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a b s t r a c t 

Direct numerical simulations have been adopted to study the turbulent heat transfer in forced convec- 

tions of supercritical water at two different supercritical pressures P = 23 MPa and P = 25 MPa in a heated 

pipe with constant wall heat flux and a bulk Reynolds number of R e 0 = 5400 . The present study aims 

to reveal the mechanisms of turbulent heat transfer of superciritical fluids at different pressures in a 

spatial-developing flow. The results show that at the smaller pressure ratio P r = P/ P c , where P c is the 

critical pressure, the property variations become more drastic, and both the skin friction coefficient and 

Nusselt number become smaller. The decompositions of skin friction and Nusselt number show that it is 

mainly due to the large turbulence reduction along the streamwise direction. The analyses of turbulent 

kinetic energy (TKE), the turbulent shear stress, and the production of TKE confirm this point. Moreover, 

it was found that the thermophysical property fluctuations are very large and significantly influence the 

turbulent statistics in the supercritical fluid flows. Due to the large property fluctuations, it was found 

that the density-fluctuation-related terms are significant and their values are actually comparable to the 

mean-density-related terms. Due to their negative contributions to turbulent shear stress and turbulent 

heat flux, the turbulence and heat transfer are severely attenuated by the large thermophysical property 

fluctuations. For near-wall scaling in spatial-developing flows at supercritical pressures, the semi-local 

velocity transformation with a semi-local coordinate shows a better agreement in the logarithmic region. 

However, a clear deviation still exists, especially for mean temperature because all the transformations 

only incorporate the local mean property variations and cannot consider their fluctuations. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

A supercritical water-cooled reactor (SCWR) has been selected

s one of the candidates for the Generation IV reactor system due

o its high economy, low flow rate, single-phase water-cooling,

igh enthalpy rise, and a simplified system [1] . When water with

ontinuous heating flows through the reactor core at supercritical

ressures, it experiences a special process from a liquid-like state

o a gas-like state, which leads to peculiar property variations, in-

luding density ρ , dynamic viscosity μ, specific heat c p and ther-

al conductivity λ, near the pseudo-critical temperature T pc . When

he system pressure becomes close to the critical pressure, water

roperties exhibit sharper variation, especially for thermal conduc-

ivity, specific heat and Prandtl number. As shown in Fig. 1 , an
∗ Corresponding author. 
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bvious difference of property variations of water under the two

ifferent pressures can be observed. Owing to their different prop-

rty variations, turbulence and heat transfer behaviors show much

ifference between each other. 

Experimental and numerical investigations of heat transfer be-

avior of supercritical fluids at supercritical pressures have been

onducted since the 1960s. Pioro et al. [ 2 , 3 ] have summarized

any experimental studies for the turbulent heat transfer of super-

ritical water in channels. From these experiments, Swenson et al.

4] and Yamagata et al. [5] found that the peaks of heat trans-

er coefficient (HTC) gradually decrease with the increase of pres-

ures. Bae [6] studied the mixed convective heat transfer of su-

ercritical carbon dioxide (sCO 2 ) in vertical heat pipes and annu-

ar channels by experiments. Wang et al. [ 7 , 8 ] also found that the

eaks of HTC decrease when the pressures are close to the criti-

al pressure. Moreover, Zhao et al. [9] conducted some experimen-

al studies in heated pipes and annuli, and found that the peaks

f HTC are higher with pressures closer to critical pressure due

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120128
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Fig. 1. The thermophysical property of water as a function of temperature; a: density ρ; b: dynamic viscosity μ; c: thermal conductivity λ; d: specific heat c p ; e: Prandtl 

number Pr . Red line: 23 MPa, T pc = 650 . 60 K; gray line: 25 MPa, T pc = 658 . 05 K. 
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to larger property variations. In their opinions, the higher Prandtl

number and lower pseudo-critical temperature are responsible for

the phenomenon. Gu et al. [10] also carried out some experimen-

tal studies to investigate the heat transfer of supercritical water in

pipes at high heat fluxes. They found that higher Prandtl number

at low pressure leads to larger HTC. Liu et al. [11] also conducted

some experiments on heat transfer of sCO 2 in cooling tubes. From

their results, it was found that heat transfer coefficient increases

greatly due to decreasing inlet pressures. Huang et al. [12] studied

the heat transfer of aviation kerosene in vertical pipes by experi-

ments. In their opinions, higher viscosity and thermal conductivity

induced by increasing pressures lead to large heat transfer coef-

ficient and enhanced heat transfer. Though the experiments show

that large property variations of supercritical fluids have a signifi-

cant effect on the turbulence and heat transfer, the mechanism is

still not clear due to the difficulty of experimental measurements. 

Due to the limitations of conventional Reynolds Averaged

Navier-Stokes (RANS) and Large Eddy Simulation (LES) models,

direct numerical simulations (DNS) is recommended as a pow-

erful method to provide more insights into turbulent and ther-

mal physics. Instead of modeling turbulence, DNS method directly

solves the turbulence at all scales, providing the most detailed tur-

bulence data and a deeper physical interpretation of the turbulent

heat transfer at supercritical pressures. Based on DNS, Bae et al.
 13 , 14 ] investigated the turbulent heat transfer of sCO 2 flowing in a

eated vertical pipe and annulus. Turbulent statistics, such as tur-

ulent shear stress, turbulent kinetic energy (TKE), turbulent heat

ux and the production of TKE, etc., were analyzed to reveal the

urbulent heat transfer behavior at supercritical pressures. Nemati

t al. [15] used DNS to investigate the mean statistics of sCO 2 and

he effect of thermal boundary conditions in a developing pipe

ow. In their work, they found that the Nusselt number shows a

eduction when the temperature fluctuations at the wall are sup-

ressed. Chu et al. [16] carried out the studies of flow stratifica-

ion of sCO 2 in a heated horizontal pipe. Using DNS, Pandey et al.

17] conducted five cases to demonstrate the buoyancy-induced

urbulent modulation of sCO 2 under cooling conditions. Peeters

t al. [ 18 , 19 ] studied the characteristics of turbulent heat transfer

nd turbulence attenuation of sCO 2 in a fully developed annulus.

n the latest DNS studies, Kawai [20] found that large thermophys-

cal property variations near the wall lead to significant near-wall

ensity fluctuations, which further changes the velocity profiles in

 fully developed boundary layer flow. However, the previous DNS

nalyses mainly focused on the effects of different inlet velocities

nd wall heat fluxes on the turbulent heat transfer at a fixed su-

ercritical pressure. As shown in Fig. 1 , the property variations

hange greatly with different supercritical pressures, which may

nfluence the turbulence and heat transfer significantly. Therefore,
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Fig. 2. The flow schematic of the present direct numerical simulation. 

Table 1 

Summary of computational setups. 

Case P(MPa) Re 0 N x N r N θ �x + �r + R �θ+ 

A 23 5400 1960 166 256 5.6 0.08–3.40 4.75 

B 25 5400 1536 162 256 7.1 0.08–3.48 4.75 

C – 5400 1536 130 256 7.1 0.12–3.56 4.75 
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b  
he mechanisms of different pressures on the turbulent heat trans-

er of supercritical fluids should be comprehensively studied by

NS. 

In this work, we investigate the turbulent heat transfer at

ifferent supercritical pressures by performing DNS of a spatial-

eveloping pipe flow. Thermophysical properties, skin friction coef-

cient, Nusselt number, turbulent statistics and FIK decompositions

tc. were employed to demonstrate the characteristics of spatial-

eveloping heat transfer of supercritical fluids. Flow visualization

as also applied to display the effects of pressure variation on the

oherent structures. 

. Numerical methodology 

A detailed description of the DNS method can be found in our

revious work [21] . A brief description of governing equations and

umerical methods is provided here. The DNS code has been thor-

ughly validated by experiment data of a strong-heated air pipe

ow with variable properties [21] and DNS data of constant prop-

rty flows [22] . More details of the code validation can be found in

ppendix A. 

.1. Governing equations and numerical methods 

In this study, the Navier-Stokes equations with the low-Mach

pproximations were employed. Such an approximation has been

pplied to the DNS study of turbulent heat transfer of supercritical

uids by Bae et al. [13] , Chu et al. [16] , Nemati et al. [15] , Peeters

t al. [19] and Liu et al. [23] . 

Continuity equation : 

∂ρ

∂t 
+ 

∂ 
(
ρu j 

)
∂ x j 

= 0 , (1) 

Momentum equations : 

∂ ( ρu i ) 

∂t 
+ 

∂ 
(
ρu i u j 

)
∂ x j 

= − ∂ p 

∂ x i 
+ 

∂ τi j 

∂ x j 
, (2) 

Energy equation : 

∂ ( ρh ) 

∂t 
+ 

∂ 
(
ρu j h 

)
∂ x j 

= −∂ q j 
∂ x j 

(3) 

here 

i j = 2 

μ

Re 

(
S i j −

1 

3 

δi j 

∂ u k 

∂ x k 

)
, S i j = 

1 

2 

(
∂ u i 

∂ x j 
+ 

∂ u j 

∂ x i 

)
, 

 i = − k 

ReP r 

∂T 

∂ x i 
= − 1 

ReP r 

k 

c p 

∂h 

∂ x i 
. (4) 

In Eqs. (1) –(3) , all the variables are nondimensionalized and

hose parameters are derived as follows: 

x i = 

x ∗
i 

R 

, t = 

t ∗U 0 

R 

, u i = 

u 

∗
i 

U 0 

, p = 

p ∗

ρ0 U 

2 
0 

, ρ = 

ρ∗

ρ0 

, μ= 

μ∗

μ0 

, k = 

k ∗

k 0 
,

c p = 

c ∗p 
c p0 

, T = 

T ∗

T 0 
, h = 

h 

∗ − h 0 

c p0 T 0 
Re = 

ρ0 U 0 R 

μ0 

, Q 

+ = 

q w 

R 

k 0 T 0 
= ReP r q + ,

 

+ = 

q w 

ρ0 U 0 c p0 T 0 
. (5) 

Where the subscript 0 refers to the inlet condition, the super-

cript ∗ denotes dimensional quantities. In Eqns. (1) - (3) , ρ repre-

ents density, u i denotes the component of the velocity vector, p is

ressure, h is enthalpy, T is temperature, R is radius, U 0 indicates

nlet bulk velocity. Details of this non-dimensional method can be

ound in our previous paper [23] . The thermophysical properties of

ater at different supercritical pressures were derived from NIST
EFPROP [24] and further interpolated during the computational

rocess. The property variations at 23 MPa close to the H 2 O criti-

al pressure 22.1 MPa are obviously more drastic than 25 MPa as

hown in Fig. 1 . 

.2. Computational setups 

The present computational domain includes an inflow gener-

tor and a spatial-developing region with constant heat flux at

he wall, as shown in Fig. 2 . The size of inflow generator and

eveloping region is L in = 5 D and L d = 30 D , respectively, in the

treamwise ( x ) direction. The inflow generator has a resolution of

28 × 256 × 256 (radial r , axial x , and circumferential θ direc-

ions), which provides a fully developed turbulent velocity for the

nlet of the developing region. The inlet temperature is set as a

onstant value of 623.15 K and inlet bulk velocity U 0 is 0.314 m/s

or all the cases. The details of the computational setups are pre-

ented in Table 1 . For convenience, a constant property flow, case

, was chosen for the comparison. In general, the minimum ther-

al scale is smaller than the Kolmogorov microscale because of

he Prandtl number Pr > 1.0 at supercritical pressures. Therefore,

oth the Kolmogorov microscales ηk = ( ( ̄ν) 3 /ε ) 0 . 25 and the small-

st scales of the temperatures ηθ = ηk /P r −0 . 5 were illustrated at

ifferent streamwise positions in Fig. 3 (a) −3(f), where ɛ is the

issipation rate of TKE. From Fig. 3 , the mesh resolutions with

 ( y = 1-r) as the horizontal coordinate in three directions are

ell resolved. The present mesh resolutions of thermal scales are

.0 < �x / ηθ < 2.5, 1.5 < �x / ηθ < 8.3 in the axial direction for

ase A and B, respectively, 0.05 < �r / ηθ < 0.7 in the radial direc-

ion for all cases, and 1.0 < �θ / ηθ < 1.9, 1.25 < �θ / ηθ < 5.2 in the

ircumferential direction for case A and B, respectively. The present

esh resolutions meet the resolution requirements in this study. In

 prior DNS studies, Zonta et al. [25] , Jin et al. [26] , Nemati et al.

27] and Kawai [20] have also reported comparable mesh resolu-

ions. 

. Results and discussions 

In this section, the characteristics of spatial-developing tur-

ulent heat transfer at different supercritical pressures will be



4 J. Liu, P. Zhao and M. Lei et al. / International Journal of Heat and Mass Transfer 159 (2020) 120128 

Fig. 3. Kolmogorov microscale ηk (a, c, e) and the smallest scale of the temperature field ηθ (b, d, f) at different streamwise locations. Red: X = 15; green: X = 35; yellow: 

X = 55, solid line: P = 23 MPa; dashed line: P = 25 MPa. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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discussed. For an arbitrary instantaneous variable, ϕ, it can be de-

composed into a Reynolds averaged variable ϕ̄ and its fluctuation

ϕ 

′ , where ϕ = ϕ̄ + ϕ 

′ with ϕ 

′ = 0 , or into Favred averaged vari-

able ˜ ϕ and its fluctuation ϕ′′ , where ϕ = ˜ ϕ + ϕ 

′′ with ρϕ 

′′ = 0 .

These two kinds of averaging are related as follows: ̃  ϕ = ρϕ / ̄ρ ,

ϕ 

′′ = −ρ′ ϕ 

′ / ̄ρ � = 0 . The dimensionless time step for the present

study was set to �t = 0 . 25 under a maximum Courant number of

0.8. The turbulent statistics were obtained by time-averaging over

at least 10,0 0 0 time steps, which corresponds to 30 flow times of

the computational region. 

3.1. Mean quantity profiles 

In Fig. 4 (a) −4(b), wall temperature T w 

and flow acceleration pa-

rameter K v = 

ν̄
U 2 

b 

d U b 
dx 

, where U b is the bulk mean velocity, are pre-

sented. As seen, a much larger wall temperature T w 

can be ob-

served in the cases at supercritical pressures than in constant

property case C. Moreover, when comparing case A to case B, the

increase of wall temperatures becomes faster with the supercriti-

cal pressure close to critical pressure. Here, we defined the pres-

sure ratio P r = P/ P c , which reflects the extent to which the super-
ritical pressure P deviates from the critical pressure P c . Likewise,

 larger flow acceleration parameter K v can be observed in case A

ue to the more drastic density variation as shown in Fig. 1 . How-

ver, for the present simulations, the parameter K v ranged from

bout 0 . 75 × 10 −6 to 1 . 10 × 10 −6 which is smaller than the ref-

renced value of K v ≈ 1 . 5 × 10 −6 under which the flow acceler-

tion is not important to turbulence as proposed by Chambers

t al. [28] . 

In Fig. 5 , the skin friction coefficient C f = 2( μw 

∂ ̄u /∂y ) / ( ρb U 

2 
b 
)

nd Nusselt number Nu = hD /k ∗
b 
, where h = q w 

/ ( T ∗w 

− T ∗
b 
) is the

onvective heat coefficient, along the streamwise direction are

hown. It can be found that the large property variations at su-

ercritical pressures lead to the skin friction and Nusselt number

ecrease. Especially for the skin friction coefficient, where its de-

rease is remarkable along the streamwise direction compared to

he constant property case. With the development of the turbu-

ent boundary layer, the reduction of skin friction coefficient and

usselt number becomes more obvious in case A when compared

o case B. To comprehensively show the reason, a decomposition

ethod of skin friction coefficient or Nusselt number originally de-

eloped by Fukagata, Iwamoto & Kasagi (FIK) was re-derived and

pplied in the following analyses of Section 3.2 . 
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Fig. 4. Wall temperature T w (a) and local flow acceleration parameter K v (b) profiles. 

Fig. 5. The skin friction coefficient and Nusselt number. 
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.2. Decompositions of skin friction coefficient and nusselt number 

The decomposition method was firstly derived by Fukagata

t al. [29] to investigate the individual contributions to the skin

riction. Ever since, it has been widely used to study the turbulence

ffects on the skin friction and wall heat transfer in different flows

uch as fully developed channel and pipe flows [30] , compress-

ble flows [31] , developing turbulent boundary layers [32] , strong

eated air flows [21] , cooled or heated supercritical fluid flows

17] . 

In this study, we further re-derive the FIK identity to include

he effect of property variations in supercritical fluids by the in-

egration of the mean streamwise momentum and enthalpy equa-

ions twice in the radial direction. The derived FIK decompositions

f skin friction coefficient and Nusselt number are as follows: 

C f . FIK = − 16 

ρb u 

2 
b 
Re b0 

∫ 1 

0 

r ̄μS rx rdr + 

8 

ρb u 

2 
b 

∫ 1 

0 

r ρu 

′′ 
r u 

′′ 
x rdr 

+ 

4 

ρb u 

2 
b 

∫ 1 

0 

(
1 − r 2 

)
< 

∂ P 

∂x 
> rdr + 

4 

ρb u 

2 
b 

∫ 1 

0 

r ̄ρ˜ u r ̃  u x rdr 

+ 

8 

ρb u 

2 
b 

∫ 1 

0 

(
1 − r 2 

)〈∂ ρ̄ ˜ u x ̃  u x 

∂x 

〉
rdr 

+ 

4 

ρb u 

2 
b 

∫ 1 

0 

(
1 − r 2 

)〈∂ ρu 

′′ 
x u 

′′ 
x 

∂x 

〉
rdr 

− 8 

ρb u 

2 
b 
Re b0 

∫ 1 

0 

(
1 − r 2 

)〈1 

r 

∂ μ′ S ′ rx 

∂r 

〉
rdr 

− 8 

ρb u 

2 
b 
Re b0 

∫ 1 

0 

(
1 − r 2 

)〈∂ μ̄S xx 

∂x 

〉
rdr 

− 8 

ρb u 

2 
b 
Re b0 

∫ 1 

0 

(
1 − r 2 

)〈∂ μ′ S ′ xx 

∂x 

〉
rdr , 

(6) 
u FIK = 

8 

αb 

(
h w 

− h b 

) ∫ 1 

0 

r ̄α
∂ ̄h 

∂r 
rdr − 8 Re b0 P r 0 

αb 

(
h w 

− h b 

) ∫ 1 

0 

r ρh 

′′ u 

′′ 
r rdr 

− 4 Re b0 P r 0 

αb 

(
h w 

− h b 

) ∫ 1 

0 

(
1 − r 2 

)〈1 

r 

∂r ̄ρ ˜ h ̃

 u r 

∂r 

〉
rdr 

− 4 Re b0 P r 0 

αb 

(
h w 

− h b 

) ∫ 1 

0 

(
1 − r 2 

)〈∂ ρ̄ ˜ h ̃

 u x 

∂x 

〉
rdr 

− 4 Re b0 P r 0 

αb 

(
h w 

− h b 

) ∫ 1 

0 

(
1 − r 2 

)〈∂ ρh 

′′ u 

′′ 
x 

∂x 

〉
rdr 

+ 

4 

αb 

(
h w 

− h b 

) ∫ 1 

0 

(
1 − r 2 

)〈1 

r 

∂r 

∂r 
α′ ∂h 

′ 
∂r 

〉
rdr 

+ 

4 

αb 

(
h w 

− h b 

) ∫ 1 

0 

(
1 − r 2 

)〈 ∂ 

∂x 

(
ᾱ

∂h 

∂x 

)〉
rdr 

+ 

4 

αb 

(
h w 

− h b 

) ∫ 1 

0 

(
1 − r 2 

)〈 ∂ 

∂x 

(
¯

α′ ∂h 

′ 
∂x 

)〉
rdr , 

(7) 

ere 〈 〉 stands for: 

 ϕ ( r, z ) 〉 = ϕ ( r, z ) − 2 

∫ 1 

0 

ϕ ( r, z ) rdr . (8) 

In Equation (6), the skin friction coefficient was decomposed

nto the laminar contribution C f , 1 which is the first term on the

ight, the turbulent contribution C f , 2 which is the second term on

he right, and inhomogeneous contribution C f, inhomo which is the

um of other terms. Eq. (7) shows the decomposed Nusselt number

here the first term on the right stands for the laminar contribu-

ion Nu , the second term standing for the turbulent contribution
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Fig. 6. The componential contributions to the skin friction. The symbol is DNS data, dash line is from case C. 

Fig. 7. The componential contributions to the Nusselt number. The symbol is DNS data, dash line is from case C. 
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Nu 2 , and the sum of other terms standing for inhomogeneous con-

tribution Nu inhomo . 

Fig. 6 plots the componential contributions to skin friction. In

order to verify the present derivation, C f, FIK , which is the sum

of C f , 1 , C f , 2 and C f, inhomo , is compared firstly with the skin coeffi-

cient locally calculated by C f = 2 τw 

/ ρb /U 

2 
b 

. An excellent agreement

is observed, ensuring the correctness and consistency. Along the

streamwise direction, both the laminar and the non-homogenous

contributions have experienced a small decrease due to the flow

acceleration, while the turbulent contribution has seen a notable

decrease. This means that the decrease of skin friction coefficients

mainly results from the turbulence reduction. Furthermore, with

the smaller pressure ratio, the turbulent contribution decreases

even faster. 

Fig. 7 shows the componential contributions to the Nusselt

number in case A and B. To verify the decomposition, the locally

calculated Nusselt number N u b = h c D/k ∗
b 

is also compared with the

FIK identity Nu FIK . An excellent agreement can be observed, en-

suring the correctness and consistency of the derivation. It can be

seen in Fig. 7 that from inlet to x = 10, the inhomogenous con-

tribution is a dominant effect on the total Nussult number due to

the quickly developing thermal boundary layer, since the constant

temperature inlet boundary condition is used in our simulations.

After that, the turbulent contribution is dominant like the decom-

position of skin friction coefficient. Similarly, both the laminar and

inhomogenous contributions are relatively small and almost con-

stant along the streamwise direction, while the turbulent contribu-

tion is important and obviously decreases due to turbulence reduc-

tion. Therefore, the conclusion can be drawn that the skin friction

coefficient and Nusselt number decrease because of the turbulence

reduction at supercritical pressures and smaller the pressure ratio,

greater the turbulence reduction. 
s  
.3. Turbulence statistics 

From above analyses, the reduction of turbulent contribution

eads to the decrease of the skin friction coefficient and Nusselt

umber. In order to further explore the reason of the turbulent

eduction along the streamwise direction, the turbulence statistics

uch as Reynolds shear stress, turbulent kinetic energy (TKE), pro-

uction of TKE and turbulent heat flux are shown in this section. 

Fig. 8 shows the profiles of Reynolds shear stress

u 
′′ 
x u 

′′ 
r / τw, 0 , TKE −1 / 2( ρu 

′′ 
i 

u 
′′ 
i 
) / τw, 0 and production of TKE

 P k = −ρu 
′′ 
i 

u 
′′ 
j 
( d ̃  u j /d x i ) ). Along the streamwise direction, Reynolds

hear stresses, TKE and production of TKE all decrease due to

he turbulent reduction. Therefore, as described above, the turbu-

ent contribution to skin friction coefficient and Nusselt number

radually reduces in the downstream. Comparing case A with

ase B, a quicker decrease of Reynolds shear stress, TKE as well

s production of TKE is found in case A than in case B, which

onfirms that more turbulence reduction happens with the smaller

ressure ratio. 

Fig. 9 shows the profiles of axial ρu 
′′ 
x h 

′′ / q + and radial ρu 
′′ 
r h 

′′ / q + 
urbulent heat flux along streamwise direction. Along the stream-

ise direction, the axial turbulent heat fluxes gradually increase.

his is due to the increase of the enthalpy fluctuations down-

tream, although velocity fluctuations actually decrease. The ra-

ial turbulent heat fluxes experience a small decrease downstream,

hich results in a slow reduction of turbulent contribution to the

usselt number as described in Section 3.2 . 

.4. Turbulent structures 

In this section, we utilize the flow visualization technology to

how the instantaneous turbulence along the streamwise direction.
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Fig. 8. Reynolds shear stress, turbulent kinetic energy (TKE) and production of TKE. 

Fig. 9. The axial turbulent heat flux and radial turbulent heat flux. 
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n order to reveal the turbulent coherent structures clearly, only

 part of the circumference is displayed near the wall region. In

ig. 10 , the instantaneous velocity fluctuation at y = 0.05 ( y + ≈
0 ) is shown. It can be found that in the downstream, the low-

peed streaks become bigger and longer, and high-speed streaks

ecome smaller and shorter. This means the turbulence is more

nisotropic downstream. The presence of less high- and low-speed

teaks mean that turbulence is attenuated in the downstream.

ig. 11 displays the instantaneous density fluctuation. Contrary to

he streamwise velocity fluctuation, the density fluctuation contin-

ally increases in the downstream. Obviously, the density fluctu-

tion is larger in case A than case B due to the smaller pressure

atio. The variation of instantaneous enthalpy fluctuation is similar

o the density fluctuation. 
.5. Thermophysical property fluctuations 

Fig. 12 shows the profiles of density fluctuation 

√ 

ρ′′ ρ′′ / ̄ρ and

randtl number fluctuation 

√ 

P r 
′′ 

P r 
′′ 
/ P r in the spatial-developing

urbulent flow. It was found that the peak values of density fluctu-

tion are larger than 0.5 and those of Prandtl number fluctuations

re larger than 1.0. This is distinctly different from turbulent heat

ransfer in other flows such as strong heated air flows [21] or su-

ersonic flows [ 33 ] in which the property fluctuation is less than

.1 and when Morkovin’s hypothesis is valid. Therefore, at super-

ritical pressures, the large property fluctuations may significantly

odify the turbulence and their influence on heat transfer requires

urther study. In the following Sections 3.6 and 3.7 , the effects of
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Fig. 10. The instantaneous streamwise velocity fluctuation at y = 0.05 or y + = 10 . 

Fig. 11. The instantaneous density fluctuation at y = 0.05 or y + = 10 . 

Fig. 12. Variances of density 
√ 

ρ ′′ ρ ′′ / ̄ρ and Prandtl number 
√ 

P r ′′ P r ′′ / Pr . 
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Fig. 13. The Reynolds (Solid lines) and Favred (Dashed lines) averaged mean axial velocity, radial velocity and enthalpy. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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arge property fluctuations on mean velocity, mean temperature,

urbulent stress, turbulent heat flux, and near-wall turbulence scal-

ng are discussed in detail. 

.6. Effect of large property fluctuations on turbulent statistics 

The effects of density fluctuation on mean velocity and tem-

erature are investigated. Since the Reynolds- and Favre-averaged

elocities have the correlation of 

 i − ˜ u i = −ρ ′ u 

′ 
i / ̄ρ (9) 

It can be seen that the density fluctuation influences the statis-

ics of mean velocity through the turbulent mass flux ρ ′ u ′ 
i 
/ ̄ρ .

herefore, the difference between the Reynolds and Favre-averaged

elocities can clearly show the impact of density fluctuation. From

ig. 13 , though the difference between the two types of mean axial

elocity is small, a remarkable difference exists for the profiles of

ean radial velocity and this difference only becomes more promi-

ent with the development of boundary layer along the stream-

ise direction. This suggests that in the spatial-developing turbu-

ence at supercritical pressures, the mean turbulent mass flux ρ ′ u ′ 
i 

s important and hence, should be modeled in RANS-based simu-

ations. 
The density fluctuation on mean enthalpy can be shown from

he difference between the Reynolds- and Favre-averaged enthalpy

y the correlation of 

¯
 − ˜ h = −ρ ′ h 

′ / ̄ρ (10) 

It can be seen in Fig. 13 that there is an obvious difference be-

ween the Reynolds and Favre-averaged enthalpy due to the large

ensity fluctuation. Therefore, it can be concluded that the density

uctuation is very important for the first order statistics at super-

ritical pressures. 

The correlations between ρ′ and u ′ , v ′ , h ′ are also shown in

ig. 14 . The correlations increase with development of the bound-

ry layer in the downstream due to the increase of density fluc-

uation. Specially, the correlations of −ρ ′ h ′ / ̄ρ in case A are much

arger than in case B, due to the drastic Prandtl number fluctua-

ions 

√ 

P r 
′′ 

P r 
′′ 
/ P r > 1 observed in case A as shown in Fig. 12 . 

To investigate the effect of density fluctuation on turbulent

hear stress along the streamwise direction, we further decom-

ose the Reynolds shear stress −ρ̄ ˜ u ′′ v ′′ into two terms, the mean-

ensity-related term −ρ̄u ′′ v ′′ and density-fluctuation-related term 

ρ′ u ′′ v ′′ as follows 

˜ u 

′′ v ′′ 

u 

∗ 2 
= 

u 

′′ v ′′ 

u 

∗ 2 
+ 

ρ ′ u 

′′ v ′′ 

ρ̄u 

∗ 2 
(11) 
τ τ τ
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Fig. 14. Correlations between ρ ′ and u ′ , v ′ , h ′ ( −ρ ′ u ′ 
i 
/ ̄ρ and −ρ ′ h ′ / ̄ρ). 

Fig. 15. The decomposed Reynolds shear stress as a function of y ∗ . Solid lines:Reynolds shear stress; dashed lines: mean-density-related Reynolds shear stress; dashed-dotted 

lines: density-fluctuation-related Reynolds shear stress. 
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It can be seen that the density fluctuation influences the tur-

bulent shear stress through the density-fluctuation-related term.

From Fig. 15 , it can be seen that the contribution of the density-

fluctuation-related term to the turbulent stress cannot be negligi-

ble compared to the mean-density-related term. Unlike the mean-

density-related term, the density-fluctuation-related term makes

a negative contribution to the total turbulent shear stress, which

means that a large density fluctuation reduces the turbulent stress

and thus, attenuates the turbulence by reducing the turbulence

production −ρu ′′ i u ′′ j ( 
d ̃ u j 
d x i 

) . The values of the density-fluctuation-

related term in case B are a little smaller than in case A. However,

a significant reduction of turbulent stresses by large density fluc-

tuation can be observed at both supercritical pressures. 

The effect of property fluctuations on turbulent heat transfer

can also be shown by the following decomposition: 

˜ u 

′′ 
i h 

′′ 
q + 

= 

u 

′′ 
i h 

′′ 
q + 

+ 

ρ ′ u 

′′ 
i h 

′′ 
ρ̄q + 

(12)

The turbulent heat fluxes on the left side can be decomposed

into the mean-density-related terms ρ̄u ′′ h ′′ , ρ̄v ′′ h ′′ and density-
uctuation-related terms ρ′ u ′′ h ′′ , ρ′ v ′′ h ′′ , respectively. The density-

uctuation-related terms show the density fluctuation on the

urbulent heat flux. Fig. 16 illustrates the evolution characteris-

ics of decomposed turbulent heat flux. It is surprising that the

ensity-fluctuation-related terms are so important, that their abso-

ute values are close to the mean-density-related terms. Since the

ensity-fluctuation-related terms are opposite to mean-density-

elated terms, the turbulent heat fluxes are severely weakened by

he large density fluctuation. Therefore, the turbulent heat trans-

er may be largely improved by suppressing density fluctuation at

upercritical pressures. 

.7. Scaling of mean velocity and temperature 

To further study the effect of large property fluctuations on

ear-wall turbulence, the near-wall scaling of mean velocity and

emperature are discussed in detail for the spatial-developing

ow. As far as we known, the commonly used scaling meth-

ds for variable density flows mainly include three kinds of

elocity transformation, ˜ u + , ˜ u + 
V D 

, ˜ u ∗, and two nondimensional
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Fig. 16. The axial and radial turbulent heat fluxes. Solid lines: total; dashed lines: mean-density-related terms; dashed-dotted lines: density-fluctuation-related terms. 

Fig. 17. The classical and van Driest velocity scalings as a function of y + . black line: u + = 2 . 5 ∗ ln y + + 5 . 5 . 
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oordinates y + , y ∗. The classical velocity transformation 

˜ u + =
˜  / u τ , where u τ = 

√ 

τw 

/ ρw 

is friction velocity, is suitable for the

onstant property flows. Further, Huang, Coleman, and Brad-

haw [33] proposed the van Driest velocity transformation 

˜ u + 
V D 

=˜ 

 

+ 
∫ 
0 

√ 

ρ̄/ ρw 

d ̃  u + for variable property flows. Based on a semi-

ocally scaled method, the semi-local velocity transformation 

˜ u ∗ =˜ 

 

+ 
V D ∫ 
0 

( 1 + ( y/Re ∗τ ) d Re ∗τ d y ) d ̃  u + 
V D 

, where Re ∗τ = R e τ
√ 

( ̄ρ/ ρw 

) / ( ̄μ/ μw 

) is
he semi-local Reynolds number, was derived by Trettel et al.

34] and Pecnik et al. [35] . y + = y/ δv is the classical dimensionless

all coordinate, where δv = μw 

/ ρw 

u τ is the viscous length scale.

 

∗ = y/δ∗
v is the semi-local dimensionless wall distance, where δ∗

v = 

w 

/ ρw 

u ∗τ is the semi-local viscous length scale. However, all of the 

entioned scaling methods are based on the Morkovin’s hypothe-

is, which is valid for small thermophysical property fluctuations.

herefore, the suitability of these scaling methods for the spatial-

eveloping turbulence at supercritical pressures with large prop-

rty fluctuations should be studied. 
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Fig. 18. The van Driest velocity scaling as a function of y + , y ∗ respectively. Black line: u + = 2 . 5 ∗ ln y + + 5 . 5 . 

Fig. 19. The van Driest and semi-locally scaled velocity scalings as a function of y ∗ . Black line: u + = 2 . 5 ∗ ln y + + 5 . 5 . 
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Fig. 20. The transformed mean temperature profiles as a function of y ∗ . Black line: θ+ = 2 . 78 ∗ ln y + + 21 . 5 . 

Fig. 21. (a) Mean velocity profile ū / u τ and (b) Root-mean-square of velocity fluctuations u 
′ 
rms / u τ . Lines, present code; symbols, data obtained from Kawamura, Abe, and 

Shingai. 
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Fig. 17 shows the mean velocity transformations with classical

ondimensional coordinate y + . Apparently, classical velocity pro-

les of ˜ u 

+ as a function of y + have a disagreement with the

ogarithmic profile. The van Driest velocity profiles ˜ u + 
V D 

improve

he agreement with the logarithmic profile. Considering the large

ean density variation at supercritical pressures, it is reasonable to

hoose van Driest velocity rather than the classical ˜ u + for velocity

ransformation. Fig. 18 shows the van Driest velocity profiles with

wo nondimensional coordinates y + and y ∗. Obviously, the semi-
ocal scaled coordinate y ∗ makes the van Driest velocity transfor-

ation show a better agreement in the logarithmic region. 

Further, Fig. 19 plots the transformed mean velocity profiles,˜ 

 

+ 
V D 

and 

˜ u ∗ with the semi-local coordinate y ∗. The velocity pro-

les from 

˜ u ∗ show a better collapse, but the difference clearly

eeps along streamwise direction. This means that the capabil-

ty of present velocity transformations still need improvement to

eet the requirement of large property fluctuations in spatial-

eveloping turbulence at supercritical pressures. 
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Fig. 22. (a) Mean temperature profile ( ̄T − T w ) / T τ and (b) Root-mean-square of temperature fluctuations T 
′ 

rms / T τ . T τ is friction temperature defined as T τ = q w /ρc p u τ . Lines, 

present code; symbols, data obtained from Kawamura, Abe, and Shingai. 

Fig. 23. (a) Mean velocity profile u x / u b and (b) Mean velocity profile T̄ along the radial direction. Lines, present code, with red lines, mixed convection and black dotted line, 

forced convection; symbols, experimental data obtained from Shehata and Mceligot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24. Local wall temperatures for upward flow P = 8 . 85 MPa, T 0 = 293.65 K, 

Re = 1700, q w = 5.3kw/m 

2 . 
For the temperature scaling of supercritical fluids, Bae et al.

[14] firstly employed the classical temperature scaling method˜ θ+ = ( T w 

− T̄ ) / T τ , where T τ = q + / ( ρw 

c pw ̃

 u τ ) . A failure collapse of

mean temperature profiles can be observed in their work. Further,

Patel et al. [36] applied the van Driest transformed temperature

profile ˜ θV D = 

˜ θ+ 
∫ 
0 

( ̄ρ/ ρw 

) 1 / 2 d ̃  θ+ to derive an extended van Driest

transformation 

˜ θ ∗ = 

˜ θV D 

∫ 
0 

[ 1 + ( y/Re ∗τ ) d Re ∗τ /d y ] d ̃  θV D f or variable den-

sity flows. This transformation does not consider the large vari-

ation of specific heat. However, as shown in Fig. 1 , the varia-

tion of specific heat at supercritical pressures is so drastic that it

causes large variations of mean Prandtl number and its fluctua-

tion. This impact should be incorporated in the temperature trans-

formation. Therefore, a modified van-Direst transformation 

˜ θ+ 
V D 

=˜ θ+ 
∫ 
0 

( ̄ρc p / ρw 

c pw 

) 1 / 2 d ̃  θ+ including the local specific heat was given

here. Fig. 20 shows the different tem perature transformations, ˜ θ+ ,˜ θ+ 
V D 

and ˜ θ ∗ with the semi-local y ∗ coordinate for case A and B.

The van Driest transformed temperature profiles ˜ θ+ 
V D 

which take

into account the effects of mean density and specific heat, show a

better logarithmic distribution. However, a large deviation still ex-

ists and this may be due to the large fluctuations of Prandtl num-

ber in turbulent heat transfer at supercritical pressures, because all
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Fig. 25. The wall temperatures calculated by our code compared with the results 

of Bae et al., Xu et al. and Hassan et al. 
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he transformations only incorporate the local mean thermophysi-

al properties and cannot consider their fluctuations. 

. Conclusion 

Direct numerical simulations of turbulent heat transfer of su-

ercritical fluids in a spatial-developing pipe with constant heat

ux have been conducted. The characteristics and mechanisms of

urbulent flow and heat transfer were comprehensively analyzed

t different supercritical pressures. Different analytical methods,

uch as first-order and second-order statistics, FIK decompositions,

ow visualizations etc. are used. The major conclusions that can be

rawn are as follows: 

1) Both the skin friction coefficient and Nusselt number decrease

at supercritical pressures due to large thermophysical property

variations, which leads to a large increase of wall tempera-

tures in heat transfer of supercritical fluids. Furthermore, with

the smaller pressure ratio, skin friction coefficient and Nusselt

number decrease faster due to the more drastic property varia-

tions. 

2) The FIK decompositions show that the decrease of skin fric-

tion coefficient and Nusselt number at supercritical pressures is

mainly due to the large turbulence reduction. The analyses of

the turbulent kinetic energy (TKE), turbulent shear stress, the

production of TKE also confirm this point. 

3) The thermophysical property fluctuations are very large and

this influences the turbulence and heat transfer significantly.

The correlations between ρ′ and u ′ , v ′ , h ′ are all significant and

cannot be negligible. The density-fluctuation-related terms are

large and even comparable to the mean-density-related terms.

The density-fluctuation-related terms have a negative contribu-

tion to turbulent shear stress and turbulent heat flux, which

leads to the decrease in skin friction coefficient and Nusselt

number. 

4) For near-wall scaling of mean velocity and temperature in

spatial-developing flows at supercritical pressures, the semi-

local velocity transformation with a semi-local nondimensional

coordinate shows a better agreement in the logarithmic region,

while the modified van Direst transformation is better for mean

temperature. However, a clear deviation still exists especially

for mean temperature because all the transformations only in-
corporate the local mean thermophysical properties and cannot

consider their fluctuations. 
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ppendix A. Validation 

1) Verification of constant property flows 

Our code was firstly verified with the DNS data from Kawa-

ura, Abe, and Shingai [37] . Fig. 21 (a) and 21(b) compare our DNS

ata [38] with those of Kawamura, Abe, and Shingai [37] for mean

elocity and root-mean-square of velocity fluctuations at R e τ = 180

nd P r w 

= 0 . 71 , respectively. Fig. 22 (a) and 22(b) show similar

omparison for mean temperature and root-mean-square of tem-

erature fluctuations. As can be seen, all statistics show an excel-

ent agreement with Kawamura Abe, and Shingai [37] . 

2) Validation of the strong heated air flows with variable proper-

ties 

The computational method was also validated by a strong

eated air flow with experimental data [39] . Fig. 23 (a) and 23(b)

ompare the mean velocity and temperature profiles from our DNS

ata [21] with the experimental data from Shehata and Mceligot.

n excellent agreement of all statistics is also reached. More de-

ails can be found in the reference [21] . 

3) Validation of laminar supercritical CO 2 flows 

In order to validate the code with experimental data for su-

ercritical fluids, we compared the DNS results with experimental

ata of supercritical CO2 at Re = 1700 (Jiang et al. [40] ). It was found

hat the calculated wall temperatures have a good agreement with

he experimental data as shown in Fig. 24 . 

4) Validation of turbulent supercritical CO 2 flows 

The DNS code was also validated with other DNS results for su-

ercritical CO2 turbulent heat transfer. The case B from Bae et al.

13] was calculated and compared. Xu et al. [41] and Hassan et al.

15] also performed the same case. From the Fig. 25 , the wall tem-

eratures calculated by our code show a good agreement with

hose of Bae et al. [13] . The difference of our DNS and Hassan et al.

ay be due to the different thermophysical property data. 

eferences 

[1] J. Yoo , Y. Ishiwatari , Y. Oka , J. Liu , Conceptual design of compact supercritical
water-cooled fast reactor with thermal hydraulic coupling, Ann Nucl Energy 33

(11–12) (2006) 945–956 . 

http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0001
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0001
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0001
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0001
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0001


16 J. Liu, P. Zhao and M. Lei et al. / International Journal of Heat and Mass Transfer 159 (2020) 120128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

 

 

[  

[  

 

 

 

[  

 

 

 

 

 

 

[  

 

 

 

 

[  

 

 

[  

 

 

 

 

 

 

 

 

[2] I.L. Pioro , R.B. Duffey , Experimental heat transfer in supercritical water flowing
inside channels (survey), Nucl Eng Des 235 (22) (2005) 2407–2430 . 

[3] I.L. Pioro , H.F. Khartabil , R.B. Duffey , Heat transfer to supercritical fluids flowing
in channels—Empirical correlations (survey), Nucl Eng Des 230 (1–3) (2004)

69–91 . 
[4] H. Swenson , J. Carver , C.d. Kakarala , Heat transfer to supercritical water in

smooth-bore tubes, J Heat Transfer 87 (4) (1965) 477–483 . 
[5] K. Yamagata , K. Nishikawa , S. Hasegawa , T. Fujii , S. Yoshida , Forced convective

heat transfer to supercritical water flowing in tubes, Int J Heat Mass Transf 15

(12) (1972) 2575–2593 . 
[6] Y.Y. Bae , Mixed convection heat transfer to carbon dioxide flowing upward and

downward in a vertical tube and an annular channel, Nucl Eng Des 241 (8)
(2011) 3164–3177 . 

[7] J. Wang , H. Li , B. Guo , S. Yu , Y. Zhang , T. Chen , Investigation of forced convec-
tion heat transfer of supercritical pressure water in a vertically upward inter-

nally ribbed tube, Nucl Eng Des 239 (10) (2009) 1956–1964 . 

[8] J. Wang , H. Li , S. Yu , T. Chen , Investigation on the characteristics and mecha-
nisms of unusual heat transfer of supercritical pressure water in vertically-up-

ward tubes, Int J Heat Mass Transf 54 (9–10) (2011) 1950–1958 . 
[9] M. Zhao , H.Y. Gu , X. Cheng , Experimental study on heat transfer of supercrit-

ical water flowing downward in circular tubes, Ann Nucl Energy 63 (2014)
339–349 . 

[10] H.Y. Gu , M. Zhao , X. Cheng , Experimental studies on heat transfer to super-

critical water in circular tubes at high heat fluxes, Experimental Thermal and
Fluid Science 65 (2015) 22–32 . 

[11] Z.B. Liu , Y.-L. He , Y.-F. Yang , J.-Y. Fei , Experimental study on heat transfer and
pressure drop of supercritical CO2 cooled in a large tube, Appl Therm Eng 70

(1) (2014) 307–315 . 
[12] D. Huang , B. Ruan , X. Wu , W. Zhang , G. Xu , Z. Tao , P. Jiang , L. Ma , W. Li , Exper-

imental study on heat transfer of aviation kerosene in a vertical upward tube

at supercritical pressures, Chin. J. Chem. Eng. 23 (2) (2015) 425–434 . 
[13] J.H. Bae , J.Y. Yoo , H. Choi , Direct numerical simulation of turbulent supercritical

flows with heat transfer, Physics of Fluids 17 (10) (2005) 105104 . 
[14] J.H. Bae , J.Y. Yoo , D.M. McEligot , Direct numerical simulation of heated CO2

flows at supercritical pressure in a vertical annulus at Re = 8900, Physics of Flu-
ids 20 (5) (2008) 055108 . 

[15] H. Nemati , A. Patel , B.J. Boersma , R. Pecnik , Mean statistics of a heated tur-

bulent pipe flow at supercritical pressure, Int J Heat Mass Transf 83 (2015)
741–752 . 

[16] X. Chu , E. Laurien , Flow stratification of supercritical CO2 in a heated horizon-
tal pipe, J Supercrit Fluids 116 (2016) 172–189 . 

[17] S. Pandey , X. Chu , E. Laurien , B. Weigand , Buoyancy induced turbulence mod-
ulation in pipe flow at supercritical pressure under cooling conditions, Physics

of Fluids 30 (6) (2018) . 

[18] J.W.R. Peeters , R. Pecnik , M. Rohde , T.H.J.J. van der Hagen , B.J. Boersma , Char-
acteristics of turbulent heat transfer in an annulus at supercritical pressure,

Physical Review Fluids 2 (2) (2017) . 
[19] W.R. Jurriaan , R. Peeters , M. Pecnik , T.H. Rohde , J.J. van der Hagen , B.J. Boersma ,

Turbulence attenuation in simultaneously heated and cooled annular flows at
supercritical pressure, J Fluid Mech 799 (2016) 505–540 . 

[20] S. Kawai , Heated transcritical and unheated non-transcritical turbulent bound-
ary layers at supercritical pressures, J Fluid Mech 865 (2019) 563–601 . 

[21] P. Zhao , J. Liu , Z. Ge , Y. Li , N. Zhao , Y. Wan , Direct numerical simulation of

strongly heated air flows in a vertical pipe using a thermophysical property
table, Int J Heat Mass Transf 124 (2018) 1181–1197 . 
22] P. Zhao , J. Zhu , Z. Ge , J. Liu , Y. Li , Direct numerical simulation of turbulent
mixed convection of LBE in heated upward pipe flows, Int J Heat Mass Transf

126 (2018) 1275–1288 . 
23] J. Liu , Y. Jin , P. Zhao , Z. Ge , Y. Li , Y. Wan , Analysis of heat transfer of supercrit-

ical water by direct numerical simulation of heated upward pipe flows, Inter-
national Journal of Thermal Sciences 138 (2019) 206–218 . 

[24] E.W. Lemmon , M.L. Huber , M.O. McLinden , NIST reference fluid thermody-
namic and transport properties–REFPROP, NIST standard reference database 23

(2002) v7 . 

25] F. Zonta , C. Marchioli , A. Soldati , Modulation of turbulence in forced convection
by temperature-dependent viscosity, J Fluid Mech 697 (2012) 150–174 . 

26] J. Lee , S. Yoon Jung , H. Jin Sung , T.A. Zaki , Effect of wall heating on turbu-
lent boundary layers with temperature-dependent viscosity, J Fluid Mech 726

(2013) 196–225 . 
[27] H. Nemati , A. Patel , B.J. Boersma , R. Pecnik , The effect of thermal boundary

conditions on forced convection heat transfer to fluids at supercritical pres-

sure, J Fluid Mech 800 (2016) 531–556 . 
28] F. Chambers , H. Murphy , D. McEligot , Laterally converging flow. Part 2. Tempo-

ral wall shear stress, J Fluid Mech 127 (1983) 403–428 . 
[29] K. Fukagata , K. Iwamoto , N. Kasagi , Contribution of Reynolds stress distribution

to the skin friction in wall-bounded flows, Physics of Fluids 14 (11) (2002)
L73–L76 . 

[30] K. Fukagata , N. Kasagi , Drag reduction in turbulent pipe flow with feedback

control applied partially to wall, International Journal of Heat and Fluid Flow
24 (4) (2003) 4 80–4 90 . 

[31] T. Gomez , V. Flutet , P. Sagaut , Contribution of Reynolds stress distribution to
the skin friction in compressible turbulent channel flows, Phys Rev E 79 (3)

(2009) 035301 . 
32] Y. Kametani , K. Fukagata , Direct numerical simulation of spatially developing

turbulent boundary layers with uniform blowing or suction, J Fluid Mech 681

(2011) 154–172 . 
[33] P.G. Huang , G.N. Coleman , P. Bradshaw , Compressible turbulent channel flows:

DNS results and modelling, J Fluid Mech 305 (–1) (2006) 185 . 
[34] A. Trettel , J. Larsson , Mean velocity scaling for compressible wall turbulence

with heat transfer, Physics of Fluids 28 (2) (2016) 026102 . 
[35] R. Pecnik, A. Patel, Scaling and modelling of turbulence in variable property

channel flows, Journal of Fluid Mechanics, 823 (2017). 

36] A. Patel , B.J. Boersma , R. Pecnik , Scalar statistics in variable property turbulent
channel flows, Physical Review Fluids 2 (8) (2017) . 

[37] H. Kawamura , H. Abe , K. Shingai , DNS of turbulence and heat transport in a
channel flow with different Reynolds and Prandtl numbers and boundary con-

ditions, Turbulence, Heat and Mass Transfer 3 (20 0 0) 15–32 . 
38] T. Wan , P. Zhao , J. Liu , C. Wang , M. Lei , Mean velocity and temperature scaling

for near-wall turbulence with heat transfer at supercritical pressure, Physics of

Fluids 32 (5) (2020) 055103 . 
[39] A.M. Shehata , D.M. Mceligot , Mean structure in the viscous layer of strong-

ly-heated internal gas flows. Measurements„ International Journal of Heat &
Mass Transfer 41 (24) (1998) 4297–4313 . 

[40] P.-X. Jiang , Y. Zhang , Y.-J. Xu , R.-F. Shi , Experimental and numerical investiga-
tion of convection heat transfer of CO2 at supercritical pressures in a vertical

tube at low Reynolds numbers, International Journal of Thermal Sciences 47
(8) (2008) 998–1011 . 

[41] X. Chu , E. Laurien , Investigation of convective heat transfer to supercritical car-

bon dioxide with direct numerical simulation, in: High Performance Comput-
ing in Science and Engineering´15, Springer, 2016, pp. 315–331 . 

http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0002
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0002
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0002
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0003
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0003
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0003
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0003
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0004
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0004
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0004
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0004
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0005
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0006
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0006
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0007
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0008
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0008
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0008
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0008
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0008
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0009
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0009
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0009
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0009
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0010
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0010
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0010
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0010
http://refhub.elsevier.com/S0017-9310(20)33064-7/othref0001
http://refhub.elsevier.com/S0017-9310(20)33064-7/othref0001
http://refhub.elsevier.com/S0017-9310(20)33064-7/othref0001
http://refhub.elsevier.com/S0017-9310(20)33064-7/othref0001
http://refhub.elsevier.com/S0017-9310(20)33064-7/othref0001
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0011
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0012
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0013
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0013
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0013
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0013
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0014
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0014
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0014
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0014
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0014
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0015
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0015
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0015
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0016
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0017
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0017
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0017
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0017
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0017
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0017
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0018
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0019
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0019
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0020
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0021
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0021
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0021
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0021
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0021
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0021
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0022
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0023
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0023
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0023
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0023
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0024
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0024
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0024
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0024
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0025
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0025
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0025
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0025
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0025
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0026
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0026
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0026
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0026
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0026
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0027
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0027
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0027
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0027
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0028
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0028
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0028
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0028
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0029
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0029
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0029
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0030
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0030
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0030
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0030
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0031
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0031
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0031
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0032
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0032
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0032
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0032
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0033
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0033
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0033
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0034
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0034
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0034
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0034
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0035
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0035
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0035
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0035
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0036
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0036
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0036
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0036
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0036
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0036
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0037
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0037
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0037
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0038
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0038
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0038
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0038
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0038
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0039
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0039
http://refhub.elsevier.com/S0017-9310(20)33064-7/sbref0039

	Numerical investigation of spatial-developing turbulent heat transfer in forced convections at different supercritical pressures
	1 Introduction
	2 Numerical methodology
	2.1 Governing equations and numerical methods
	2.2 Computational setups

	3 Results and discussions
	3.1 Mean quantity profiles
	3.2 Decompositions of skin friction coefficient and nusselt number
	3.3 Turbulence statistics
	3.4 Turbulent structures
	3.5 Thermophysical property fluctuations
	3.6 Effect of large property fluctuations on turbulent statistics
	3.7 Scaling of mean velocity and temperature

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Validation
	References


