
This work is licensed under a Creative Commons Attribution 4.0 International License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

echT PressScience

DOI: 10.32604/fhmt.2024.047703

ARTICLE

Numerical Predictions of Laminar Forced Convection Heat Transfer with
and without Buoyancy Effects from an Isothermal Horizontal Flat Plate
to Supercritical Nitrogen

K. S. Rajendra Prasad1, Sathya Sai2, T. R. Seetharam3 and Adithya Garimella1,*

1Department of Mechanical and Industrial Engineering, Manipal Institute of Technology Bengaluru,
Manipal Academy of Higher Education, Manipal, 576104, India
2Sustainable Energy Technology, Faculty of Electrical Engineering, Mathematics and Computer Science,
Delft University of Technology, Delft, 2600 AA, Netherlands
3Department of Mechanical Engineering, PES University, Bengaluru, 560085, India

*Corresponding Author: Adithya Garimella. Email: srinivas.adithya@manipal.edu

Received: 24 November 2023 Accepted: 25 January 2024 Published: 11 July 2024

ABSTRACT

Numerical predictions are made for Laminar Forced convection heat transfer with and without buoyancy effects
for Supercritical Nitrogen flowing over an isothermal horizontal flat plate with a heated surface facing downwards.
Computations are performed by varying the value of ΔT from 5 to 30 K and P∞/Pcr ratio from 1.1 to 1.5. Variation
of all the thermophysical properties of supercritical Nitrogen is considered. The wall temperatures are chosen in
such a way that two values of Tw are less than T∗ (T* is the temperature at which the fluid has a maximum value of
Cp for the given pressure), one value equal to T∗ and two values greater than T∗. Three different values of U∞ are
used to obtain Re∞ range of 3.6×104 to 4.74×105 for forced convection without buoyancy effects and Gr∞/Re2

∞
range of 0.011 to 3.107 for the case where buoyancy effects are predominant. Six different forms of correlations
are proposed based on numerical predictions and are compared with actual numerical predictions. It has been
found that in all six forms of correlations, the maximum deviations are found to occur in those cases where the
pseudocritical temperature TT∗ lies between the wall temperature and bulk fluid temperature.
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Nomenclature

Symbol Description (units)
BuC Buoyancy parameter
BuJ Jackson’s buoyancy parameter
Cf Coefficient of skin friction
Cp Specific heat at constant pressure (J/kg · K)
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Cpi The integrated mean average of specific heat at constant pressure = (iw − i∞)/(Tw −
T∞)/(kJ/kg · K)

C1ε, C2ε Constants
�F External body force
h Heat transfer coefficient (W/m2 · K)
h′ Local heat absorption/release efficiency
i Enthalpy (J/kg)
k Thermal conductivity (W/m · K)
keff Effective thermal conductivity (W/m · K)
P or P∞ Ambient pressure (MPa)
Pcr Critical pressure (MPa)
q Heat flux (W/m2)
Sk,Sε User-defined source terms
T ∗ Pseudo-critical temperature (K)
T∞ Ambient temperature (K)
Tw Wall temperature (K)
u Velocity magnitude in the x-direction (m/s)
�u Velocity vector (m/s)
u∞ Free stream velocity (m/s)
v Velocity magnitude in the y-direction (m/s)
w Velocity magnitude in the z-direction (m/s)
x Coordinate measured parallel to the direction of motion from the plate (m)
y Coordinate measured normal to the direction of motion from the plate (m)
∂ Partial derivative operator

Greek Symbols

ΔT Temperature difference between the wall and ambient fluid
β Coefficient of thermal expansion
ε Dissipation rate
μ Dynamic viscosity (kg/(m · s))
ν Kinematic viscosity (m2/s)
ρ Density of the fluid (kg/m3)
ρg Gravitational body force (N/m3)
� Dissipation function
: cts

Subscripts

ap Actual predictions
fc Forced convection without buoyancy effects
wb Forced convection with buoyancy effects

Superscripts

∗ Conditions corresponding to the peak value of (Cp)

Dimensionless Parameters

Grx Local Grashoff number (gβΔTx3/ν2)
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Nux Local Nusselt number (hx/k)
Pr Prandtl number (μCp/k)
Rax Local Rayleigh number (Grx Pr)
Rex Local Reynolds number (ρu∞x/μ)
Sh Volumetric heat source
SM Momentum source function
St Surface Stanton number

y+ Distance from the wall to the first mesh node
(

ρu
μ

)
c

y

Abbreviations

CFD Computational fluid dynamics
FWB Forced convection with buoyancy effects
FWOB Forced convection without buoyancy effects
FCEH The four criteria for convective heat transfer enhancements
TCEH The three criteria for convective heat transfer enhancements
2D Two-dimensional

1 Introduction

Supercritical fluids are mainly known for their severe variation in their properties with a slight
alteration in pressure and temperature. These property variations advocate the use of supercritical
fluids in various aspects of the engineering realm. A detailed study by Knez et al. [1] provides a wide
range of applications of supercritical fluids. Supercritical fluids have found vast applications in the
processing of natural products and polymer processing over the past two decades. This is due to the
lower energy consumption compared to the traditional methods. Sustainable technological solutions
are the need of the hour. Hence, Supercritical fluids have also been used in chemical and biochemical
reactions mainly to eliminate the use of volatile organic solvents and to reduce the consumption of raw
materials. This process helps in reducing the toxic waste that is generated which is an environmentally
benign solution. In recent years, Supercritical fluids have found different applications such as a
refrigerant in heat pump systems and mobile air-conditioners. The exceptional heat transfer properties
of supercritical fluids have been utilized in the field of energy production such as supercritical Brayton
and Rankine cycles.

The literature on the issue of convective heat transport in the near-critical area reports several
theoretical and experimental works. Hall et al. [2–4] provide in-depth analyses of earlier research on
variable-property heat transfer and supercritical heat transfer. Pioro et al. [5] conducted a thorough
analysis of the body of research on the issue of heat transmission to fluids in the near-critical region
that has been published over the last fifty years. Pioro and Duffey’s review led them to the following
conclusions: (i) The majority of published papers deal with the heat transfer of fluids in the near-
critical region flowing inside circular tubes or channels; helium, carbon dioxide, and water are the main
working fluids. (ii) The development and design of supercritical steam generators for power plants was
the primary goal of these studies. A good number of analytical researches on free convection in the
near-critical zone are also documented in [6–14]. Fritch et al. [6–10] have all employed the integral
approach or the concept of similarity to solve their investigations’ governing equations. According to
all of their predictions, the heat transfer coefficient is dependent on the respective values of Tw and T∞.
The experimental values are often found to be 10% to 30% higher than the analytical predictions, with
the difference increasing for greater values of �T, even when there is qualitative agreement between



892 FHMT, 2024, vol.22, no.3

their analytical predictions and experimental values. Each of these studies is conducted for �T < 16 K.
To account for the variation of all fluid properties in the near-critical region, Seetharam et al. [11–14]
modified the Patankar–Spalding numerical scheme and numerically solved the governing equations
of the boundary layer for free convection from a vertical surface. They have also found solutions for
high �T values (up to 30 K) and suggested correlations to figure out the heat transfer coefficients. The
topic of forced and mixed convection from a flat plate to fluids in the near-critical zone has been the
subject of very few experimental investigations [15,16] that have been published in the literature. The
temperature and boundary layer velocity profiles for a turbulent forced flow of near-critical nitrogen
past a vertical flat plate have been observed by Simoneau [15]. Their measurements were compared
under identical operating conditions, except for the boundary layer being at a temperature lower than
the critical temperature. The comparison revealed a maximum difference between the wall and the free
stream at the near-critical velocity profiles, which are significantly different from each other. The near-
critical profile exhibited a significantly higher Grashoff number, indicating the presence of a strong
body force effect. Additionally, they noticed that even at high Reynolds numbers, body forces seem
to be exaggerated when close to the critical point. Experiments on forced convection heat transfer
from near-critical nitrogen flowing over a horizontal flat plate were carried out by Graham et al. [16].
The heated surface has an upward and downward orientation. He made a comparison between the
outcomes and past research [15]. The thermodynamic critical temperature was not always reached by
the boundary layer temperatures.

It was observed that varying the velocity and temperature profiles in the three directions does not
significantly change when the wall temperature is lower than the thermodynamic critical temperature.
When the flow enters the critical temperature area, the heat transfer coefficient decreases, the velocity
and temperature profiles smooth down, and this phenomenon happens across all three dimensions.
In an upward flow, the velocity between the wall and the free stream was the highest. A noticeable
deviation of the velocity profiles was evident in horizontal flow when the heated surface was directed
upward. Stagnant zones with near-zero velocities exist in horizontal flows with the heated surface
directed downward. Results from all of their experiments indicate the flat plate’s turbulent area, where
Rex > 9.3 × 105. Fluids flowing past a flat plate in the near-critical zone have received surprisingly
little attention from analytical studies addressing the issue of laminar-driven and mixed convection
heat transfer.

Recently, Sri Sathya Sai et al. [17] have numerically investigated the problem of turbulent flow
over an isothermally heated horizontal flat plate using supercritical nitrogen. The authors have used
the k−ε Realizable model with enhanced wall treatment to solve the heat transfer problem in the forced
and free convection regime. The authors have proposed a Nusselt number correlation for each regime
incorporating the effects of buoyancy forces. The authors have concluded by noting considerable
deviations in the velocity and temperature profiles due to property variations when compared to
constant property cases. The correlations proposed hold good for a P∞/Pcr range of 1.1 to 1.4 and
a Reynolds number range of 105 to 108.

Hardly any information is available in the literature on the problem of laminar forced convection
with and without buoyancy effects for heat transfer from a horizontal isothermal flat plate to
supercritical fluids. The objective of the present investigation is to numerically solve the governing
equations for the laminar forced flow of supercritical Nitrogen over a horizontal isothermal flat plate
with a heated surface facing downwards. The flow with and without buoyancy effects is studied and
based on the numerical predictions, correlations to evaluate the local Nusselt number are proposed.
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2 Property Variations in Supercritical Fluids

The heat transfer behavior using supercritical fluids can be accurately predicted by including the
variations in the thermo-physical properties in the investigation. Figs. 1 to 3 represent the variation of
different thermo-physical properties with temperature at a pressure of 37.35 bar (P∞/Pcr − 1.1) [18].
It can be seen from Fig. 1, that CP starts from a lower value, reaches a maximum value, and then the
trend tends to decrease again. The state point where the maximum value of Cp occurs is called the
pseudo-critical point and the temperature at this state point is known as pseudo-critical temperature
T∗. While in Figs. 2 and 3, it can be observed that near T∗, the values of k, μ & ρ reduce by factors of 3
to 6, whereas Cp, i & β increase by huge factors of 8 to 14. A general trend that can be observed in all
three figures is that there is an anomaly in all the thermo-physical properties close to the near-critical
region.

Figure 1: Variation of specific heat at constant pressure and enthalpy with temperature for nitrogen at
37.35 bar

Figure 2: Variation of dynamic viscosity and coefficient of thermal expansion with temperature for
nitrogen at 37.35 bar
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Figure 3: Variation of thermal conductivity and density with temperature for nitrogen at 37.35 bar

3 Validation

Fig. 4 depicts the variation of CP with temperature for different values of P∞/Pcr ranging from 1.1
to 1.4. It can be clearly distinguished that for pressures close to the critical pressure, CP varies severely
(by a factor of 15 for P∞/Pcr value of 1.1) with temperature but whereas for pressures that lie away
from the critical point (P∞/Pcr − 1.4), this drastic change in CP with temperature is not observed (the
change is reduced to a factor of about 3 for a P∞/Pcr value of 1.4). The work conducted by Ingrid
Martorell et al. [19] deals with the heat transfer from a horizontal flat plate heated upwards. Several
plate dimensions have been used in this work based on the aspect ratios. The range of aspect ratio
considered in this work is 0.036 to 0.43 where the aspect ratio is defined as the ratio between the width
of the plate to the length of the plate. Experiments have been conducted for various values of Rayleigh
numbers which range from 290−3.3×105. This work finds various applications in the design of printed
circuit boards which are predominantly used in the automotive industry. The plates used in this work
are made of copper and stainless steel. Calculations have been performed to predict the transverse
profiles of the heat flux and surface temperature and to picture the structure of the flow. The copper
plate has a thickness of 35 μm whereas the stainless-steel plate has a thickness of 50 μm. As the top
surface of the plate is maintained at isothermal conditions, the bottom surface of the plate is insulated
by a fiberglass layer of 3 cm thickness. The plate is placed in a rectangular Plexiglas enclosure with
dimensions 84 cm × 70 cm × 50 cm. The working fluid used in this work is air at 1 atmospheric
pressure. A K-type thermocouple was used to measure the temperatures. The temperature difference
range used in this work lies between 3 ≤ ΔT ≤ 20 K. Results obtained for a very low value of �T are
not satisfactory due to uncertainties in measurement using the thermocouple. Also, when the plate is
at a higher value of ΔT, it is not possible to maintain the longitudinal exothermicity. The authors of
this work have performed numerous experimental studies by varying the aspect ratios and the Rayleigh
number which leads to the following equation:

Nuw = 1.23Raw
0.173 (1)

The authors concluded that the present experiments showed that there is no significant depen-
dence on the Nusselt number on the dimensions of the plate. Using this work as the datum, validation
has been performed by incorporating the finite volume method using the commercial software
“ANSYS Fluent 19.2”. In the present validation, a copper plate with an aspect ratio of 0.109 has
been used with a plate length of 23 cm and a plate width of 2.5 cm. The free stream velocity is set to
0.653 m/s. Different values of ambient and wall temperatures have been used to satisfy the range of the
temperature difference mentioned in [19]. The laminar model with viscous effects has been used for
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the validation. The solution method incorporated in the solver is coupled with second-order pressure
for better accuracy. The pseudo-transient flow was enabled to get fast and reliable convergence. The
scaled residuals were set to a value of ≤10−5 for the energy and momentum equations and ≤10−6 for the
continuity equation. Fig. 5 shows the comparison between the experimental data from the correlation
as given by Martorell et al. [19], data points given by Corcione [20], and the computational values
obtained from Fluent. It is observed that the maximum deviation obtained in these computational
case studies is less than ±7% when compared to the Nusselt number correlation as given by Eq. (1).
The same values were also compared with the article by Corcione [20] and the deviations were found
to be less than ±6%. Therefore, a 3D validation of heat transfer over a horizontal flat plate is in good
agreement with the 2D discretization and the experimental data available in the open literature.

Figure 4: Variation of Cp with temperature for nitrogen at different ratios of P∞/Pcr

Figure 5: Comparison of experimental and numerical Nusselt numbers with wall Rayleigh number

4 Methodology
4.1 Flow Domain

In Section 3, a brief validation is described by using both the 3-dimensional discretization and the
2-dimensional discretization. Computations were performed using both methods and were compared
to the available experimental and numerical solutions. It can be noted from Fig. 5 that there is a very
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minimal deviation between the 3D and 2D discretization. Hence, with reduced computational time and
reasonably accurate results, the 2D discretization method has been implemented in this current work.
The flow is assumed to be two-dimensional and steady. The dimensions of the plate are as follows: the
length of the plate is 23 cm in the direction of the flow and 2.5 cm normal to the flow direction. It can
be noted from Fig. 6 that a pre-stabilization length of 5 cm has been given to the geometry to obtain
a fully developed laminar flow without any reverse flow or vortex generation at the entry length of
the plate. Two regimes of heat transfer have been studied in the present investigation. The regimes are
forced convection with buoyancy effects and forced convection with negligible buoyancy effects. The
heat transfer characteristics have been evaluated over a range of five different ratios of P∞/Pcr starting
from a value of 1.1 till 1.5, where the critical pressure (Pcr) of nitrogen is 3.396 MPa. Five different
wall temperatures were chosen in such a fashion that two of the values were below T∗, one equal to
T∗ and two other greater than T∗ with three different values of free stream velocity. These parameters
were used in varying combinations to obtain a large data set to predict the heat transfer progression
in the supercritical region with utmost accuracy. Specifying appropriate boundary conditions for the
flow field is of prime importance to simulate the required case accurately. A velocity inlet boundary
condition is applied at the inlet where three different values of free stream velocities were quantified–
1.4, 1.6, and 1.8 m/s for the case of forced convection without buoyancy effects and 0.25, 0.3, and
0.35 m/s for the case of forced convection with buoyancy effects. An ambient temperature (T∞) of
110 K was maintained throughout all the case studies. A no-slip boundary condition was specified
at the wall which was maintained at an isothermal condition. The region opposite the isothermal
wall is specified as a symmetry boundary condition that acts as a far-field. It is of prime importance
to stipulate the acceleration due to gravity in the negative y-direction to capture the boundary layer
effects with buoyancy forces. Since supercritical fluids have varying properties with temperature, the
default ideal gas property values cannot be used in this scenario. Hence, the piece-wise linear option
available in the commercial software ANSYS Fluent 19.2 was used to input different values of k, μ, ρ
and Cp at different temperatures which were obtained from NIST [21] in such a way that the properties
encapsulate the range of the present problem.

Figure 6: Appropriate boundary conditions in the 2D flow domain

4.2 Numerical Method
An important factor while examining convection heat transfer is the identification of the type of

boundary layer, i.e., laminar, or turbulent. Convection transfer rates strongly depend on this factor.
The current work completely concentrates on the laminar boundary layer. In a laminar boundary
layer, streamlines are highly distinguishable and ordered along the direction of fluid flow. A triggering
mechanism is a major cause of the transition from the laminar to the turbulent regime. These triggering
mechanisms can be unsteady flow structures, disturbances within the boundary layer, and fluctuations
in the free stream. A non-dimensional, definitive way to predict the nature of the boundary layer
by using the Reynolds number (Rex < Rex,cr for laminar flows). Where, Rex,cr is the critical Reynolds
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number. For flows flowing over a flat plate, the critical Reynolds number can vary from 5×105−3×106

depending on the turbulence level of the free stream and the surface roughness [22]. In the present
study, an investigation for forced convection heat transfer with laminar flow is examined in detail.
To calculate the heat transfer parameters, certain equations have been used by the solver to provide
accurate and reliable results. The three most important equations while solving such problems are the
continuity, momentum, and energy equations. These three equations constitute and account for the
heat transfer using fluids. The continuity equation for the case of a steady laminar incompressible
flow without free-surface effects is commonly given by Eq. (2). Most of the solvers make use of the
continuity equation derived from the Navier-Stokes equation as shown by Eq. (3) [23].

�∇ · �V = 0 (2)( �V · �∇
) �V = − 1

ρ
�∇P′ + ν∇2 �V (3)

Eq. (2) is commonly known as the conservation equation whereas Eq. (3) is known as the transport
equation which denotes the transport of the linear momentum throughout the computational domain
[23]. The modified form of pressure (P′) is used in these equations due to the absence of free-surface
effects. The more advanced form of the momentum and continuity equations used by solvers are
represented by the following equations:

∂u
∂x

+ ∂v
∂y

+ ∂w
∂z

= 0 (4)

The general momentum equation in three flow directions, that is x, y and z are as follows:

u
∂u
∂x

+ v
∂v
∂y

+ w
∂w
∂z

= − 1
ρ

∂P′

∂x
+ ν

(
∂2u
∂x2

+ ∂2u
∂y2

+ ∂2u
∂z2

)
(5)

u
∂u
∂x

+ v
∂v
∂y

+ w
∂w
∂z

= − 1
ρ

∂P′

∂y
+ ν

(
∂2v
∂x2

+ ∂2v
∂y2

+ ∂2v
∂z2

)
(6)

u
∂u
∂x

+ v
∂v
∂y

+ w
∂w
∂z

= − 1
ρ

∂P′

∂z
+ ν

(
∂2w
∂x2

+ ∂2w
∂y2

+ ∂2w
∂z2

)
(7)

The following equations are strictly applicable to incompressible flows. These equations must be
modified in order for them to be applicable for steady laminar compressible flows. Eqs. (8)–(12) [24]
represent the continuity, momentum, and energy equations for compressible flows.

∂(ρu)

∂x
+ ∂(ρv)

∂y
+ ∂(ρw)

∂z
= 0 (8)

Similarly, the momentum equations are compiled over three flow directions namely x, y, and z.

ρ

(
u
∂u
∂x

+ v
∂u
∂y

+ w
∂u
∂z

)

= ρgx − ∂P
∂x

+ ∂

∂x

(
2μ

∂u
∂x

+ λ �∇ · �V
)

+ ∂

∂y

(
μ

(
∂u
∂x

+ ∂v
∂x

))
+ ∂

∂z

(
μ

(
∂w
∂x

+ ∂u
∂z

))
(9)
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ρ

(
u

∂v
∂x

+ v
∂v
∂y

+ w
∂v
∂z

)

= ρgy − ∂P
∂y

+ ∂

∂y

(
2μ
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∂y

+ λ �∇ · �V
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∂x

(
μ

(
∂v
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(
μ

(
∂v
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(10)

ρ

(
u
∂w
∂x
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∂w
∂y

+ w
∂w
∂z

)

= ρgz − ∂P
∂z

+ ∂

∂z

(
2μ

∂w
∂z
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)
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(
μ

(
∂w
∂x
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∂z
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+ ∂

∂y

(
μ

(
∂v
∂z

+ ∂w
∂y

))
(11)

An important equation while solving any heat transfer-fluid flow problem is the energy transport
equation. The energy equation for a compressible laminar flow is given by equation.

ρCp

(
u
∂T
∂x

+ v
∂T
∂y

+ w
∂T
∂z

)
= βT

(
u
∂P
∂x

+ v
∂P
∂y

+ w
∂P
∂z

)
+ �∇ ·

(
k �∇T

)
+ Φ (12)

The above partial differential equations (Eqs. (9) to (12)) are converted to algebraic equations by
the solver’s inbuilt algorithm which computes the required fluid flow and heat transfer parameters.
The present investigation incorporates the pressure-based solver which is commonly used to compute
characteristics of incompressible flows and slightly compressible flows. Since supercritical fluids
portray a trait of varying properties with temperature and pressure, it has been sure that these property
variations have been considered by incorporating fifty data points for the independent properties using
the piecewise linear option offered by ANSYS Fluent 19.2 [25]. The partial differential equations are
solved sequentially by the pressure-based solver which takes the property values at each iteration [25].

Using these models without enabling certain options would not yield the correct results. Hence, the
laminar model with viscous effects has been used in this study to actively capture the boundary layer
effects. In addition to this, a no-slip boundary condition is specified at the velocity boundary layer and
a second-order differential scheme is used to calculate the gradients [26]. Most of the liquid flows can
be considered as incompressible. But for gaseous flows, it is important to estimate the Mach number
to ascertain it as an incompressible flow [23]. Hence, the Mach numbers have also been calculated to
prove the usability of the pressure-based solver as shown in Table 1.

Table 1: Variation of Mach numbers at different free stream velocities

Pressure (MPa) Wall temperature (K) Speed of sound in
m/s [22]

Mach number at
U∞ − 0.25 m/s

Mach number
at U∞ − 1.8 m/s

3.74 115 472.02 0.00053 0.003813
120 394.42 0.000634 0.004564
128.24 167.29 0.001494 0.01076
130 180.56 0.001385 0.009969
140 210.21 0.001189 0.008563

For a flow to be considered incompressible, the Mach number should be less than 0.3 [27]. This
assumption is rational at low values of Mach numbers which holds good for the present investigation.
It can be observed from Table 1 that for both minimum (0.25 m/s) and maximum (1.8 m/s) values of
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the velocity, the Mach numbers are significantly less than 0.3 which advocates the use of the pressure-
based model for this investigation.

The finite volume method has been used in this study to evaluate the algebraic equations obtained
from the partial differential equations computed by the differencing scheme. The coupled algorithm
has been used for the computational study. The coupled scheme results in an efficient and robust single-
phase implementation of steady flows when compared to the default SIMPLE-type pressure-velocity
coupling. This coupled algorithm solves the pressure and momentum-based continuity equations
together to reduce the computational time. A second-order upwind scheme was set to discretize the
pressure, momentum, and energy equations. A Least Squares Cell-Based approach was used for the
gradient spatial discretization. A pseudo-transient analysis was performed to obtain faster and more
efficient results. A pseudo-transient approach is a form of implicit under-relaxation for steady-state
cases [24].

The pseudo transient explicit under-relaxation factors were set to 0.5 for momentum, pressure, and
density, 1 for body forces, and 0.75 for energy for attaining solution stabilization. The scaled residuals
were to be set to 10−6 from a default value of 10−3 for solving continuity, x, y momentum and the energy
equation. Computations performed with individual values of 10−6 and above are known as tightly
converged solutions. This in turn indicates that the solution is well normalized and has converged
within the required range [24].

4.3 Grid Independence Study
Grid independence study plays a vital role in any computational analysis. The purpose of a mesh

independence study is to obtain results that do not fluctuate with the element size. This ensures that the
solution obtained is uniform throughout with minimal deviation. The geometry in the present study
was discretized using the face mesh option along with the inflation layer near the heated surface.
Inflation layers are added near the heated surface to capture the slightest variations in the boundary
layer. A uniform set of quadrilateral elements has been used to mesh the face of the plate. The quality
of the generated mesh was based on the following parameters: skewness, orthogonal quality, and
element quality. It is often ascertained as a good practice to keep the average and maximum value
of skewness to be less than 0.4 and 0.9, respectively. Similarly, the average and minimum values of
both orthogonal and element quality are greater than 0.7 and 0.1, respectively. With drastic property
changes and distortions close to the pseudo-critical point with the use of supercritical fluids, it is of
prime importance to have a geometry with an appropriate mesh topology as it plays a deterministic
role in the heat transfer rates in the flow. Grid independence was achieved by varying the size of each
element. The investigation is performed by changing the number of mesh elements from a value of
35,000 to a value of 738,000. Table 2 showcases the various mesh elements used in this study and the
corresponding outlet temperatures and heat transfer coefficient values.

Table 2: Variation of heat transfer coefficient and outlet temperature with various grid size

Number of mesh elements Heat transfer coefficient
(W/m2·K)

Outlet temperature (K) % Error of Tout (with
respect to 345,000)

35,000 554.53 110.0336 1.18 × 10−4

42,000 554.62 110.0336 1.18 × 10−4

53,000 561.27 110.0336 1.09 × 10−4

68,000 553.56 110.0336 1.00 × 10−4

(Continued)
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Table 2 (continued)

Number of mesh elements Heat transfer coefficient
(W/m2·K)

Outlet temperature (K) % Error of Tout (with
respect to 345,000)

90,000 555.95 110.0336 7.27 × 10−5

126,000 554.12 110.0337 −2.73 × 10−5

194,000 552.12 110.0340 −2.54 × 10−5

345,000 548.07 110.0337 0
738,000 546.94 110.0330 6.63 × 10−4

The variation of outlet temperature and the heat transfer coefficient is plotted against the mesh
density as displayed in Fig. 7. After an element size of 200,000, it can be noted from the above figure
that mesh independence is achieved. Therefore, an element size of 345,000 has been used for the rest
of the case studies. This has been selected based on the following criteria: grid independence, reduced
computational time, and significantly accurate data.

Figure 7: Grid independence study for a particular case

5 Results and Discussions

Computations for laminar, forced convective heat transfer were performed for a total of 1080
data points by varying the following parameters namely, operating pressure, wall temperature, and
free stream velocity which include 540 data points for forced convection with buoyancy effects and
540 data points for forced convection without buoyancy effects.

This sample space was categorized into two major regimes based on the value of
(

Grx
Re2

x

)
. If the

fraction, Grx
Re2

x
< 0.1, it is said to be in the forced convection regime without any significant buoyancy

effects. If it lies in the range of 0.1 < Grx
Re2

x
< 10, it is known to be in the forced convection regime with

significant buoyancy effects.

The surface heat flux (q) at different points along the plate is determined using the post-processing
section available in the ‘ANSYS Fluent 19.2’. The various locations along which the heat transfer
characteristics are determined are as follows, x = 0.0025, 0.007, 0.0115, 0.016, 0.0205, and 0.025 m.
These points were chosen based on the concept of the transition boundary layer. The value of x at
0.025 m is the location up to which the flow remains laminar. This means that whenever the value of x
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exceeds 0.025 m, the flow transfers to a pre-turbulent regime which involves the concept of transition
boundary layer. Using the values of heat flux at these salient points, the values of the heat transfer
coefficient and Nusselt numbers are calculated. The temperature and velocity profiles have also been
discussed in detail in the upcoming sub-sections.

5.1 Velocity Profiles
Fig. 8 shows the velocity profile for the case of forced convection without significant buoyancy

effects for three values of (Tw − 115 K(Tw < T ∗), Tw − 128.24 K(Tw = T∗) and Tw − 140 K(Tw > T ∗).
It can be seen from these profiles that as Tw increases, the velocity profile becomes flatter thereby
increasing the velocity gradient at the wall, which in turn increases the wall-shear stress and the drag
coefficient. However, the velocity profiles for the case of forced convection with buoyancy effects,
shown in Fig. 9 specify that for the case when Tw − 115 K(Tw < T ∗), i.e., when T∗ lies outside the
boundary layer, the velocity profile is smooth, whereas for the other two cases, namely for Tw = T∗

and Tw > T ∗, there is distortion in the velocity profile and this distortion occurs at the location where
the fluid temperature is in the neighborhood of T∗. This distortion of the velocity profile near T∗

can be attributed to the fact that for fluid temperature less than T∗, Cp increases with temperature
reaches a maximum at T∗ and then decreases with an increase in fluid temperature. A similar trend is
observed for the fluid property β which affects the buoyancy force distorting the velocity profiles as
well as the temperature at the location where the fluid temperature is close to T∗. This distortion affects
the velocity gradient at the wall which affects the wall shear stress. How much the velocity gradient is
affected depends on how close the location of T∗ is concerning the heated wall. It can be observed from
Fig. 9, that for the case when Tw > T ∗, the distortion has considerably reduced the velocity gradient
at the wall thereby decreasing the wall shear stress. Thus whenever T∗ lies within the boundary layer,
the buoyancy forces play a major role in deciding the wall shear stress.

Figure 8: Velocity profile for forced convection without buoyancy effects (P∞ = 37.35 bar)

Figure 9: Velocity profile for forced convection with buoyancy effects (P∞ = 37.35 bar)
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5.2 Temperature Profile
Temperature profiles for the cases without buoyancy effects are shown in Fig. 10 for three values of

wall temperatures, Tw − 115 K(Tw < T ∗), Tw − 128.24 K(Tw = T∗) and Tw−140 K(Tw > T ∗). It can be
noted from these profiles that as Tw increases the temperature profile becomes flatter thereby increasing
the temperature gradient at the wall, which successively increases the heat transfer coefficient and
hence the Nusselt number. Also, distortions are not observed in the temperature profile, even when
T∗ lies within the boundary layer because the buoyancy forces are negligible to affect the temperature
profiles. However, the temperature profiles for the cases of forced convection where buoyancy forces
play a vital role, as shown in Fig. 11 indicate that for the case when Tw − 115 K(Tw < T ∗), i.e.,
when T∗ lies outside the boundary layer, the temperature profile is smooth without any distortions,
but whereas for the other two cases, namely for Tw = T∗ and Tw > T ∗, there are distortions in the
temperature profiles and this distortion occurs at the location where the fluid temperature is in the
neighborhood of T∗. The reason for these distortions of the temperature profiles is the same as those
mentioned under the section “velocity profiles”. This distortion will in turn affect the temperature
gradient (decreases the temperature gradient) at the wall which sequentially decreases the heat transfer
coefficient. The dependency on the location of T∗ concerning the wall accounts for the extent to which
the temperature gradient at the wall is affected. Fig. 11 also indicates, that for the case when Tw > T ∗,
the distortion has considerably reduced the temperature gradient at the wall thereby decreasing the
heat transfer coefficient. Thus whenever T∗ lies within the boundary layer, the buoyancy forces play a
substantial role in deciding the wall shear stress as well as the heat transfer coefficient. The distortion
of both the temperature and velocity profiles due to the location of T∗ within the boundary layer can
be attributed to the change in the sign of the slope of dCp

dT
across T∗.

Figure 10: Temperature profile for forced convection without buoyancy effects (P∞ = 37.35 bar)

Figure 11: Temperature profile for forced convection with buoyancy effects (P∞ = 37.35 bar)
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5.3 Variation of Other Heat Transfer Parameters
5.3.1 Variation of Heat Transfer Coefficient and Nusselt Number along the Length of the Plate

The variation of Nusselt number with x is shown in Fig. 12 for forced convection without
buoyancy effects for three cases of Tw, namely, Tw − 115 K(Tw < T ∗), Tw − 128.24 K(Tw = T∗) and
Tw − 140 K(Tw > T ∗).

Figure 12: Variation of Nusselt number along the plate length for forced convection without buoyancy
effects (P∞ = 37.35 bar)

It can be observed that as the value of x increases, the Nusselt number increases as well. This holds
for all three cases and decreases as Tw approaches T∗. An analogous trend is also observed for the case
where buoyancy forces are dominant as shown in Fig. 13. It can also be observed at a given location (x)
for the same wall temperature, the Nusselt number for the case of forced convection without buoyancy
effects is higher than that for forced convection with buoyancy effects thereby highlighting the effect
of buoyancy forces on Nusselt number. It can be noted from Fig. 12 that the curves for all values of
ΔT are smooth with very minimal distortions. It can be ascertained that buoyancy effects do not affect
the local Nusselt number for small values of ΔT. But buoyancy forces do affect the Nusselt number
when the temperature differences are very high. The difference in the minimum and maximum values
of the local Nusselt number is prominent when both plots are compared. For instance, the minimum
value for forced convection with significant buoyancy force is approximately 25 and for the case of
without buoyancy effects, the value turns out to be 55 when the wall temperature is 140 K. Similarly,
the maximum value for the case with buoyancy effects is around 95 and for without buoyancy effects is
230 when the wall temperature is 115 K. In conclusion, it can be said that for the case when Tw < T ∗, it
leads to the maximum value of Nusselt number whereas the case when Tw > T ∗ leads to the minimum
values of the Nusselt number.

A comparison between the predicted Nusselt numbers with constant property solutions is shown
in Figs. 14 and 15. It can be noted from Fig. 15 that for values of Tw below the pseudo-critical
temperature, T∗ the proposed prediction is in good agreement with the constant property solutions
with very minimal deviations (less than 2%). When the value of Tw lies nearby of T∗ and is increased to
T∗, the deviations increase significantly (10%–75%). The maximum deviation is found to be at a wall
temperature of 140 K which lies far away from T∗. This can be attributed to the influence of buoyancy
forces on the heat transfer coefficient. From Fig. 14, it can be observed that as Tw approaches T∗,
the proposed correlations deviate considerably from the constant property solution. But whereas, as
Tw moves away from the critical temperature, T∗, the deviation between the proposed predictions and
constant property solution is considerably minimized. This nature of the curves can be ascribed to the
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severe deviations in the thermo-physical properties of supercritical fluids which have been accounted
for in the present predictions.

Figure 13: Variation of Nusselt number along the plate length for forced convection with buoyancy
effects (P∞ = 37.35 bar)

Figure 14: Variation of Nusselt number along the plate length using constant property solution and
proposed correlation for forced convection without buoyancy effects (P∞ = 37.35 bar)

Figure 15: Variation of Nusselt number along the plate length using constant property solution and
proposed correlation for forced convection with buoyancy effects (P∞ = 37.35 bar)
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Fig. 16 represents the variation of heat transfer coefficient with ΔT ranging from 5 to 30 K at a
distance of 0.0025 m from the leading edge of the plate. The values of ΔT were chosen in such a way that
two values of wall temperature are less than T∗, one is equal to T∗ and two values are greater than T∗.
For both the heat transfer regimes, the heat transfer coefficient reduces, reaches a maximum value, and
then further reduces to a lower value. The heat transfer coefficient is found to depend not only on the
temperature difference but also on the distinct values of Tw and T∞. It can be evidently observed that
the heat transfer coefficients are significantly higher for forced convection without buoyancy forces.
For ΔT values which lie near T∗, distortions in the form of a peak are observed in both regimes.

Figure 16: Distribution of heat transfer coefficient with ΔT at x = 0.0025 m (P∞ = 37.35 bar)

5.3.2 Variation of Wall Shear Stress

Figs. 17 and 18 depict the variation of the wall shear stress along the length of the plate. A general
decreasing trend is observed for both the heat transfer regimes (convection with and without buoyancy
effects) with an increasing value of x. The rate of this decrease is higher for the case of forced convection
with buoyancy effects when equated to its counterpart. It can be noted from both plots that the curve
undergoes a rapid depression and then flats out over the trailing edge of the plate. The temperature
difference plays an ardent role in the trends of the above plots. The maximum value of the wall shear
stress can be observed to occur near the leading edge of the plate where the flow starts to develop.
In general, the value of wall shear stress is significantly higher for the case of forced convection heat
transfer without buoyancy effects when compared to the case where the buoyancy effects play a key
role. For lower values of ΔT, where Tw is less than T∗, that is if T∗ lies outside the boundary layer,
the predicted wall shear stress values match the constant property solution with minimal deviations.
Whereas, as ΔT is increased to larger values such as 30 K, the predicted values deviate significantly
from the constant property solution. This clearly shows the effect of buoyancy forces on wall-shear
stress. At a value of x = 0.007 m, a sudden dip of the wall shear stress can be observed vividly for both
the heat transfer regimes. This abnormality is severe for wall temperatures equal to or greater than the
critical temperature.
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Figure 17: Wall shear stress distribution along the plate length for forced convection without buoyancy
effects for P∞ = 37.35 bar

Figure 18: Wall shear stress distribution along the plate length for forced convection with buoyancy
effects (P∞ − 37.354 bar)

6 Nusselt Number Correlations
6.1 Correlations for Laminar Forced Convection without Buoyancy Effects

Seven formats of correlations which are available in the literature for supercritical fluids are used
to compare the predicted Nusselt numbers with the actual numerical predictions. All seven formats
consider the variation of the fluid properties in the correlation in one way or the other. These formats
are as follows:

(i) Format F1: This format for forced convection without buoyancy effects
[

Grx
Re2

x
< 0.1

]
considers

the variation of fluid properties by introducing four property rations in the correlation and the
correlation is given by

(Nux)fcF1 = a
(
Reb

x

)
(Pr)c

(
Cp

Cp∞

)d (
ρ∞
ρw

)e (
μ∞
μw

)f (k∞
kw

)g

(13)

Gustavo et al. [26] have shown that the above format gives better agreement with the actual
predictions based on their comparison of available data with the various forms of correlations. In the
present investigation, based on Nux at 540 data points and using multiple linear regression analysis,
Eq. (13), takes the following form:
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(Nux)fcF1 = 0.398 × (
Re0.505

x

)
(Pr∞)

−0.144

(
Cp

Cp∞

)0.101 (
ρ∞
ρw

)−0.015 (
μ∞
μw

)−0.0136 (
k∞
kw

)−0.1274

(14)

The R2 value concerning Eq. (14) is found to be 0.9986. Out of 540 data points, 536 data points
(99.26%) have deviations less than 5% [% deviation = ((Nux) by correlation/(Nux) by numerical
prediction) – 1) 100] and the remaining 4 data points have deviations between 5% and 9%.

(ii) Format F2: In this format, the correlation for Nux has only two property ratios, namely, the

specific heat ratio
(

Cp

Cp∞

)
and the density ratio

(
ρ∞
ρw

)
. This format assumes that the nature of variation

of viscosity and thermal conductivity are similar to the variations of density and specific heat for
supercritical fluids and hence the specific heat ratio and the density ratio will also account for the
variation of viscosity and thermal conductivity. The multiple linear regression analysis for this format
yields the following correlation:

(Nux)fcF1 = 0.314 × (
Re0.505

x

)
(Pr∞)

0.277

(
Cp

Cp∞

)0.148 (
ρ∞
ρw

)−0.159

(15)

The R2 value for this correlation is found to be 0.998. The deviation is less than 5% for 538 data
points (99.6%) out of 540 points and the remaining two points have deviations between 5 and 8 percent.

(iii) Format F3: This method has been proposed by Ghajar et al. [28] for free convective heat
transfer from vertical isothermal flat plates to supercritical fluids. In this method, a characteristic
temperature, called ‘reference temperature’, Tref is chosen at which the properties appearing in
the nondimensional groups (Nu, Gr, Pr, etc.) are evaluated. The constant property results at that
temperature are then used to evaluate the Nusselt number for supercritical fluids. Typically, this
temperature may be the surface temperature Tw, the bulk fluid temperature T∞, or a temperature in
between Tw and T∞. Based on this concept, Tref is expressed as follows:

Tref = Tw–r [Tw − T∞] (16)

In the investigations (experimental/analytical) reported in the literature for reference temperature,
the parameter ‘r’ of Eq. (16) has been assumed to have a constant value. This assumption is valid
only when the thermodynamic and transport properties of the fluid under consideration do not vary
significantly within the boundary layer. For such cases determination of the reference temperature
constant, r is simple and straightforward. But in the case of heat transfer in supercritical fluids, this
assumption is not valid as the thermos physical properties of the fluid vary very severely, especially
when the fluid pressure is near to the critical pressure and the temperatures Tw and T∞ are close to the
pseudo-critical temperature T∗. The parameter r is no longer a constant and is a complicated function
of a dimensionless temperature group expressed as follows:

r = f
(

T ∗ −T∞
Tw − T∞

)
= f(ΔT∗); 0 ≤ r ≤ 1 (17)

The method involves the following 6 steps:

Step 1: Generate data of local Nusselt number, (Nux)ap for the supercritical fluid, for a given
set of conditions either through experimental investigation or by analytical/numerical solution of the
governing equations.
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Step 2: Select a value of r (one can start with r = 1), determine Tref using Eq. (16), and find the
required fluid properties at Tref.

Step 3: Using these fluid properties, Calculate the dimensionless numbers, namely (Nux)Ref, (Rex)Ref

and Prref for all the data points:

(Nux)Ref = hx
kref

, (Rex)Ref = U∞x
νref

, Prref = μref

(
Cp

)
ref

kref

(18)

Step 4: Assume the correlation for forced convection to be of the form

(Nux)Ref = a (Rex)Ref
b
(Prref)

c

(
T∞
ΔT

)d

(19)

This form is similar to the one proposed by Gajhar et al. [28] for laminar-free convection from
a vertical isothermal flat plate to supercritical fluids. The dimensionless numbers namely, (Nux)Ref,
(Rex)Ref and Prref are determined for each data point and using this data the constants a, b, c and d
are determined using multiple linear regression analysis. For the present problem, these constants are
found to be

a = 0.275; b = 0.505; c = 0.371; d = 0.033

Then using Eq. (19) with the values of a, b, c, and d, the local Nusselt number (Nux)cor is calculated.
This value is next compared to the actual predictions (Nux)ap. If the two do not match within the
permissible deviation [say maximum % deviation shall be ≤ 10%], change the value of r and repeat the
steps 2 to 4 till the agreement is satisfactory. If r∗ is the value of r which gives satisfactory agreement
between (Nux)cor and (Nux)ap, then obtain r∗ for each data point and plot r∗ vs. �T∗ for each pressure
of the supercritical fluid. This plot can be used to find r∗ for any value of �T∗ . For the given data,
the plots of r∗ vs. �T∗ for one pressure of supercritical nitrogen is shown in Fig. 19 for 37.35 bar. For
the remaining 4 pressures the plots are not shown as, for all these pressures r∗ is found to be 1 for all
values of �T∗. These plots are used to find r∗ for any given value of �T∗ and hence T∗

ref at which the
fluid properties to be evaluated can be determined. Then the final form of the correlation will be

(Nux)fcF3 = 0.275 × (Rex)Ref
0.505

(Prref)
0;371

(
T∞
ΔT

)0.033

(20)

The R2 value with respect to Eq. (20) is found to be 0.998. The deviations are <5% for 525 data
points (97.5%) out of 540 points and the remaining 15 points have deviations between 5 and 7 percent.
In Eq. (20), T∞ appears explicitly and this is not desirable. Hence the dimensionless T∞ which appears
in Eq. (20) is replaced by �T∗. In that case the regression analysis yields.

(Nux)fcF3 = 0.277 × (Rex)Ref
0.505

(Prref)
0.386

(ΔT ∗)0.033 (20a)

The R2 value with respect to Eq. (20a) is found to be 0.9984. Comparison of Nusselt numbers
obtained using Eq. (20a) with the actual predictions indicates that only 4 data points out of 540 have
deviations between 5 and 8 percent and the rest have deviations within ±5 percent.
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Figure 19: Plot of r∗ against �T∗ for nitrogen at 37.35 bar

(iv) Format with correlation based on enthalpy ratios (Format F4): This format, which uses
enthalpy ratios in the correlation to account for the variation of fluid properties, has been used by
Rousselet et al. [29] for predicting the Nusselt number based on their experimental results for free
convection from horizontal cylinders to supercritical carbon dioxides. Further, they have proposed
two correlations one for the cases for which Tw does not lie within the boundary layer (i.e., T∞ < Tw

< T∗) and the second correlation for cases for which Tw ≥ T∗. The format of these two correlations is
as follows:

(Nux)fc4a = a1

(
Reb1

x

)
(Pr∞)

c1

(
iw

ic

)d1 (
ic

i∞

)e1

(21)

valid for cases for which T∞ < Tw < T∗, and for cases for which Tw ≥ T∗ > T∞ the proposed correlation
is of the form

(Nux)fc4b = a2

(
Reb2

x

)
(Pr∞)

c2

(
iw

ic

)d2 (
ic

i∗ − i∞

)e2

(22)

In the present investigation, 342 data points are available for which the condition Tw < T∗ is
satisfied. Hence using the format given in Eq. (21), regression analysis yields the following:

(Nux)fcF4a = 0.32 × (
Re0.50

x

)
(Pr∞)

0.049

(
i∗w
i∗c

)−0.033 (
i∗c
i∗∞

)0.013

(23)

The R2 value with respect to Eq. (23) is found to be 0.9998. All the data points have deviations
that are less than ±2%.

There are 198 data points for which the condition is Tw ≥ T∗. Using Eq. (22) for these data points
gives correlation as

(Nux)fcF4 = 0.21
(
Re0.504

x

)
(Pr∞)

1.049

(
iw

ic

)−0.180 (
ic

i∗ − i∞

)−0.0837

(24)
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The R2 value with respect to Eq. (24) is 0.996. Only one data point has deviation >10% (=10.3%),
27 data points have deviations between 5% and 9% and the remaining points have deviations <5%.

(v) Format using constant property correlation with four property ratios (Format F5): In this
format, the correlation for the Nusselt number for supercritical Nitrogen is expressed in terms of the
Nusselt number for constant property fluids. If the four property ratios are used in the correlation,
then this format will be of the form

(Nux)fcF5 = 0.942 ×
((

Nuxfccp

)1.009 × (C0.098
p ) × (ρ∗)−0.022 × (k∗)

)−0.121

(25)

In Eq. (25), (Nux)xfccp represents the correlation for Nusselt number for laminar forced convection
for constant property fluids and is given by [22,29]

(Nux)xfccp = 0.332 × Re0.5
x × Pr0.3333

∞ ) (26)

The R2 value with respect to Eq. (25) is found to be 0.9887. Out of 540 data points, only 6 points
have deviations between 5 and 7 percent, and the rest have deviations less than 5%.

(vi) Format using constant property correlation with two property ratios (Format F6): In this
format, the correlation for Nux is similar to Eq. (25), but has only two property ratios, namely, the

specific heat ratio
(

Cp

Cp∞

)
and the density ratio

(
ρ∞
ρw

)
. The regression analysis yields the correlation as

(Nux)xWBF6 = 0.926 × ((Nu)xfccp)
1.009) × C∗

p
0.1479 × ρ∗−0.1589 (27)

The R2 value with respect to Eq. (27) is found to be 0.8345. Only 4 data points have deviations
between 5 and 8 percent and the rest of the points have deviations that are less than 5 percent.

(vi) Format using reference temperature concept and the dimensionless temperature �T∗ (Format
F7T∗). In the format F3 (Eq. (19)), the variation of the fluid properties is considered in the correlation
by selecting a proper reference temperature to evaluate the fluid properties, in addition to the
dimensionless temperature T∞/�T. This dimensionless temperature has T∞ explicitly appearing in
the correlation and this is not desirable. Instead, the dimensionless temperature, �T∗ (�T∗ = [(T∗

− T∞)/�T]) can be used. In that case, regression analysis yields the correlation as

(Nux)xfcF7 = 0.297 × Re0.505
ref × Pr0.327

ref ×Δ T∗0.031 (28)

The R2 value with respect to Eq. (28) is found to be 0.998. Only 4 data points out of 542 have
deviations between 5% and 10% and the rest have deviations within ±5%.

6.2 Comparison of Correlations with the Actual Numerical Predictions for Forced Convection without
Buoyancy Effects

The local heat transfer coefficients obtained using the correlations of various formats except the
correlation based on enthalpy ratios, are compared with the actual numerical predictions. The reason
for comparing the heat transfer coefficients and not the Nusselt numbers is because except for the
reference temperature method, the fluid properties are evaluated at T∞ for other formats, whereas in
the reference temperature format, the fluid properties required in the correlation are evaluated at the
reference temperature which may or may not be the same as T∞. Table 3 shows the number of data
points which have, (i) deviations that are >10%, (ii) the number of points with deviations between 5 and
10 percent, and (iii) the number of points with deviations ≤5%. It can be seen from this table that all
formats of correlations predict local Nusselt numbers which agree with the actual predictions within ±
±10%. The correlations as per format fcF2, format fcF3, format fcF6 and format fcF7 predict Nusselt
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numbers that agree with the actual predictions within the ±5% for a maximum number of data points
(99.26%) and hence recommended.

Table 3: Number of data points with different percentages of deviations for (hx) in various formats
for laminar forced convection without buoyancy effects

Type of format F1 F2 F3∗ F5 F6 F7∗

No. of points with deviations >10% Nil Nil Nil Nil Nil Nil
No. of points with deviations between 5% and 10% 9 4 4 5 4 4
No. of points with deviations <5% 531 536 536 532 536 536
Total no. of points 540 540 540 540 540 540

6.3 Correlations for Laminar Forced Convection with Buoyancy Effects
The procedure followed to find the correlations for laminar forced convection without buoyancy

effects is also followed for forced convection with buoyancy effects except that an additional parameter
Grx is introduced in the correlation in all the formats to account for the buoyancy effects.

(i) Format 8: This format is similar to format 1 (Eq. (13)) except that one more parameter Grx is
introduced to account for the buoyancy effects. Thus, the format of the correlation is

(Nux)wbF1 = a1

(
Reb1

x

)
(Grx)

c1 (Pr)d1

(
Cp

Cp∞

)e1 (
ρ∞
ρw

)f1
(

μ∞
μw

)g1
(

k∞
kw

)h1

(29)

The constants a1 to h1 in Eq. (29) are obtained using multiple linear regression analysis for 540
data points and the correlation obtained is

(Nux)wbF1 = 0.481 × (
Re0.528

x

)
(Grx)

−0.008
(Pr)−0.659

(
Cp

Cp∞

)0.397(
ρ∞
ρw

)−0.108 (
μ∞
μw

)−0.178 (
k∞
kw

)0.025

(30)

The R2 value with respect to Eq. (30) is found to be 0.999. The deviations of the data points with
respect to Eq. (30) are ≤2.5% for 520 data points (96.3%) out of 540 points and for the remaining 20
points the deviations lie between 2.5% and 6%.

(ii) Format 9: If it is assumed that the variation of viscosity and conductivity can be accounted
for by using the density ratio and specific heat ratio in the correlation, then multiple linear regression
analysis gives the following correlation:

(Nux)wbF2 = 0.298 × (
Re0.554

x

)
(Grx)

−0.017
(Pr)0.011

(
Cp

Cp∞

)0.171 (
ρ∞
ρw

)−0.153

(31)

The R2 value with respect to Eq. (31), is found to be 0.998. For all the 540 data points the deviations
are ≤5%.

(iii) Format 9.1 (Correlation using reference temperature method): In this format, for forced
convection with buoyancy effects, the correlation is assumed to be of the form

(Nux)wbF3∗ = a2(Grx)Ref
b2 (Rex)Ref

c2
(Prref)

d2

(
T∞
ΔT

)e2

(32)
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In Eq. (32), all the dimensionless numbers, namely, (Grx)Ref , (Rex)Ref , Prref and (Nux)WBF9 are first
calculated for all the data points using some reference temperature, say Tref = T∞ and using multiple
linear regression analysis, the constants a2 to e2 are found. The constants are found to be as follows:

a2 = 0.383; b2 = 0.00042; c2 = 0.504; d2 = −0.399; e2 = 0.062.

Then r∗ which is the optimum value of r is found for each �∗ and for each pressure and the plot of
r∗ vs. �T∗ is obtained. It has been found that for all pressure except p = 44.145 bar, the value of r∗ = 1
for all values of �T∗ and hence the plot of r∗ vs. �T∗ is shown in Fig. 20, only for p = 44.145 bar. From
this plot r∗ can be obtained for any �T∗ and using Eq. (16) the reference temperature is determined to
get the fluid properties at that temperature. Then the final form of correlation obtained is

(Nux)wbF3 = 0.383(Grx)Ref
0.00042

(Rex)Ref
0.504

(Prref)
−0.399

(
T∞
ΔT

)0.062

(33)

The R2 value with respect to Eq. (33), is found to be 0.996. It is found that 523 data points (96.9%)
out of 540 points have deviations <5% and the remaining 17 data points have deviations between
5% and 10%. T∞ explicitly appears in Eq. (33) and this is not desirable. Instead, if dimensionless
temperature �T∗ is used in the correlation, then regression analysis yields the correlation as

(Nux)wbF3∗ = 0.383(Grx)Ref
0.00042

(Rex)Ref
0.504 (33a)

The R2 value with respect to Eq. (33a) is found to be 0.995412. The Nusselt number predicted
using Eq. (33a) agrees with the actual numerical predictions within ±5 percent for 497 points out of
537 points, and for the rest of the data points, the deviations are between 5 and 10 percent.

Figure 20: Plot of r∗ vs. �T∗ for nitrogen at 44.145 bar

(iv) Format 10 (Correlation using enthalpy ratios): In this format, two correlations are proposed,
one for the cases for which the data points have Tw < T∗ (cases for which T∗ lies outside the boundary
layer) and the other correlation for which Tw ≥ T∗ (cases for which T∗ lies inside the boundary layer).

In the present investigation, 342 data points have Tw < T∗ and the format of the correlation is

(Nux)wbF4a = a3

(
Grb3

x

) (
Rec3

x

)
(Pr∞)

d3

(
i∗w
i∗c

)e3 (
i∗c
i∗∞

)f3

(34)
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Regression analysis, using 342 data points, Eq. (34) reduces to

(Nux)wbF4 = 0.245 × Grx
−0.0068 × Re0.5242

x × Pr0.246
∞ ×

((
i∗w
i∗c

)−0.028
)

×
((

i∗c
i∗∞

)−0.028
)

(35)

with R2 = 0.9992. Nusselt numbers predicted using Eq. (33) agrees with the actual numerical
predictions within ±2 percent. For the case of remaining 198 data points for which Tw ≥ T∗, the
correlation is assumed to be of the form of

(Nux)wbF4 = a3

(
Grb3

x

) (
Rec3

x

)
(Pr∞)

d3

(
i∗w
i∗c

)e3 (
i∗c

i∗∗ − i∗∞

)f3

(36)

Regression analysis using Eq. (36) for these 198 points yields the correlation as

(Nux)wbF4 = 0.696 × (Gr−0.0006
x ) × (Re0.521

x ) × (
Pr−1.231

∞
) ×

(
i∗w
i∗c

)−0.156

×
(

i∗c
i∗∗ − i∗∞

)0.405

(37)

with R2 = 0.994. Comparison of Nusselt numbers obtained using Eq. (37) with the actual numerical
predictions indicate that 10 data points out of 197 points have deviations between 6% and 7% and the
rest of data points have deviations less than 6%.

(v) Format 11 (Correlation using constant property correlation and four property ratios):

In this format, the correlation for the Nusselt number is expressed in terms of the correlation for
constant property fluids with additional parameters to account for the variation of the fluid properties.
Thus, the correlation takes the form

(Nux)wbF5 = a4

(
(Nux)mccp

)b4

(
Cp

Cp∞

)c4 (
ρ∞
ρw

)d4
(

μ∞
μw

)e4
(

k∞
kw

)f4

(38)

In Eq. (38), (Nux)mccp represents the local Nusselt number for constant property fluids for mixed
convection from a horizontal isothermal plate with heated surface facing downwards and is given
by [29]

(Nux)WBcp = (
(Nux)fccp

3 + (Nux)nccp
3
)1/3

(39)

In Eq. (39), (Nux)fccp represents local Nusselt number for forced convection for laminar flow over
a flat plate for constant property fluids and (Nux)nccp represents the local Nusselt number for free
convection for laminar flow over a horizontal isothermal flat plate with the heated surface facing
downwards. The Nusselt numbers (Nux)fccp and (Nux)nccp are given by [29]

(Nux)WBF5 = 0.2025 × (Grx ∗ Pr∞)
0.25 (40)

(Nux)fccp and (Nux)nccp are calculated for each data point and substituted in Eq. (39) to get (Nux)mccp

for each data point and using these values along with Eq. (38) regression analysis is carried out to get
the correlations as

(Nux)WBF5 = 1.16 × (
(Nux)WBcp

)0.961

(
Cp

Cp∞

)0.339(
ρ∞
ρw

)−0.048 (
μ∞
μw

)−0.204 (
k∞
kw

)−0.033

(41)

The R2 value concerning Eq. (41) is found to be 0.996. Comparison of Nusselt number obtained
using.
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Eq. (41) with the actual numerical predictions indicates that 3 data points (0.56%) have deviations
>10%, 12 data points (2.22%) have deviations between 5% and 10% and the rest (97.22%) have
deviations <5%.

(vi) Format 12 (Correlation using constant property correlation with only two property ratios):

This format assumes that the nature of the variation of viscosity and thermal conductivity are
similar to the variations of density and specific heat for supercritical fluids and hence the specific heat
ratio and the density ratio will also account for the variation of viscosity and thermal conductivity.
The multiple linear regression analysis for this format yields the following correlation:

(Nux)WBF6 = 0.926 × ((Nux)WBcp
0.990187

) × (
C∗

p
0.123848) × (

ρ∗−0.1635) (42)

The R2 value concerning Eq. (42) is found to be 0.999969. Eq. (42) predicts the Nusselt numbers
which are within ±5% for 515 out of 537 data points and the rest of the data points the deviations are
between 5 and 15%.

(vii) Format 12 (Correlation using constant property correlation and ΔT∗): For this format,
regression analysis yields the correlation as

(Nux)WBF7∗= ((Nuref )WBcp)
0.973139 × (ΔT ∗)0.075684 (43)

The R2 value concerning Eq. (43) is found to be 0.999948. The Nusselt numbers predicted by
Eq. (43) agree with the actual numerical predictions within ±5% for 497 out of 537 data points and
for the rest of the data points the deviations are between 5% and 15%.

6.4 Comparison of Correlations with the Actual Numerical Predictions for Forced Convection with
Buoyancy Effects

All the correlations except the correlation based on enthalpy ratios are compared with the actual
numerical predictions. The comparison shown in Fig. 21 is based on heat transfer coefficients and
not on the Nusselt numbers as explained earlier and is due to the fact that except for the reference
temperature method, the fluid properties are evaluated at T∞ for other formats, whereas in the
reference temperature format, the fluid properties required in the correlation are evaluated at the
reference temperature which may or may not be the same as T∞. The correlation based on enthalpy
ratios is not included in this comparison as, under this format, two separate correlations based on
enthalpy ratios are proposed in this comparison, one for the cases for which Tw < T∗ and the other
correlation for cases for which Tw ≥ T∗. Fig. 21 indicates that except for 6 data points (1.11%), the
ratio of hx based on the correlation to hx obtained in actual numerical predictions varies between 0.9
and 1.1. In other words, the local heat transfer coefficients obtained by various correlations agree with
the actual numerical predictions within ±10%. Table 4 shows the number of data points that have (i)
deviations that are >10%, (ii) the number of points with deviations between 5% and 10%, and (iii) the
number of points with deviations ≤5%. It can be seen from this table that all formats of correlations
predict local Nusselt numbers which agree with the actual predictions within ±10%. The correlations
as per format 7 and format 8 predict Nusselt numbers which agree with the actual predictions within
±5% for a maximum number of data points (99.44% of data points) and hence recommended.
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Figure 21: Plot of the ratio of hx based on correlation to the actual heat transfer coefficient against the
actual heat transfer coefficient based on numerical predictions for forced convection with buoyancy
effects

Table 4: Number of data points with different percentages of deviations for (hx) in various formats
for laminar forced convection with buoyancy effects

Type of format Format 7 Format 8 Format 9 Format 11

No. of points with deviations >10% 1 1 3 3
No. of points with deviations between 5% and 10% 3 3 37 8
No. of points with deviations <5% 536 536 500 529
Total no. of points 540 540 540 540

7 Conclusions

Numerical predictions for laminar forced convection heat transfer with and without significant
buoyancy effects from an isothermally heated horizontal flat plate to supercritical nitrogen are
presented. A data pool of 540 points has been used both for convection with and without buoyancy
effects, by varying the ambient pressure, wall temperature, and free stream velocity. The flow has
been categorized based on the dimensionless number Grx

Re2
x
, forced convection without buoyancy effects[

Grx
Re2

x
< 0.1

]
and with buoyancy effects

[
0.1 ≤ Grx

Re2
x

≤ 10
]
. The wall temperatures were chosen in such

a manner that all three conditions Tw < T ∗, Tw = T∗ and Tw > T ∗ were covered. Using all the data
points obtained, four different formats of correlations are proposed to predict the Nusselt numbers
for forced convection without buoyancy effects, and the heat transfer coefficients obtained by using
these correlations are compared with the actual numerical predictions and the agreement is found
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to be satisfactory. Similarly, for forced convection with buoyancy effects, three different formats of
correlations for local Nusselt numbers have been proposed and compared with the actual numerical
predictions. This comparison is based on the local heat transfer coefficient and the agreement is found
to be satisfactory. The comparison for both cases indicates that the correlation involving all four
property ratios is best suited for predicting the Nusselt number with and without buoyancy effects.
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