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In this paper, the effects of non-isothermal oxidation on transient conjugate heat 
transfer of the cryo-supersonic air-quenching are investigated based on a dou-
ble-layered oxidation kinetics model, while a unified conjugate heat transfer for-
mula is developed to synthetically consider the near-wall turbulence, non-iso-
thermal oxidation, and surface radiation. The comparison between numerical 
and experimental results are also presented to check the validity of the developed 
model. The results indicate that the film growth has some degree of inhibition to 
the conjugate heat transfer, in particular, the stagnation temperature increases 
linearly by about 5 K per 100 μm increase in film thickness, and the effective con-
jugate heat transfer coefficient in the stagnation region decreases linearly by 
about 55 Wm–2K–1 per 100 μm increase in film thickness. Moreover, the oxide 
film would have little impact on transient conjugate heat transfer when the near-
wall velocity is higher due to the effect of viscous dissipation. 
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Introduction 

Forced air-quenching technology is widely used in the heat treatment process of rail, 

steel slag, glass sheet, and aluminum alloy due to its green quenchant and good cooling uni-

formity [1-3]. As an improvement, the cryo-supersonic air-quenching can be achieved by 

means of the compressed air and Laval nozzle for higher cooling speed and larger scale appli-

cation. But because of the open environment, the presence of oxygen in the air will inevitably 

induce the high temperature oxidation of the workpiece. The formed oxide film with certain 

thermal resistance would have an important impact on heat transfer [4-6]. During the cooling 

process of the cryo-supersonic air-quenching, the non-isothermal growth of the oxide film 

with varying interfacial temperature and oxygen partial pressure would lead to more complex 

transient conjugate heat transfer. Thus, based on our earlier work with constant film thickness 

Yang et al. [7], the specific heat transfer phenomenon induced by the oxidation kinetics needs 

to be further studied. 

–––––––––––––– 
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In practice, the heat transfer process with oxide film is very common in industrial 

production, while many experimental and theoretical researches have been conducted to ad-

dress such problems. Xu et al. [8] investigated the wall temperature profiles of the superheater 

and reheater tubes in the power plant by considering a single-layer oxide film with uniform 

thickness, and the effect of film thickness on the wall temperature was analyzed. The thermal 

conductivity between the oxide film and the tube wall metal was calculated using the harmon-

ic mean method. Qi et al. [9] utilized the CFD technique and analytical method to simulate 

the steady-state heat transfer of the superheater tubes. For the superheater tube with the ash 

deposit or steam-side oxide film, the outer tube wall temperature was assessed by the thermal 

resistance method. The oxide film was assumed to be a single layer with thickness taken as 

the mean value of the measured results. Li and Sellars [10] provided an analysis of the inter-

facial heat transfer during the hot axisymmetric forging and flat rolling experiments of plain 

carbon steel with oxide film formation, the interfacial heat transfer mechanisms under differ-

ent conditions were obtained, which indicated that the continuous oxide film formed by adhe-

sive friction in hot forging exhibited relatively high thermal resistance. Wu et al. [11] carried 

out the theoretical analysis of interfacial heat transfer of strip rolling under different contact 

conditions, in which the thickness and thermal conductivity of the oxide film were considered 

by a modified interfacial heat transfer coefficient. Hu et al. [12] developed an optimization-

based approach for the impact analysis of temperature, contact pressure and oxide film thick-

ness on heat transfer in the hot stamping process. The thermal properties of the oxide film 

were introduced into the effective heat transfer coefficient that can be obtained by the experi-

ment. Similarly, the concept of the effective heat transfer coefficient was introduced by 

Chabičovsky et al. [13] in the impact analysis of oxide film on the Leidenfrost temperature 

during the spray cooling. Fukuda et al. [14] adopted the artificial oxide film with different 

thicknesses, achieved by the thermal spraying with Al2O3 powder, to investigate the effects of 

oxide film on heat transfer characteristics of the subsonic air jet cooling. 

However, it’s worth noting that the formed metal oxide during the high temperature 

oxidation is generally a multilayer structure with film growth, thus the modeling of the oxide 

film requires special treatment. Wikstrom et al. [15] developed a mathematical model for the 

impact analysis of oxide film on heat transfer of low carbon steel in a reheating furnace, in 

which the simplified linear and parabolic oxidation formulas were used to consider the film 

growth based on the isothermal experiment and CFD simulation. Wendelstorf et al. [5] exper-

imentally studied the effects of the oxide film and its removal on heat transfer of the spray 

cooling. The oxidation kinetics for different steel grades was employed to determine the film 

thickness during the short-time oxidation. Then the effective heat transfer coefficient was es-

timated based on the obtained film thickness under the assumption of a stable oxide layer. At 

present, although the effects of oxide film on heat transfer in superheater and reheater tube, 

hot forging, rolling and stamping, steel reheating, and jet cooling have been extensively stud-

ied, the consideration of non-isothermal growth of the multilayer oxide film with varying in-

terfacial temperature and oxygen partial pressure is obviously insufficient, especially in the 

cryo-supersonic air-quenching. 

In the present contribution, the double-layered oxidation kinetics model [16] is em-

ployed to determine the instantaneous film growth during the quenching process, taking better 

account of the varying interfacial temperature and oxygen partial pressure. Then a unified 

formula is developed to deal with the complex transient conjugate heat transfer with the near-

wall turbulence, non-isothermal oxidation and surface radiation. On this basis, the effects of 

film growth and initial film thickness on transient conjugate heat transfer of the cryo-
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supersonic air-quenching are further investigated, in an attempt to understand the heat transfer 

mechanism induced by the oxide film. 

Physical and numerical model 

Geometry and governing equations 

The geometry of the cryo-supersonic air-quenching of a metal disk with double-

layered oxide film is shown in fig. 1. The ξ1 and ξ2 are the thickness of Fe3O4 and FeO in the 

oxide film, respectively, p0, p1, and p2 are the oxygen partial pressures at O2/Fe3O4, 

Fe3O4/FeO, and FeO/substrate interfaces, respectively. The whole computational domain is 

marked with solid red lines. 

 

Figure 1. Geometric of the cryo-supersonic air-quenching of a metal disk with oxide film 
(for color image see journal web site) 

Non-isothermal oxidation kinetics 

Given the important influence of oxide film on heat transfer [1-3], the double-laye-

red parabolic oxidation kinetic model presented by Yurek et al. [16] is employed to consider 

the non-isothermal oxidation during the cryo-supersonic air-quenching. The rate of thickening 

of the oxide film is given by: 
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where ξfilm is the thickness of the oxide film and kfilm – the parabolic rate for the diffusion-

controlled growth of the entire oxide film, determined by: 
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where V1 and V2 are the average molar volumes of Fe3O4 and FeO, respectively, (V1 = 11.7 

cm3/mol, V2 = 11.2 cm3/mol) and k1 and k2 [cm2s–1] are the parabolic rates for the growth of 

Fe3O4 and FeO, respectively, defined by: 
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where a = 3/4 for Fe3O4, b = 1 for FeO. The D1 and D2 [cm2s–1] represent the self-diffusion 

coefficients of Fe cations in Fe3O4 and FeO, respectively, which can be fitted by the exponen-

tial function [17]: 
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where f is the additional correction factor introduced for steel (= 0.25) and R – the molar gas 

constant (= 8.314 J/molK). The interfacial oxygen partial pressures [atm] are given by [16]: 
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where fp is the conversion coefficient of pressure (= 1.01·105 Pa). By dividing the non-

isothermal temperature profile into n isothermal intervals, the entire film thickness with initial 

value 0  can be acquired by integrating eq. (1) over time t: 
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A unified formula for transient conjugate heat transfer 

During the cryo-supersonic air-quenching, there exists a complex heat transfer phe-

nomenon implying the supersonic turbulent flow, non-isothermal oxidation growth, and sur-

face radiation at the fluid-solid conjugate interface. The local mesh configuration at the con-

jugate interface with double-layered oxide film is shown in fig. 2. Given that the complex 

configuration of the Laval nozzle contour, the orthogonal curvilinear coordinates (ξ, η) are 

recommended to handle the fluid flow and heat transfer. 

 

Figure 2. Mesh configuration at the conjugate interface with double-layered oxide film 

To efficiently solve the complex transient conjugate heat transfer, the effects of the 

near-wall turbulence, non-isothermal oxidation, and surface radiation are equivalently intro-

duced into the wall thermal conductivity. Based on this treatment, a unified conjugate heat 

transfer formula in the orthogonal curvilinear co-ordinates is developed to uniformly deal 

with the problem of transient conjugate heat transfer of the cryo-supersonic air-quenching. 
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According to the principle of equal heat flux at the conjugate interface, the following relation 

exists: 
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where qw is the total wall heat flux, eq
w ,  eq ,P  and eq

S  are the equivalent thermal conductivi-

ty of the wall, wall-adjacent fluid, and wall-adjacent solid, respectively. By expanding eq. (7) 

we can obtain: 
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in which 
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then, using the previous relations, the wall temperature is given by: 
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Furthermore, considering that the wall heat transfer is mainly contributed by convec-

tion, conduction and radiation, the total wall heat flux can also be written as [18-20]: 
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where cp is the specific heat, Cμ – the turbulent viscosity coefficient, k – the turbulence kinetic 

energy, T+ – the non-dimensional temperature, and D – the contribution of viscous heating. 

The εr and sr denote the emissivity and the Stefan-Boltzmann constant, respectively. By com-

bining eqs. (8)-(11), the equivalent thermal conductivity of the wall-adjacent fluid is comput-

ed: 
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Based on the equivalent thermal conductivity of the wall-adjacent fluid, the near-

wall turbulent flow can be equivalently converted to the laminar flow, while the effect of sur-

face radiation on conjugate heat transfer can also be included. Furthermore, according to the 

principle of thermal resistance series, the effects of non-isothermal oxidation on transient con-

jugate heat transfer can be considered by an equivalent method without occupying any grid 

points, similar to the introduced effective heat transfer coefficient [11-13]. Then the total 

thermal resistance at the conjugate interface can be represented by: 
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Thus the equivalent wall thermal conductivity is computed: 

 

eq eq
eqeq film 1 2 1 2

w filmeq eq eq eq
2 1 1 2film filmfilm film

( ) ( )
,

( )

S P SP

S S S PP P

        
 

            

 
 

  
 (14) 

where 1  and 2  are the thermal conductivity of Fe3O4 and FeO, respectively. Based on 

eq. (8), the total heat flow through the wall can be expressed: 
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When adding the total wall heat flow, Qw, into the compact finite volume discretiza-

tion of the governing equation of transient conjugate heat transfer of the cryo-supersonic air-

quenching, the south coefficient, AS, and the north coefficient, AN, can be equivalently trans-

formed to: 
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By applying this method, there is no need to impose the additional source terms in 

the discretization equation for transient conjugate heat transfer, while the effects of the near-

wall turbulent flow, high temperature oxidation, and surface radiation can be naturally and 

uniformly taken into account. The numerical model is implemented by an in-house 

FORTRAN code, and the obtained results are processed by an in-house MATLAB code. 

Model verification 

To confirm the validity of the developed model, both the numerical and experi-

mental examples of the cryo-supersonic air-quenching of a Q235 disk (r0 = 80 mm,  

d = 15 mm, and h = 60 mm) are investigated. For numerical calculation, the total pressure and 

temperature at the inlet of the Laval nozzle are set to 0.7·106 Pa and 350 K, respectively. The 

initial temperatures of the fluid domain and solid domain are set as 300 K and 1173.15 K, re-

spectively. The thermal conductivity of Fe3O4 and FeO is taken as 3.7 W/mK and 7.5 W/mK, 

respectively [21]. The experimental apparatus of the cryo-supersonic air-quenching is shown 

in fig. 3. The key steps are carefully designed: 

– Spraying the high-temperature resistant insulation paint onto the bottom and side of the 

metal disk.  

– Placing the metal disk inside the base and top insulation boards and putting them into the 

resistance furnace. 

– Vacuuming the resistance furnace and filling it with the inert gas argon. 

– Taking out the metal disk after heating, then quenching the disk immediately after remov-

ing the top insulation board. 

– Recording the surface temperatures by the infrared thermometers. 

– Terminating the experiment when it is on the pre-set time and simultaneously putting the 

metal disk into the vacuum bucket. 

– Vacuuming the bucket and filling it with argon at a certain negative pressure. 
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– Taking out the cooled disk to prepare the metallographic specimens at different radial po-

sitions. 

– Measuring the oxide film thickness by the optical microscope. 

 

Figure 3. Experimental apparatus of the cryo-supersonic air-quenching 

Taking the radial positions r = 0 mm, 20 mm, 40 mm, and 60 mm, for example, the 

comparison between the measured and calculated temperature profiles is shown in fig. 4. It is 

evident that the calculated results are well consistent with the measured data, with acceptable 

maximum relative deviations of 8.96%, 7.59%, 5.66%, and 9.17%, respectively. The compar-

  

  
Figure 4. Comparisons of calculated and measured temperatures; (a) r = 0 mm, (b) r = 20 mm,  

(c) r = 40 mm, and (d) r = 60 mm 
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ison between the calculated and measured film 

thickness is shown in fig. 5. The relative deviations 

of the film thickness at different radial positions are 

10.68%, 1.91%, 2.30%, and 8.40%, respectively, 

with a reasonable agreement. The results indicate 

that the developed model is feasible for impact 

analysis of transient conjugate heat transfer of the 

cryo-supersonic air-quenching. 

Results and discussions 

To facilitate the impact analysis of film growth 

on transient conjugate heat transfer, the concept of 

an effective convective heat transfer coefficient 

(ECHTC), eff ,  is introduced. According to New-

ton’s Law of cooling and the total wall heat flux in eq. (8), eff  can be defined: 
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During the cryo-supersonic air-quenching, the non-isothermal oxidation would have 

some special effects on transient conjugate heat transfer characteristics. Thus, in the case of 

the initial film thickness 0  
= 0 μm, the variations of the ECHTC at different radial positions 

with time are analyzed, and compared with the results under a non-oxidation condition, as 

shown in fig. 6. It can be found that the film growth makes the ECHTC at different radial po-

sitions decrease to a certain degree. But the variation ranges are relatively small (about  

1-2 W/m2K) because the oxide film is extremely thin during the short-time oxidation. Simul-

taneously, one still can see that the growing oxide film does not obviously change the varia-

tion rule of the ECHTC with time. 

To further investigate the effects of oxide film on transient conjugate heat transfer, 

the wall temperatures and the ECHTC under different initial film thickness 0 = 0 μm, 

100 μm, 200 μm, 300 μm, and 400 μm are analyzed. The effects of initial film thickness on 

the stagnation temperature profile and the radial distribution of the wall temperature at 50 

seconds are shown in figs. 7 and 8, respectively. As presented in fig. 7, the stagnation temper-

ature gradually increases with the increase of the initial film thickness, while the influence in-

creases with time and then becomes stable. A similar pattern can be observed in the variation 

of the wall temperature with the initial film thickness given in fig. 8, and the corresponding 

influence decreases with the radial coordinate. In particular, the stagnation temperature in-

creases linearly by about 5 K per 100 μm increase in initial film thickness. 

Furthermore, the effects of initial film thickness on the stagnation ECHTC profile 

and the radial ECHTC distribution are shown in figs. 9 and 10, respectively. It is evident that 

the stagnation ECHTC, as well as the radial ECHTC, decreases with the increase of the initial 

film thickness on the whole. Especially the ECHTC in the stagnation region decreases linearly 

by about 55 W/m2K per 100 μm increase in initial film thickness. Compared with the pattern 

illustrated in fig. 8, the influence of initial film thickness on the radial ECHTC distribution is 

more complicated. This is largely due to the highly compressible supersonic flow in the near-

wall region, which further leads to the viscous heating caused by the viscous dissipation, as 

demonstrated in fig. 10. Thus the radial ECHTC distribution in the near-wall region of super- 

 

Figure 5. Comparison of calculated and 
measured film thickness 
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Figure 6. Variations of the ECHTC under oxidation and non-oxidation conditions;  
(a) r = 0 mm, (b) r = 20 mm, (c) r = 40 mm, and (d) r = 60 mm 

sonic flow is significantly different from that of low subsonic flow without viscous dissipa-

tion. As the thermal resistance induced by the viscous heating is much larger than that of the 

oxide film, it may be concluded that the oxide film would have little impact on transient con-

jugate heat transfer when the near-wall velocity is higher. 

  

Figure 7. Effect of initial film thickness on the 
instantaneous temperature 

Figure 8. Effect of initial film thickness on the 
radial temperature (for color image see journal 
web site) 

Conclusions 

This research identifies the effects of instantaneous film growth and initial film 

thickness on transient conjugate heat transfer characteristics of the cryo-supersonic air-quen- 
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Figure 9. Effect of initial film thickness on the 
instantaneous ECHTC 

Figure 10. Effect of initial film thickness on the 
radial ECHTC (for color image see journal web site) 

ching. The non-isothermal oxidation is determined by a double-layered oxidation kinetics 

model, while a unified formula is developed to efficiently solve the complex transient conju-

gate heat transfer. Good accuracy and reliability of the developed model have been validated, 

and the relative deviations between the numerical and experimental results are within 11%. 

Results show that the film growth makes the ECHTC decrease to a certain degree, but the var-

iation range is relatively small (about 1-2 W/m2K1) because the oxide film is extremely thin 

during the short-time oxidation. With the increase of the initial film thickness, the wall tem-

perature increases, while the ECHTC decreases. In particular, the stagnation temperature in-

creases linearly by about 5 K per 100 μm increase in film thickness, and the ECHTC in the 

stagnation region decreases linearly by about 55 W/m2K1 per 100 μm increase in film thick-

ness. More importantly, the oxide film would have little impact on transient conjugate heat 

transfer when the near-wall velocity is higher due to the effect of viscous dissipation. 
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