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Abstract: We present a DNS study of a hot, low momentum laminar water jet discharged 9 

into a cold turbulent channel stream through a circular orifice in one of the steel channel 10 

walls. The channel wall has a finite thickness and its outer side is cooled under Robin type 11 

thermal boundary conditions for a realistic external environment, leading to a conjugate heat 12 

transfer system. Nusselt number and r.m.s temperature fluctuations on the wall are compared 13 

with our earlier DNS results for the simpler iso-thermal and adiabatic conditions at the 14 

channel inner surface. Temperature fluctuations inside the channel wall are resolved to 15 

provide data for a conjugate heat transfer (CHT) thermal fatigue test case related to the 16 

ageing of pipe walls and welds studies, as found, for example, in power plant piping T-17 

junctions. The crossflow Reynolds number is Re = 3333, jet-to-crossflow velocity ratio is 18 

𝑅 = 1/6 and fluid-to-solid conductivity ratio is 1/64.  19 

The near-wall mean flow structures, a horseshoe vortex ahead and on the sides of the jet 20 

orifice, a shallow recirculation behind the discharge and a counter-rotating vortex pair 21 

drawing in a blanket of cooler cross-flow, lead to a complex convective and turbulent wall 22 

heat transfer pattern around the orifice. The main findings are: 23 

(i) Wall maps of Nusselt number and r.m.s temperature, 𝜃r.m.s, for conjugate heat transfer 24 

are only qualitatively similar to the iso-thermal and adiabatic wall cases.   25 

(ii) Inside the solid 𝜃r.m.s and its dissipation, analysed from RANS modelling perspective, 26 

show that predicted thermal spot length scales are discontinuous on the interface, at 27 

variance with the 2-point spectrum-derived scales.  28 

(iii) At the high wavenumber range, the spanwise temperature spectra decrease according 29 

to exponential-decay spectral models for the fluid turbulence in the Kolmogorov 30 

range, but with large exponential coefficients increasing with depth inside the solid. 31 
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Nomenclature    

𝐶1,𝐶2 constants 𝜈 kinematic viscosity 

𝑐𝑝 specific heat 𝜌 density 

𝐸 spectrum Ω volume domain 

𝐺 𝛼𝑓/𝛼𝑠 ratio of thermal 

diffusivities 

  

ℎ convective heat transfer 

coefficient Subscripts 

 

𝐻 half of channel height and 

radius of jet-exit 

(⋅)𝑐 crossflow 

𝑘 turbulent kinetic energy (⋅)𝑓 fluid 

Nu Nusselt number (⋅)𝑗 jet 

Pr Prandtl number (⋅)𝑛 wall-normal direction 

r.m.s root-mean-square (⋅)𝑠 solid 

𝑅 〈𝑢𝑗〉/〈𝑢𝑐〉 jet-to-crossflow 

velocity ratio 

(⋅)𝑡 turbulence modelling value 

Re Reynolds number (⋅)𝑤𝑎𝑙𝑙 on the wall 

𝑡 time   

𝑇 temperature Superscript  

𝑢, 𝑣, 𝑤 velocity components in 𝑥, 𝑦 

and 𝑧 directions 

(⋅)𝑛 time-step n 

𝑥 streamwise distance (⋅)′ fluctuating component 

𝑦 wall-normal distance   

𝑧 spanwise distance Other  

  〈⋅〉 time-averaged 

Greek symbols    

𝛼 𝜆/𝜌𝑐𝑝 thermal diffusivity Abbrev.  

𝛽1 ,𝛽2 constants CHT conjugate heat transfer 

Γ fluid-solid interface DNS direct numerical simulation 

𝜀 dissipation rate JICF jet in crossflow 

𝜂 Kolmogorov length scale LES large-eddy simulation 

𝜃 (𝑇 − 𝑇𝑐)/(𝑇𝑗 − 𝑇𝑐) 

dimensionless temperature 

PWR pressurised water reactor 

𝜅 wavenumber RANS Reynolds-averaged Navier–

Stokes 

𝜆 thermal conductivity   

 1 

1 Introduction 2 

Jets in crossflow (JICF) are of great industrial interest with applications in turbine blades film 3 

cooling, de- icing of aeroplane wings, power plant piping systems and pollutant into water or 4 

atmosphere. Many studies on this type of problem have been motivated and reported, either 5 

experimental [1–9] or numerical [10–14].  6 
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(a) 

 

(b) 
Figure 1. Structures of jet in crossflow with a low velocity ratio: (a) time-averaged streamline; (b) iso-surface of 

Q-criterion (𝑄 = 0.5) coloured by the streamwise vorticity 𝛺𝑥. 

However, few studies [11,15,16] are focused on the jet in crossflow problems with low jet-to-1 

crossflow velocity ratios, 𝑅, which occur e.g. in T-junction pipes of a nuclear power plant 2 

emergency cooling systems. In a jet in crossflow with low jet-to-crossflow velocity ratios, 3 

there are three dominant time-averaged vortex structures (Figure 1): a horseshoe vortex at the 4 

front edge of jet-exit, a counter-rotating vortex pair below the non-uniform velocity jet and a 5 

recirculation in the wake region [17]. 6 

Temperature differences between two piping flow streams will result in temperature 7 

fluctuations in the piping wall and may lead to thermal striping: high cycle thermal stress 8 

induced wall weakening, and possibly failure [18], particularly for the low momentum jet in 9 

crossflow where the secondary injection remains close to the T-junction welds. Prediction of 10 

thermal fatigue in a nuclear power plant piping system is a complex material science ageing 11 
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problem but it is already challenging from the more limited thermal loading aspect studied 1 

herein. Perhaps the French Civaux pressurised water nuclear reactor (PWR) plant in 1998 2 

[19] and the Japanese Tsuruga-2 and Tomari-2 PWR plants in 1999 and 2003 [20] are the 3 

most notable among this type of safety incidents. 4 

To predict thermal fatigue, one needs to identify the temperature fluctuation magnitudes and 5 

frequencies inside the solid piping wall. It requires the coupling of heat transfer between fluid 6 

and structure, called conjugate heat transfer (CHT) analysis. The numerical simulations of 7 

conjugate heat transfer of a jet in crossflow at present are mostly based on Reynolds-averaged 8 

or large-eddy methods, and their reliability needs further validation. Experimental data on the 9 

conjugate heat transfer is rare as walls in lab rigs are usually adiabatic, since the transparent 10 

Plexiglas is often the material used, which allows optical access for flow and turbulence 11 

characteristics measurements. Thus, the present study objective is to generate a reliable and 12 

comprehensive DNS database for jets in channel crossflow at a low jet-to-crossflow velocity 13 

ratio, corresponding to a real industrial situation, but for which no experimental data is 14 

available. Both time-averaged and instantaneous profiles are examined, to understand the 15 

physics of jet in crossflow at low jet-to-crossflow velocity ratios and the conjugate heat 16 

transfer problem. The data can also help test and improve the engineering RANS and LES 17 

turbulence models, which so far mostly relied on simple channel flow DNS, such as reference 18 

[21]. Our earlier DNS results for adiabatic and the iso-thermal thermal boundary conditions 19 

applied to the fluid domain [22] are included here for comparison to evaluate the relevance of 20 

these simpler test case conditions. In this series study, we described the flow physics of the 21 

jet in crossflow in [17], used proper orthogonal decomposition and dynamic mode 22 

decomposition to study the coherent structures in [23] and evaluated the RANS models in 23 

these simple cases in [24]. The database is accessible free online 24 

(http://dx.doi.org/10.17632/7nx4prgjzz.2) [25]. 25 

Section 2 provides the numerical details of conjugate heat transfer extension, followed by the 26 

results and discussions in Section 3 and conclusions in Section 4. 27 

2 Numerical details of conjugate heat transfer 28 

The DNS simulations are performed with the computational fluid dynamics code 29 

Incompact3d; a highly accurate and widely benchmarked open-source DNS code [26,27]. 30 

More than 40 papers have been published, based on simulations arising from the use of this 31 

code (cf. http://www.incompact3d.com/). Recently Flageul et al. [28] equipped Incompact3d 32 

http://dx.doi.org/10.17632/7nx4prgjzz.2)
http://www.incompact3d.com/
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with the ability to solve conjugate heat transfer in periodic channel flows. These 1 

developments were validated against analytical solutions and rarer DNS data of channel flow 2 

with conjugate heat transfer. The authors in present paper extended their code for a 3-D jet in 3 

channel crossflow configuration. 4 

2.1 Numerical methods 5 

The present DNS of the jet in crossflow employed the same numerical scheme as that in [17] 6 

in the fluid domain, a sixth-order central compact finite scheme applied to the velocity 7 

components stored on a collocated grid and a spectral method for solving the pressure 8 

Poisson equation on a staggered grid. The second-order Adams-Bashforth scheme is used for 9 

the time-advancement. 10 

The numerical method in the solid domain and the fluid-solid coupling are described in [28] 11 

and are available as an open-source module with minimal changes to the code. This section 12 

summarises numerical methods used in the solid domain and fluid-solid coupling, as well as 13 

those modifications made to Flageul’s code. Hereafter, the subscript “s” denotes the solid, 14 

while “f” denotes the fluid. 15 

Thermal conduction in the solid is governed by the following differential equation: 16 

 𝜕𝑡𝑇𝑠 = 𝛼𝑠(∇x
2𝑇𝑠 + ∇y

2𝑇𝑠 + ∇z
2𝑇𝑠) (1) 

where 𝑇𝑠 and 𝛼𝑠 = 𝜆𝑠/(𝜌𝑠𝑐𝑝,𝑠) are the solid temperature and thermal diffusivity, with 𝜆𝑠 , 𝜌𝑠 17 

and 𝑐𝑝,𝑠 the solid thermal conductivity, density and specific heat capacity respectively. For 18 

simplicity “x” and “z” denote the main channel streamwise and spanwise wall parallel axes, 19 

and “y” the wall normal one. 20 

The numerical implementation of the solid heat transfer in the wall-parallel directions and the 21 

wall-normal one are different. In the wall-parallel directions, the solid domain shares the 22 

same Cartesian grid coordinate system as the fluid one: the nodes are equally spaced in x and 23 

z directions. The x and z diffusive terms are computed using the finite difference method. The 24 

second-order central difference scheme (one-sided scheme at the boundary) is applied to the 25 

wall parallel diffusive terms in the solid, instead of the sixth-order one for the diffusive terms 26 

in the fluid domain. This change reduced the computational efforts with the added benefit of 27 

easily handling the non-periodic boundary conditions in x directions which are not present in 28 

Flageul’s version [28]. Reduction from the sixth order to the second order, the finite 29 
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differencing entails some loss of accuracy but only at high wavenumbers [29] and profiles are 1 

obviously smoother in the solid, especially in wall-parallel directions. 2 

In the wall-normal direction, the solid domain is discretised with 𝑛 Chebyshev nodes. This 3 

makes the grid suitably refined at the wall to catch near-wall phenomenon, as the normal 4 

temperature gradient is large in the region near the fluid-solid interface. The temperature and 5 

its wall normal derivatives are obtained using Lagrange interpolation polynomials. For the 6 

time-advancement of Eq. (1), a second-order Adams-Bashforth scheme is applied to the wall-7 

parallel terms but a backward Euler one for the wall-normal component.  8 

Conjugate heat transfer couples the fluid and solid thermal conditions: the temperature and 9 

heat flux are continuous at the interface. Therefore, the conjugate heat transfer problems can 10 

be described as follows: 11 

 𝜕𝑡 𝑇𝑓 + 𝜕𝑖 (𝑇𝑓𝑢𝑖) = 𝛼𝑓∇2𝑇𝑓 in the fluid domain Ω𝑓 (2) 

 𝜕𝑡 𝑇𝑠 = 𝛼𝑠∇2𝑇𝑠 in the solid domain Ω𝑠  (3) 

 𝑇𝑠 = 𝑇𝑓 on the fluid-solid interface Γ (4) 

 𝜕𝑛𝑇𝑠 =
𝜆𝑓

𝜆𝑠
𝜕𝑛𝑇𝑓 on the fluid-solid interface Γ (5) 

where 𝛼𝑓/𝛼𝑠 ≡ 𝐺 is the ratio of fluid to solid thermal diffusivity, Ω𝑓 and Ω𝑠  the fluid and 12 

solid domains, and Γ  the fluid-solid interface on which 𝜕𝑛𝑇  is highly discontinuous since 13 

𝜆𝑓/𝜆𝑠 ≪ 1 . One way of solving the above equations is to set up a tightly coupled 14 

discretization in both the fluid and solid domains which removes stability issues associated 15 

with the interface characteristics [30,31]. Nevertheless, it would be difficult to implement as 16 

the governing equations and the discretization methods in solid and fluid are often different  17 

and the temperature gradient is discontinuous. 18 

Giles [30] also suggested an alternative loosely coupled method that overcomes this difficulty 19 

but maintains stability in most fluid-solid interaction cases. At time-step n, both 𝑇𝑠 and 𝑇𝑓 are 20 

available. At the next time-step n+1, the fluid temperature is updated using the new fluid 21 

velocity field with a Dirichlet boundary condition: 𝑇𝑓
𝑛+1 = 0.5(𝑇𝑓

𝑛 + 𝑇𝑠
𝑛) on Γ. Then the 22 

solid temperature is updated with a Neumann boundary condition: 𝜕𝑛𝑇𝑠
𝑛+1 =

𝜆𝑓

𝜆𝑠
𝜕𝑛𝑇𝑓

𝑛+1 at 23 

the interface. As a result, at the end of the new time-step, the heat flux at the interface is 24 

continuous, while the temperature at the interface is expected to have a first-order error in 25 
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time [32] which is not an issue since a small time-step is imposed by DNS of wall turbulence 1 

requirements. Further details can be found in [17,33]. 2 

 

(a) 

 

(b) 

Figure 2. (a) Schematic view of the flow configuration and (b) thermal boundary conditions of the present jet 

in channel flow DNS. The origin point is located at the centre of jet-exit. A recycling method is used before 
the jet to generate a fully turbulent inflow. The temperature of shaded area in solid is set at 𝜃𝑠 = 1. Figures 

are not drawn to scale. 

2.2 Simulation configurations 3 

Figure 2(a) shows the flow configuration of the current simulation. The fluid domain is 4 

chosen to correspond to the DNS study of [17], i.e. [−17.3𝐻, 0𝐻, −3𝐻] ≤ [𝑥, 𝑦, 𝑧] ≤5 

[6.7𝐻, 2𝐻, 3𝐻]. The crossflow Reynolds number is set at Re = 〈𝑢𝑐〉𝐻/𝜈 = 3333, where 〈𝑢𝑐 〉 6 

is the bulk crossflow velocity, ν the fluid kinematic viscosity. The jet-to-crossflow velocity 7 

ratio R is set at 〈𝑢𝑗〉/〈𝑢𝑐 〉 = 1/6. The jet-exit with a diameter equal to the channel height 2𝐻, 8 

is located at origin point. 9 

The Prandtl number is set at Pr = 0.7. The temperature is normalised by the jet and crossflow 10 

temperature differences, i.e. 𝜃 = (𝑇 − 𝑇𝑐)/(𝑇𝑗 − 𝑇𝑐) , leading to the non-dimensional 11 

temperature of unity at jet inlet but zero in crossflow inlet. The ratio of thermal diffusivity 12 

𝐺 = 𝛼𝑓/𝛼𝑠  is set as 0.0172~1/58  and the ratio of thermal conductivity as 𝜆𝑓/𝜆𝑠 =13 
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0.0156~1/64. These values typically represent the classical conditions in a pressurized 1 

water nuclear reactor (PWR). 2 

No-slip wall boundary conditions are applied at the top and bottom fluid domain. Periodic 3 

boundary conditions are applied to both the fluid and solid spanwise planes. An interior 4 

recycling method [34] is used in the upstream part of the channel to provide fully- turbulent 5 

crossflow profiles before the jet-exit. The corresponding Reynolds number based on wall 6 

shear stress, Re𝜏 = 〈𝑢𝜏〉𝐻/𝜈, is 208 in the present study, where 〈𝑢𝜏〉 is the averaged friction 7 

velocity within the recycling region. The velocity profile at the jet inlet is assumed to be 8 

parabolic, implying laminar fully developed conditions. This jet profile set-up, similar to 9 

several other numerical works [35–39], provides a better defined inlet condition which makes 10 

the case easy for CFD validation, although the configuration leads to a purely numerical 11 

experiment. At the outlet section the simple convective outflow boundary conditions [40] are 12 

prescribed. 13 

The thermal boundary conditions are shown in Figure 2(b). As the effect of hot jet on the top 14 

wall is negligible [17], only the solid domain below the fluid domain (−0.5𝐻 ≤ 𝑦 ≤ 0𝐻) is 15 

modelled to save computational resources, and the iso-thermal boundary condition is applied 16 

on the fluid top wall, i.e. 𝜃𝑓|
𝑦=𝑌max

= 0. This solid domain is discretized with 513/256 equal-17 

spaced Cartesian nodes in x/z directions which share the same coordinates as the fluid domain 18 

mesh, but with 97 Chebyshev nodes in the y direction. As a result, the mesh step ∆𝑦 at the 19 

interface is 3.3×10-5H on the solid side and 0.033H on the fluid side. The round jet-exit is 20 

finely pixeled (see Figure 1 in [17]) in the open-source DNS code, Incompact3d, which has 21 

been similarly applied to many curved surfaces (round impinging jet [41], leading edge 22 

curvature effects [42], flow past a cylinder [43] to name a few). The boundary temperature at 23 

the solid wall under the fluid inlet is set as 𝜃𝑠|𝑥=𝑋min
= 0. In the solid region under the jet-24 

exit (𝑥2 + 𝑧2 ≤ 1, 𝑦 < 0, the shaded area in Figure 2), the uniform temperature 𝜃𝑠 = 1 is 25 

imposed all the time to mimic the injection pipe and acts as the boundary for the heat 26 

equation. A classical Robin boundary condition is set at the outer surface of solid wall, i.e. 27 

(ℎ𝜃𝑠 + 𝜆𝜕𝑛𝜃𝑠)|𝑦=𝑌min
= 0 , with 𝜆/ℎ = 𝐻  (meters). This Robin boundary condition 28 

represents modelling of heat losses at the solid outer surface with the transfer coefficient h. 29 

Herein 𝐻 = 1m was chosen. 30 

In addition to the conjugate heat transfer case, two non-conjugate heat transfer cases were 31 

also simulated. In these two cases, the solid domain was omitted, and the adiabatic (𝜕𝑛𝜃𝑓 = 0) 32 
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or iso-thermal (𝜃𝑓 = 0) condition were directly imposed to the fluid top (𝑦 = 𝑌max) and 1 

bottom (𝑦 = 0) boundaries. 2 

The time-step of the current simulation is fixed at Δ𝑡 = 6 × 10−4𝐻/〈𝑢𝑐〉. The discretized 3 

instantaneous flow equations are solved first over the fluid domain, decoupled from the 4 

energy equation. The time-marching solution of the energy equation starts once the time-5 

marching solution of the flow field advances enough for the predicted flow to become fully 6 

turbulent. The temperature in both fluid and solid domain is initially set to zero. The initial 7 

transient lasts for 360𝐻/〈𝑢𝑐〉  simulation time units. The time-averaged profiles have been 8 

obtained by averaging the instantaneous solution at every time-steps during the simulation 9 

after the transition. The mean profiles are averaged over 5940𝐻/〈𝑢𝑐〉 simulation time units 10 

equal to 247.5 whole channel flow-through time. Further details, including the grid resolution 11 

study and the validation of the inflow turbulence recycling method, can be found in [17]. 12 

The present DNS simulations have been performed on the EDF R&D’s BlueGene/Q high-13 

performance computing facility, with 4096 CPU cores. Each time-step took 0.151s wall-clock 14 

time, about 10% of which was devoted to solving solid thermal equations. 15 

3 Results and discussions 16 

3.1 Time-averaged profiles 17 

Time-averaged contours at the fluid-solid interface in the conjugate heat transfer, adiabatic 18 

and iso-thermal cases are presented in Figure 3 to 7. The non-dimensional mean wall 19 

temperature 〈𝜃〉𝑤𝑎𝑙𝑙 and its root-mean-square (r.m.s) 𝜃r.m.s in the iso-thermal case, as well as 20 

the mean Nusselt (Nu) number in the adiabatic case, are zero on the interface, and therefore 21 

omitted. 22 

Figure 3 and 4 show the mean wall temperature and Nusselt number, respectively. On the 23 

wall surface, the impact of the hot jet fluid at 𝑥/𝐻 < 0 is limited to a small region in the 24 

adiabatic and iso-thermal cases due to the high-speed cold crossflow. However, in the 25 

conjugate heat transfer case, the solid is heated by the hot injection pipe leading to an almost 26 

concentric temperature profile around the jet-exit (left of Figure 3). Upstream of the injection, 27 

𝑥/𝐻 < 0, negative Nusselt number values are found since the wall temperature is higher than 28 

that of the fluid stream (left of Figure 4). On the contrary, in the wake region, where the hot 29 

jet and cold crossflow mix, thermal energy is transferred from the fluid to the wall.  30 
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Note that the mean temperature in the adiabatic case and the Nusselt number in the iso-1 

thermal case have a similar pattern (right of Figure 3 and 4), whereas in the conjugate heat 2 

transfer case they are very different. In the latter case, three phenomena overlap: isotropic 3 

conduction in the steel wall, classical convective heat transfer upstream of the jet inlet, and 4 

finally mostly turbulent heat transfer downstream. 5 

On the other hand, the non-dimensional 𝜃r.m.s distributions on the fluid-solid interface for the 6 

conjugate heat transfer and adiabatic cases shown in Figure 5, now with each case in it is own 7 

colour scaling, are similar in pattern but not in magnitude. The interface 𝜃r.m.s in conjugate 8 

heat transfer is much lower than that in the adiabatic case; the maximum interface 𝜃r.m.s in 9 

the conjugate heat transfer case is about 1/20 of the adiabatic one. This is due to the high heat 10 

conduction in the solid that smooths out rapidly small-scale and high frequency temperature 11 

fluctuations even on the surface. Despite this, both cases show a qualitatively similar pattern. 12 

High interface 𝜃r.m.s legs rounding the jet-exit indicate the heat mixing between the jet and  13 

crossflow fluid is strong there, as explained in [22], where it was found that 𝜃r.m.s has a 14 

strong correlation to mean turbulence kinetic energy 〈𝑘〉. 15 

Figure 6 shows the mean temperature 〈𝜃〉 on over the symmetry plane. The heat conduction 16 

in the solid is obvious near the injection pipe in the conjugate heat transfer case. For 𝑥/𝐻 < 0, 17 

upstream of the injection, the cold fluid above the solid is heated by the wall as per the 18 

negative Nu number shown in Figure 4. The fluid temperature of the conjugate heat transfer 19 

case is somewhat better approached by the adiabatic case in the near wake region, but further 20 

downstream the iso-thermal case is closer. In the adiabatic case, the boundary condition 21 

𝜕𝜃/𝜕𝑦 = 0 is only seen in a very thin layer on the wall (also see Figure 11 of [17]) as the hot 22 

fluid from the two sides of jet-exit (black streamlines in Figure 1(a)) sits on the wall and 23 

remains extremely low downstream. In some applications, e.g. turbine film cooling and 24 

aeroplane wing de- icing, this desirable feature helps protect the surface. However this kink in 25 

mean temperature profiles is smoothed out by wall-conduction in the conjugate heat transfer 26 

case. 27 

Figure 7 shows the fluctuating temperature r.m.s, 𝜃r.m.s , over the symmetry plane in 28 

logarithmic scale. On a log scale, the iso-thermal and adiabatic cases approach the 𝜃r.m.s 29 

variation of the conjugate heat transfer case somewhat. In this low-momentum and low-Re jet 30 

in channel crossflow case with high (steel) thermal conductivity, the fluid is seen to be heated 31 

up significantly upstream of the injection. There, where a weld might be, the fluctuations 32 
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penetrate deep into the solid wall as they are mainly the low-frequency fluctuations [44]. On 1 

the downstream side, low-frequency fluctuations deep inside the steel are also found further 2 

away from the weld but this obviously depends on the chosen R, Re and G values. Figure 8 3 

shows the 𝜃r.m.s profiles at selected downstream locations. As the flow develops downstream, 4 

the upper mixing shear layer rises and so does the peak of 𝜃r.m.s profiles on the symmetry 5 

plane (𝑧/𝐻 = 0) but the secondary peak below the jet remains very close to the wall. On the 6 

plane  7 

 

Figure 3. Non-dimensional mean wall temperature 〈𝜃〉𝑤𝑎𝑙𝑙 on the fluid-solid interface in conjugate heat 

transfer (left) and adiabatic (right) cases. 
 8 

 

Figure 4. Mean Nusselt number Nu on the fluid-solid interface in conjugate heat transfer (left) and iso-

thermal (right) cases. The dashed line indicates the Nu=0 isoline. Negative Nu represents heat transfers from 

solid to fluid. 

 9 

 

Figure 5. Non-dimensional temperature r.m.s 𝜃r.m.s on the fluid-solid interface in conjugate heat transfer 

(left) and adiabatic (right) cases. Plotted in their own scales. 

 10 
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𝑧/𝐻 = 1 the peak in 𝜃r.m.s is close to the wall and just as intense as in the shear layer. In the 1 

conjugate heat transfer case only the additional log scale allows to see deep penetration in the 2 

solid, but above it in the laminar fluid layer, 𝜃r.m.s decays very fast close to the interface due 3 

to discontinuity of thermal conductivity. The 𝜃r.m.s  in the solid is about one order of 4 

magnitude lower than that in the fluid viscous sublayer. At most observation stations, the 5 

conjugate heat transfer 𝜃r.m.s profiles in the fluid are quite similar to the iso-thermal ones 6 

except upstream of jet (𝑥/𝐻 = −1, 𝑧/𝐻 = 1). 7 

 

 

Figure 6. Non-dimensional mean temperature 〈𝜃〉 on the symmetry plane in conjugate heat transfer, adiabatic 

and iso-thermal cases. 

 8 

Figure 9 and 10 show the non-dimensional heat fluxes on the symmetry plane (𝑧/𝐻 = 0) and 9 

the plane 𝑧/𝐻 = 1 respectively. These heat fluxes are normalized here by 〈𝑢𝑐〉(𝜃𝑗 − 𝜃𝑐) as 10 

the wall friction velocity is highly variable. Eventually they could be normalized with the 11 

upstream channel friction 〈𝑢𝜏𝑐
〉(𝜃𝑗 − 𝜃𝑐), where 〈𝑢𝜏𝑐

〉/〈𝑢𝑐〉 = 0.0624 in present study. The 12 

spanwise turbulent heat flux was checked to be null on 𝑧/𝐻 = 0 due to symmetry, and thus is 13 

only presented on the plane 𝑧/𝐻 = 1. The heat flux structures over the plane 𝑧/𝐻 = 1 are 14 

nearer to the bottom wall compared to those over the symmetry plane, 𝑧/𝐻 = 0, profiles. 15 
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This is because the crossflow acts like a “partial cover” [5,45,46] above the jet, and the shear 1 

layer region is lower on the spanwise side (see Figure 1). The profiles for the three thermal 2 

boundary condition cases show agreement in the region above the jet-crossflow shear layer, 3 

but behave differently in the wake region. In the fluid, the heat flux profiles with the 4 

conjugate heat transfer again share some similarities with those for the iso-thermal condition, 5 

as seen in the heat flux profiles, except upstream of jet (𝑥/𝐻 = −1, 𝑧/𝐻 = 1). However one 6 

should bear in mind that these similarities between the conjugate heat transfer and iso-7 

thermal cases are only observed for the  8 

 

 

Figure 7. Non-dimensional temperature r.m.s 𝜃r.m.s  on the symmetry plane in conjugate heat transfer, 

adiabatic and iso-thermal cases. Plotted in logarithmic scale. 

 9 

chosen parameters (G, 𝜆𝑠/𝜆𝑓, wall thickness, etc.), and this should not be extended to other 10 

conjugate heat transfer cases [47]. 11 

In most Reynolds-averaged simulations, the time-averaged scalar equation is closed by 12 

introducing a turbulent diffusivity 𝛼𝑡 = −〈𝑢𝑖
′ 𝜃′ 〉/𝜕𝑖〈𝜃〉 . This value is often simply evaluated 13 

as 𝛼𝑡 = 𝜈𝑡 /Prt  where Prt > 0  is the turbulent Prandtl number, and thus always positive. 14 

However, this is not the case in the current flow: in some regions 〈𝑢𝑖
′ 𝜃〉 and 𝜕𝑖〈𝜃〉  have an 15 
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angle less than 90°, which would result in negative 𝛼𝑡 from the above relationship (see Figure 1 

11). Simple scalar flux models, therefore, are not expected to work well in these regions. 2 

 

   

Figure 8. Non-dimensional temperature r.m.s 𝜃r.m.s on 𝑧/𝐻 = 0 and 𝑧/𝐻 = 1 . Solid: iso-thermal; dashed: 

adiabatic; dotted: conjugate heat transfer. Top: linear scale; bottom: zoom in near the interface with log scale 
for temperatures r.m.s. 

 3 

 

   

Figure 9. Heat fluxes normalised by 〈𝑢𝑐〉(𝜃𝑗 − 𝜃𝑐) on symmetry plane (𝑧/𝐻 = 0). Solid: iso-thermal; dashed: 

adiabatic; dotted: conjugate heat transfer. Top: linear scales; bottom, log scales.〈𝑢𝑐〉(𝜃𝑗 − 𝜃𝑐). 

 4 
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Figure 10. Heat fluxes normalised by 〈𝑢𝑐〉(𝜃𝑗 − 𝜃𝑐)on spanwise plane (𝑧/𝐻 = 1). Solid: iso-thermal; dashed: 

adiabatic; dotted: conjugate heat transfer. Top: linear scales; bottom, log scales.  

 1 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11. Angle between heat flux vector 〈𝑢𝑖 𝜃〉 and temperature gradient vector 𝜕𝑖〈𝜃〉 on the symmetry 

plane (𝑧/𝐻 = 0) in (a) conjugate heat transfer (b) adiabatic and (c) iso-thermal cases with (d) colourmap. The 

white area is the region with small temperature gradients (‖𝜕𝑖 〈𝜃〉‖ < 0.01(𝜃𝑗 − 𝜃𝑐)/𝐻) where the angle is 

ill-defined. The black lines in the contour plots are the 90° contour line between which turbulent diffusivity 
would be negative. 

 2 

The dissipation of temperature fluctuations,  𝜀𝜃 = 𝛼〈𝜕𝑖 𝜃′𝜕𝑖 𝜃′〉, normalized by 𝛼𝑓〈𝜃𝑗 − 𝜃𝑐〉2/3 

𝐻2
, is presented in Figure 12 to 13. In the solid, the transport equation of 〈𝜃′2〉 becomes: 4 

 
𝜕𝑡 〈𝜃′2〉 = 𝛼𝑠(𝜕𝑖𝑖〈𝜃′2〉 − 2〈𝜕𝑖𝜃

′ 𝜕𝑖 𝜃′〉). 
(6) 

The conjugate heat transfer and iso-thermal cases show similar patterns of wall 𝜀𝜃. In the iso-5 

thermal case, a ring appears in the downstream near field because of the recirculation after 6 
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the jet (see Figure 12(b)). Figure 13 shows the normalized 𝜀𝜃  at several locations. Large 1 

dissipation values are seen near the wall as typically found in channel flow (e.g. [47,48]). The 2 

second peak higher above is strongly associated with the shear layer as seen in the 3 

temperature r.m.s profiles (Figure 8). Discontinuities of 𝜀𝜃 are observed at the interface in the 4 

conjugate heat transfer case (bottom of Figure 13). Flageul et al. [32] estimated the ratio 5 

𝜀𝜃,𝑠/𝜀𝜃,𝑓~1

𝐺
(𝜆𝑓

2/𝜆𝑠
2), where 𝜀𝜃,𝑠 and 𝜀𝜃,𝑓 represent the dissipation in the solid and fluid sides 6 

at the interface respectively. Though the above relation has been derived for a simple channel 7 

flow by assuming the wall-parallel part of 𝜀𝜃,𝑓 is negligible at the interface, it still appears to 8 

apply to present results of complex 3D flow; the value of (𝜀𝜃,𝑠/𝜀𝜃,𝑓)/ (1

𝐺
(𝜆𝑓

2/𝜆𝑠
2 )) is around 9 

unity on the fluid-solid interface in the conjugate heat transfer case (Figure 14). The relative 10 

contribution of 𝜀𝜃,𝑓’s normal component is also plotted in Figure 15, which shows that the 11 

assumption remains valid for the present case. 12 

3.2 Length and time scales of temperature fluctuations 13 

The dissipation rate of the temperature variance within the solid layer, 𝜀𝜃,𝑠 = 𝛼𝑠〈𝜕𝑖𝜃
′𝜕𝑖 𝜃′ 〉 14 

needs to be modelled to close the 〈𝜃′2〉 equation in the solid, as shown for example in Craft et 15 

al. [21]. However, it is discontinuous at the interface whereas the interface flux 𝜆𝑠𝜕𝑛𝜃𝑠
′ =16 

𝜆𝑓𝜕𝑛𝜃𝑓
′  is continuous. The equation of 𝜃′  (Eq. (6)) in the solid is linear, in spectral space each 17 

wavenumber and frequency mode decays independently from the others (no convolution), so 18 

𝜀𝜃 in Eq. (6) only appears as an artefact of transforming 〈𝜃′ 𝜕𝑖𝑖 𝜃′〉 into conduction of 〈𝜃′ 2〉 19 

(i.e. 〈𝜃′ 𝜕𝑡 𝜃′ 〉 = 𝛼𝑠〈𝜃′𝜕𝑖𝑖𝜃
′ 〉 = 𝛼𝑠 (

1

2
〈𝜕𝑖𝑖(𝜃′2 )〉 − 〈𝜕𝑖𝜃

′ 𝜕𝑖 𝜃′〉)). Craft et al. [21] added an extra 20 

sink term to reduce 𝜀𝜃 , effectively increasing the size of thermal spots and subsequently 21 

increasing 〈𝜃′2 〉 penetration. However, as there is no energy cascade in the solid 𝜀𝜃 can no 22 

longer be related to large-scale fluctuations, i.e. 𝜀𝜃 cannot provide an integral length or time-23 

scale but the only the dissipative ones.  On the other hand, large-scale instantaneous thermal 24 

spots should show some continuity across the interface but this is a challenge for RANS one 25 

point closures. 26 

Many researchers, e.g. [49,50], considered that 𝐸𝜃(𝜅) = 𝐶𝜀𝜃𝜀−1/3𝜅−5/3𝑓(𝑘𝜂, Pr) for Pr < 1 27 

perhaps analogous to the low fluid/solid diffusivity ratio of our case. 𝑓(𝑘𝜂, Pr) may be called 28 

the compensated spectrum model, displaying a plateau in the inertial range of fluid turbulence 29 

then an exponential decay in the dissipative-diffusion range. 30 
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Figure 12. Wall dissipations of temperature fluctuations normalised by 𝛼𝑓〈𝜃𝑗 − 𝜃𝑐〉2/𝐻2 on the fluid-solid 

interface in conjugate heat transfer (left) and iso-thermal (right) cases. 

 1 

 

 

Figure 13. Dissipation of temperature fluctuations 𝜀𝜃  normalised by 𝛼𝑓〈𝜃𝑗 − 𝜃𝑐〉2/𝐻2  on 𝑧/𝐻 = 0  and 

𝑧/𝐻 = 1. Solid: iso-thermal; dashed: adiabatic; dotted: conjugate heat transfer. Top: linear scale; bottom: 

zoom in near the interface with log scale for 𝜀𝜃. 

 2 

 

Figure 14. The value of (𝜀𝜃,𝑠/𝜀𝜃,𝑓)/(1

𝐺
(𝜆𝑓

2/𝜆𝑠
2)) on the fluid-solid interface in the conjugate heat transfer 

case. 

 3 

ring 
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Figure 15. Relative contribution of 𝜀𝜃’s normal component, 〈𝜕𝑦𝜃′𝜕𝑦𝜃′〉/〈𝜕𝑖𝜃′𝜕𝑖𝜃′〉, on 𝑧/𝐻 = 0 and 𝑧/𝐻 =
1. Solid: iso-thermal; dashed: adiabatic; dotted: conjugate heat transfer. 

 1 

        

(a) 

 

(b) 

Figure 16. (a) Compensated one-dimensional temperature spectra in spanwise direction. Solid, 𝑥/𝐻 = 1.5; 

dashed, 𝑥/𝐻 = 3; dash-dotted, 𝑥/𝐻 = 5. From top to bottom: 𝑦/𝐻 = 0.05 (red), 𝑦/𝐻 = 0 (purple), 𝑦/𝐻 =
−0.1 (blue), 𝑦/𝐻 = −0.25 (green), 𝑦/𝐻 = −0.5 (yellow); (b) 𝛽2vs the normal location in solid. 

 2 

Pope suggested that the compensated spectrum, 𝜅5/3𝐸(𝜅), follows an exponential decay in 3 

the dissipation range of velocity spectra, for which he introduced the model (see Section 6.5.3 4 

of [51]): 5 

 𝜅5/3𝐸(𝜅) = 𝑓𝜂 = 𝐶1exp(−𝛽1𝜅𝜂). (7) 

This exponential decay in the velocity spectra has been checked and validated for the current 6 

complex flow in [17]. The temperature spectra are also expected to behave similarly in the 7 

Kolmogorov range in both fluid and solid domains due to the dissipation. The compensated 8 
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one-dimensional temperature spectra, (𝜅𝑧𝐻)5/3𝐸𝜃(𝜅𝑧𝐻)  at locations (𝑥/𝐻, 𝑦/𝐻) , are 1 

presented in Figure 16(a). The spectra are compared at three downstream locations (𝑥/𝐻 = 2 

1.5, 3 and 5) and several wall-normal locations from very near the fluid-solid interface in 3 

fluid (𝑦/𝐻 = 0.05) to the outer solid wall (𝑦/𝐻 = −0.5). By using a linear- log graph (left of 4 

Figure 16(a)), the exponential decay in the diffusive range now becomes obvious. 5 

Firstly, the temperature fluctuation versus wavenumber decays faster as one approaches the 6 

outer solid wall. Secondly, the temperature fluctuation spectrum at a fixed wall-normal 7 

location (same colour in Figure 16(a)) does not vary much as one goes downstream; the 8 

spectrum remains of the same order of magnitude at downstream locations. This feature is not 9 

established at the centre of channel where 𝐸𝜃(𝜅𝑧)  far downstream can be one order of 10 

magnitude higher than that at near downstream. Thirdly, the exponential decay model, Eq. (7),  11 

plotted with a black line, has been rewritten as 𝑓𝜂 = 𝐶2exp(−𝛽2𝜅𝐻), where 𝐶2 is a constant 12 

and 𝛽2 the exponential decay rate exponent. It is found that 𝛽2 at a fixed wall-normal location 13 

retains the same value in the downstream direction. The 𝛽2 in solid variation at different 𝑦/𝐻 14 

locations are presented in Figure 16(b). A linear relationship 15 

𝛽2 = 0.11 − 1.87𝑦/𝐻 (𝑅2 = 0.9998) 

is seen in the region −0.4 < 𝑦/𝐻 < 0, which excludes the outer-wall region where the 16 

boundary conditions may largely affect the thermal conditions. Lastly, the oscillations below 17 

10−25 in Figure 16(a) indicate the accuracy of DNS code is down to machine precision of 18 

10−32 (the spectrum is pre-multiplied by (𝜅𝑧𝐻)5/3). 19 

The right graph of Figure 16(a) shows the compensated spectra on a log- log scale with a 20 

zoom in the low-wavenumber range. The peak of the compensated spectra corresponds to the 21 

wavelength of the energy-containing structures. This plot highlights the large scales in the 22 

wall fluid layer, 𝑦/𝐻 = 0.05  (red curves), with a maximum at 𝜅𝑧𝐻~10, i.e. the scale of 23 

larger thermal spots is ~0.6𝐻. Penetrating into the fluid this maximum shifts toward even 24 

larger scales of the order 𝐻, quite logically, although this could be an artefact of the 1D z-25 

direction spectrum which contains contributions from small wave vectors (large structures) 26 

aligned close to the x and y directions and is thus non-zero at the origin [52]. 27 

Donzis et al. [49] compiled, for a range of Re and Pr numbers, simulation and experimental 28 

data for simple homogeneous isotropic turbulence with constant mean temperature gradient 29 

"because the situation with inhomogeneous flows is more complex [but with the] expectation 30 
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is that the asymptotic independence discussed here will hold for all flows far from a solid 1 

boundary". They defined the scalar integral scale 𝐿𝜃_2𝑝𝑡 =
𝜋

2〈𝜃′2〉
∫

𝐸𝜃(𝜅)

𝜅
d𝜅 , or simply 2 

microscale 𝐿𝜃_1𝑝𝑡 =
〈𝜃′2〉1/2

√〈𝜕𝑖𝜃〉2  for data where the spherical integrated 3D spectrum is not 3 

available (they defined the latter one as another integral scale, although it is actually a Taylor 4 

microscale [8] but is accessible to one-point closure modelling). 5 

Our jet in channel crossflow is very far from the above homogeneous case and 3D spectra are 6 

meaningless. Length scales could be obtained by two-point correlations but these require 7 

huge sample sizes, as only time averaging is possible here. The similarity of the above scales 8 

is qualitatively tested using the z-direction spectrum previously shown in Figure 16 (a). That 9 

is, the two-point length scale is defined as 10 

 
𝐿𝜃_2𝑝𝑡 =

𝜋

2
1

𝐿𝑧
∫〈𝜃′2 〉 d𝑧

∫
1

𝜅𝑧
𝐸𝜃(𝜅𝑧)d𝜅𝑧 (8) 

since 1D to 3D transform relations require derivatives of the 1D spectrum which is not 11 

smooth enough for this purpose and in any case the 1D-3D relation is only valid for the 12 

homogeneous isotropic case.  The one-point closure scale is defined as 13 

 

𝐿𝜃_1𝑝𝑡 =
(

1

𝐿𝑧
∫〈𝜃′2 〉 d𝑧)

1/2

1

𝐿𝑧
∫(𝜕𝑛〈𝜃〉𝜕𝑛〈𝜃〉)1/2 d𝑧

 
(9) 

analogous to Donzis et al. [49]’s definition. Here, this length scale is a model which is 14 

defined using the quantities available in the RANS models. Both length scales, normalised by 15 

𝐻, are shown in Figure 17. 16 

On the fluid-solid interface (𝑦/𝐻 = 0), discontinuities are seen in the 𝐿𝜃_1𝑝𝑡 profiles. The 17 

modelled length scale 𝐿𝜃_1𝑝𝑡 is discontinuous on the interface due to the discontinuity of the 18 

temperature gradient. The length scales of hot spots predicted by 𝐿𝜃_2𝑝𝑡 are closer to that 19 

determined from the compensated spectra near 𝑦/𝐻 = 0 . Both 𝐿𝜃_2𝑝𝑡  and 𝐿𝜃_1𝑝𝑡  length 20 

scales almost conserve their magnitudes as one goes deeper in the solid wall. However, the 21 

one-point relations underestimated the length scales in solid by a factor of more than two. 22 
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Figure 17. Length scale normalised by 𝐻 calculated by Eq. (7) and (8). Solid, 𝑥/𝐻 = 1.5; dashed, 𝑥/𝐻 = 3; 

dash-dotted, 𝑥/𝐻 = 5. 

 1 

 

(a) 

   

(b) 

 

(c) 

   

(d)  
Figure 18. Instantaneous timescale 𝜃 ′2/𝜀𝜃

′, normalized by 𝐻/〈𝑢𝑐〉, at 𝑡 = 𝑡0 on (a) 𝑦/𝐻 = 0 (calculated by 

fluid 𝜃 ′ and 𝜀𝜃
′ ), (b) 𝑦/𝐻 = 0 (calculated by solid 𝜃 ′ and 𝜀𝜃

′ ), (c) 𝑦/𝐻 = −0.1 and (d) 𝑦/𝐻 = −0.25. 

 2 

The quantity 〈𝜃′2〉/𝜀𝜃  is normally used to produce a mechanical- to-thermal time scale ratio 3 

(𝑘/𝜀)/(〈𝜃′2〉/𝜀𝜃)  (e.g. [49,53–55]). All these studies use the time-averaged value. Here we 4 

use the instantaneous value to study the temperature field in solid. The instantaneous time 5 

scale 𝜃′2/𝜀𝜃
′ , normalized by 𝐻/〈𝑢𝑐〉 , is shown in Figure 18(a-d) with the logarithmic 6 

colormap at several 𝑦/𝐻  locations. On the fluid-solid interface (𝑦/𝐻 = 0), the time scales are 7 

calculated for both the fluid and solid values. Blue to yellow contours represent small to large 8 

time scales. Discontinuity of time scales is clearly seen on 𝑦/𝐻 = 0 across the fluid-solid 9 

interface, obviously due to the jump of dissipation rate. Intense dissipation-diffusion 10 
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corresponds to short time scales (blue colour). Magnitude of  𝜃′2 /𝜀𝜃
′  in the solid can no 1 

longer be related to large-scale structures as there is no longer an energy cascade to link 2 

dissipation to large scales but its topology is relevant to borders of large-scale thermal 3 

structures (perhaps analogous to non-premixed reacting flows where this time scale is widely 4 

used). Flageul et al. [28] concluded only large-scale structures with long lifetime are able to 5 

penetrate deeply inside the solid wall by analysing the temperature autocorrelations on their 6 

channel flow. This conclusion is supported in this study by the instantaneous profiles: it is 7 

clearly observed that the long lifetime structures are “evenly” distributed in the fluid, but 8 

more localised in the solid (Figure 18(b-d)). In fact, since the heat diffusion equation is linear, 9 

the structures observed in the solid should also be identifiable in the fluid or at least on the 10 

fluid/solid interface: indeed, the footprints of time scale structures are seen on the interface 11 

(Figure 18(a)). As one goes deeper into the solid, the large structures remain in accordance 12 

with the compensated spectra observations in Figure 16(a) and the quasi- flat 𝐿𝜃 profiles in 13 

Figure 17. The apparent smoothness of the later may be an artefact long term averaging 14 

hiding a very localised and intermittent activity which makes attempts to extend RANS 15 

modelling to the solid layer very challenging and perhaps analogous to difficulties of 16 

modelling the intermittent upper edge of boundary layers (both problems being dominated by 17 

rare large scale structures). Indeed very few structures are seen in the solid part of Figure 18 18 

and one may wonder if the long- time averaging then modelling of 𝜃′2 is meaningful, hence 19 

we next try to track structures over time. 20 

Figure 19 shows the instantaneous temperature snapshots on three horizontal planes. The 21 

“thermal spots” sizes observed qualitatively correspond to the large structures’ length scales, 22 

𝐿𝜃_2𝑝𝑡, defined by integrating the spanwise spectra. The top row of Figure 19 shows the 23 

temperature fluctuation maps on a horizontal plane in fluid 𝑦/𝐻 = 0.05  (or 𝑦+~10 ). 24 

Thermal spots are seen generated around the jet-exit where the crossflow encounters the jet 25 

fluid. 26 

In the fluid, three fluid fluctuation structures are circled by the dashed ellipses (top row of 27 

Figure 19). In the solid (middle and bottom rows of Figure 19), these structures are also 28 

traced, illustrating the correlation between the fluid and solid domains. As it is well known, 29 

the low-frequency temperature fluctuations penetrate deeper through the solid wall, see for 30 

example Lee et al. [44] for T-junctions. Similarly, only large structures remain in the solid for 31 

the presently chosen values of Re, G, conductivity ratio and wall thickness. It is also noticed 32 

that the thermal structures in the solid are almost always somewhat upstream over the 33 
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corresponding spots in the fluid. This illustrates a time-delay effect in the fluid-solid 1 

correlation. 2 

On the fluid-solid interface (middle row of Figure 19), A1 points out a thermal spot. As the 3 

flow evolves (from the left column to right), the A1 spot moves to downstream (A2 and A3); 4 

this structure seems to be carried downstream by the “fluid”. Since there is no convection in 5 

the solid, these spots are mirroring those transported in the fluid domain via fluid-solid 6 

couplings. The convective effect is also seen in the solid, e.g. B1, B2 and B3 on 𝑦/𝐻 =7 

−0.15 (bottom row of Figure 19).  8 

The instantaneous near-wall (𝑦/𝐻 < 0.1 ) iso-surface of Q-criterion and the wall Nusselt 9 

number are presented in Figure 20 for both the conjugate heat transfer and iso-thermal cases. 10 

In the downstream nearfield (0 < 𝑥/𝐻 < 2), as the temperature of turbulent structures is seen 11 

changing rapidly (black to white in Figure 20) over a short spanwise distance, the 12 

temperature gradient is large on the sides of the wake, where the Nu are best correlated with 13 

turbulent structures. The cold crossflow is mixing with the hot jet, and thus higher 14 

temperature structures (white coloured iso-Q surfaces) heat the bottom wall. Further 15 

downstream (𝑥/𝐻 > 2), the structures gather near the symmetry plane as the fluid flows 16 

inward towards the central plane. Upstream of the jet exit high heat transfer is not induced by 17 

turbulence heat diffusion, but by mainly mean flow convective heat transfer effect. 18 

4 Conclusions 19 

A conjugate heat transfer DNS code has been developed on the basis of F lageul et al. [28]’s 20 

bi-periodic code for conjugate heat transfer in channel flows. The fluid-solid thermal 21 

coupling method proposed by [30] has been found simple and efficient. 22 

The main contribution of this paper is that it has revealed the following features of turbulent 23 

conjugate heat transfer for a case with strong industrial relevance. 24 

Wall maps of Nusselt number and r.m.s wall-temperature, 𝜃r.m.s,  for conjugate heat transfer 25 

are qualitatively similar to those of iso-thermal and adiabatic wall cases, but in the 26 

conducting wall case the solid is pre-heated by the hot injection pipe, leading to negative Nu 27 

number upstream of the injection. 28 

Instantaneous temperature fluctuation maps in planes below the interface show some 29 

correlation with those in the fluid-flow buffer layer, with some convective and time-delay 30 

effects. Thermal spots are generated around the jet-exit where the cold crossflow encounters 31 
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the hot jet fluid. The larger and intense thermal spots penetrate all the way across to the outer 1 

solid wall while high-frequency fluctuations are smoothed out almost instantly, which is 2 

reflected by the discontinuity in temperature variance dissipation across the interface. 3 

The magnitude of fluctuating temperature variance spectrum above and below the interface is 4 

found to decay exponentially in the diffusion-dissipation range as in the theoretical models 5 

for homogeneous fluid turbulence. The exponential decay rates at a fixed wall-normal 6 

location are found to remain constant in the downstream direction. This finding implies an 7 

empirical function between the exponential decay rate and the wall depth mainly. 8 

The large structures’ length scales defined by integrating the spanwise spectra seem to 9 

correspond to the “hot spots” size seen in the instantaneous temperature snapshots. This two-10 

point length scale shows very small discontinuities across the interface and could 11 

advantageously replace dissipation-based scaling “a la Kolmogorov inertial range” often 12 

presumed in RANS models since the later leads to a much larger discontinuity and 13 

underestimation of the two-point length scale. 14 

A higher Re JICF DNS is needed to confirm this conjecture. Recent high number channel 15 

flow simulations show that the viscous and buffer layers are slaves to the larger outer- flow 16 

structures, which also strongly contribute to r.m.s wall pressure fluctuations and would 17 

logically have a similar impact on the wall temperature pattern. 18 

A simpler 2D slot jet, rather than round jet test case, would also facilitate interpretation of 19 

spanwise spectra. 20 
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Figure 19. Instantaneous temperature fluctuations in conjugate heat transfer case at three time-steps. Top: in the fluid domain near the wall (𝑦/𝐻 = 0.05); middle: on the 

fluid-solid interface (𝑦/𝐻 = 0); bottom: on the solid outer wall (𝑦/𝐻 = −0.15). 
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 (a)  

 

 (b) 

Figure 20. Instantaneous iso-surfaces of Q-criterion (𝑄 = 5) and wall Nusselt number at 𝑡 = 𝑡0  in (a) 

conjugate heat transfer case and (b) iso-thermal case. Only the near-wall iso-Q (𝑦/𝐻 < 0.1), coloured by the 

dimensionless temperature θ (black to white: low to high θ), is presented. 
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