ρs/ρo » 1) causes an increase in θ to its value at laminar flow, which is described by relation (25). It is also important to note that the effect of swirl on cooling at laminar regime disappears [7]. Consequently, the assessment of the efficacy of gas-film protection against high-temperature combustion products can be conducted in a manner analogous to that of laminar flow regimes, without accounting for rotation.	Comment by PROF. ONAH: This is 1.5 spacing why, and others are 1.5. Please reconcile
5. CONCLUSON
• The paper presents calculations of supersonic flow and the possibility of actively influencing the flow interface with a swirl periphery jet, which can alter the direction of combustion products at the nozzle outlet.
• The total enthalpy values of the vapor-gas-droplet mixture were used to generalize the experimental data on thermal efficiency over a wide range of initial conditions.
• The liquid film on the wall surface enhances cooling; however, thermal efficiency is limited by size, as described by the Kutateladze–Leontiev relationship for laminar flow regimes.
• Vortex movement has additional favorable consequences. In the field of centrifugal forces, the heaviest liquid particles are held near the bounding wall and do not extend to the entire mixing layer as they would in a non-swirl flow. Additionally, the swirl jet contributes to the retention of liquid films and reduces their evaporation.
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