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Abstract

To minimize the cost of jet engines, future generations of ultra-high bypass
engines may utilize counter-rotating disc systems. This research investigated the
fluid stream and heat transfer behaviour between an asymmetrically heated
counter-rotating plate system. For the analysis of the parameters, simulation
work has been according to the experimental work found in the literature. Results
are obtained for Reynolds number and mass stream rates with a plate velocity
ratio of -1. The commercial software ANSYS Fluent is implemented employing the
axisymmetric, constant state and elliptical method of the cylindrical polar
coordinate system. The low-Re number "k — " and the low-Re number 2™
moment closure model, are invoked to analyze the fluid stream and heat transfer
behaviour between counter-rotating discs. The simulation results illustrate the
stream structure, static temperature profiles, and Nusselt number as Reynolds
numbers and mass streams change. The stream structure predicted by the two
turbulence models shows fluid cores circulating between laminar boundary
layers. These centres formed a two-cell structure that cancelled each other in the
central part of the cavity. The current stream parameter is a key parameter that
affects the stream structure, static temperature and Nusselt number. The Nusselt
numbers predicted by the two turbulence models are in good condition with
experimental measurements.

Keywords: Contra Rotating Disc System; Low Reynolds Number; Second
Moment Closure; Heat Transfer; Numerical Simulations

Introduction

Gas turbine engines play a crucial role in various industrial
applications, from electricity generation to aircraft power. The efficiency
and effectiveness of these engines are strongly influenced by the complex
interplay of heat transfer and fluid dynamics within these components,
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especially for rotating disc systems (Abbasi, Memon, & Pathan, 2012).
Understanding and optimizing these phenomena is critical to improving
thermal efficiency, extending engine life, and reducing maintenance costs
(Szybist et al., 2021). Recent advances in turbine technology, such as
increased turbine inlet temperatures and pressure ratios, have greatly
improved the operating parameters of gas turbine engines (Sirignano &
Liu, 1999). However, these improvements also resulted in higher
temperatures experienced by critical components such as turbine blades,
nozzle guide covers and rotor-stator plates, which caused thermal stress to
develop. As a result, solving the thermal management challenges caused
by these high temperatures has become an important focus for gas turbine
designers (Mai & Ryu, 2021). Many Researchers and engineers has
worked on the numerical and experimental work related to the heat transfer
and fluid flow (Bhutto et al., 2023; Ruiz et al. 2021; Bhutto et al., 2022;
Rafiqg et al., 2020; Bilal et al., 2022; Shamshuddin et al., 2019; Bhutto et
al., 2024; Khokhar et al., 2023; Kumar et al., 2022; Bendjaghlouli et al.,
2019). Optimizing the thermal efficiency and creating an efficient internal
air-cooling system, different researchers performed their experiments and
studied numerically to this field. In recent years, researchers have
increasingly turned to experimental and numerical studies to investigate
heat transfer and fluid stream in rotating plates. These studies aim to
elucidate the underlying physics of fluid motion, temperature distribution,
and heat transfer mechanisms in these complex systems. Using advanced
CFD techniques and experimental methods, researchers can simulate and
analyse complex stream patterns and thermal behaviour in rotating plate
systems.

In the asymmetrical heated rotating disc, the rotationally induced
resilience force is very influential because this force transports the fluid
from heated disc to the freezing one via the central core region notorious
as axial wind (Memon et al., 1999; Poncet & Serre, 2009). The basic
stream structure and entry of hot conventional gas into the rotor-stator disc
space was described by Owen and Rogers (1995). Rotor-stator systems
have several important characteristics, Gan et al., (1993) pointed out the
access problem associated with the system. The development of computer
resources and simulation techniques facilitated the development of more
detailed and realistic models of rotating disc systems. High-fidelity
simulations allow researchers to capture complex stream phenomena,
including boundary layer separation, secondary streams, and turbulence
effects. Such comprehensive simulations provide valuable insights into the
complex interactions between fluid motion and heat transfer, paving the
way for improved design strategies and advanced thermal management
techniques”. Chen et al. (1997) conducted a comprehensive examination
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of fluid flow dynamics and heat transfer within a contra-rotating disc
system across various Re numbers and mass flow rates. Our investigation
delves into simulating the fluid dynamics and heat transfer phenomena
within a similar contra-rotating disc setup, with a dual-disc configuration
serving as our focal point. We have employed two distinct turbulence
models within the fluent, low Re number 2" moment closure model and
the low Renumber “k —&” model. This approach enables a clear
understanding of the complex fluid behaviour and thermal characteristics
within the system.

Problem Description and Boundary Conditions

The experimental study provides geometric parameters that
closely adhere to the specifications These parameters are: “s = 0.046m”,
“b = 0.381m”, “ri = 0.05m”, “sc = 0.00dm”, & “G = 0.12”
where “s, b, ri”, & “sc” represent the axial separation, outer radius, of the
discs, respectively. Plates, inner radius, axial difference between the two
plates and gap ratio. In the experimental study (Chen et al., 1997), the
thermal gradient of the slabs shows an asymmetry that gradually increases
with the radial expansion of the slab. Specifically, the left (heated) plate
withstands 100 °C, while the right (cooled) plate remains at 20 °C.
Similarly, the inlet coolant temperature is assumed to correspond to the
cold plate temperature of 20 °C.

Numerical Method

To calculate the discretized transport equation, a row-by-row
approach based on the three-diagonal matrix algorithm (TDMA) is used
in the assessment procedure. Until the axial and radial moment equations
are resolved on the tripping mesh, all variables are resolved at the nodes
of the main mesh. A SIMPLEC algorithm (Doormaal & Raithby, 1984) is
used to simplify the pressure field and rectify velocity values to ensure
mass continuity. Numerous researchers (Abbasi et al., 2012; Javiya et al.,
2012; Memon et al., 1999; Morse, 1989, Morse, 1991; Roy et al., 2001;
Doormaal & Raithby, 1984; Wang et al., 2023) have made significant
strides in discretizing the transport equations through the implementation
of a control volume approach alongside a higher-order linear upwind
separation scheme (Castro & Jones, 1987). This approach involves
modifying the near-wall regions, such as discs and shrouds, to establish a
wall distance which is non-dimensional (i.e.y* = yUt/v, where “y”,
“Ut” and “v” characterize the simplified wall distance, rapidity velocity,
and kinematic viscosity, separately). The condition y* < 0.5 confirms a
proper division of nodes in the neighbouring-wall regions, thereby
optimizing the computational accuracy. Opting for non-uniform grids is a
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more reliable and cost-effective approach. The use of a non-uniform fine
grid comprising 75 x 92 points in the axial and radial tendencies is
essential for all prognostications, according to Figure 1.The identical grid
layout employed by (Abbasi et al., 2012; Gan et al., 1993) for isothermal
modelling of rotating disc systems.

Figure 1: Non-uniform grid arrangement.

Governing Equations
The governing equation of the momentum and energy of
axisymmetric and regular stream in a cylindrical polar coordinate system
are expressed in terms of the general variable "®" as:
0 10 0 0P 10 0P
&(p U CD) +; a(?’p VCD) = E(Fd)'r,a) +;E(T F(D'I-,W) +SC
1)
with the continuity equation:
S +7 5 pV)=0 @
Low Reynolds number “k — &” model, and energy equation for describing
the second moment were employed to calculate the calculations; these
models are automatically integrated into the Ansys fluent. The following
details describe the turbulence modelling and its equation with energy.
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Low Reynolds Number k-& Model

The model “k — &”,which is a two-equation low Reynolds number
and derived from the transport equations governing both the kinetic energy
“k” and its decay “e” ,was developed from those references (Jones &
Launder, 1973, 1972 Launder & Sharma, 1974):

6UL au; 2

pUT, =2 8y pke— s [52+ 52 =2 5,97 ©)
where “V.V is the divergence of the velocity vector”,

au av 14
V.V ="+ 4)

“2 2
where normal stresses are expressed as 3 8i;”.

Second Moment Closure with a Low Reynolds Number

The model for closed-circuit scenarios with low Re numbers,
expressed in (Lai & So, 1990), does not account for the deficiency of
isotropic eddy viscosity. This modelling framework employ Reynolds
stress closure, which is a method that solves for transport equations in the
near-wall region using Cartesian tensor notation as:

= (pUy) = — 22+ w3k - pUT) )

where, U; is the component of mean, and “U;” is the component of variable
velocity, “P” suggest static pressure, “p” is the liquid density and “u” i
the viscosity. Since the turbulence model, "U,U, U" denotes the SiX

components of the Re stress tensor.
] 10 )
U+ 0oV = Z(ug)+ 1 5 (rugt) +s0 ©

r or
Energy Equation
A general representation of the Reynolds-averaged energy
equation for constant turbulent stream can be provided by means of
Cartesian tensor notation as:

6 u oo —
ax Uj (P) ax] (pr aj -y (P) (7)
The governing equatlon for transportation beyond, extending from the
principles of momentum and energy conservation for a steady and
axisymmetric flow, can be elegantly transformed into a cylindrical polar
coordinate system. This transformation allows for a universal
representation in terms of the variable (:
) 10 d d 10 (r
w U =15V = (L) + 1 (EV ) +s, ®
where the source term “s,,” and turbulent heat flux tensor is occurred in

Equation (8).
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Discussion of Numerical Results

The simulated results of both models explain the computed stream
formations of the fluid stream, the computed static temperature contours,
computed local Nusselt numbers and the computed moment coefficients.

Computed stream structure

Figure 2 (a-c) illustrates the calculated stream formations of two
models across 3 different values of rotating Reynolds numbers (R.q =
2.09 x 10°,2.10 x 10 and 2.24 x 10°) along with mass stream rates
“Cyw = 3939612 and 97187, sustaining a constant rate of disc speed ratio
“I" = —1”. Upon analysing these stream formations, it appears that the
recirculating cores of fluid are located between the boundary layers and
the mid-plane shear region. Therefore, a configuration featuring two-cell
stream formations has been delineated within this specific region. A
stagnation point is formed when these cells of counter rotation are
removed by streamlines and lines cancelling each other at the outer region
of the cavity. Outcomes of that laminar boundary layers have been
produced on both the discs and turbulent in stream in the central of disc
space. These stream structures exhibited the stability with the Re analogy
of the contra-rotating disc stream system as indicated by Chen et al.,
(1997). These stream models are heavily concerned by mass stream
and Re number commonly identified as turbulent stream parameters,
(A = C,R;2®). For higher turbulent stream parameter A; = 0.510, a
convincing wall-jet is modelled on the warm disc, which transport the
warm from blistering disc to cooling fluid than to freezing disc. It is
attributed that for higher mass stream and Re number more heat can be
transfer from heated disc to freezing fluid.

Identify the Headings

In Figure 3(a-c), the static temperature contours of two models are
shown for three different values of rotating Re numbers ("R.9 =
2.09 x 10%,2.10 x 10°" & "2.24 X 10>") mass stream rate "C, =
3939612" and 9718. As indicated by Figure 3a, the source region of the
cavity with a low turbulent stream parameter ""A; = 0.218"" recirculates
a lesser amount of fluid at the initial stage. As a result, the lowest
temperature circulation occurs here in comparison to the exterior region of
the cavity. Therefore, less heat is transmitted from the heated to freezing
disc at earlier stage of the cavity.

At higher rotational Re number “R,g = 2.10 X 10°”, and mass
stream rate, "C,, = 6121,55%" rise in the turbulent stream parameter
"A; = 0.338”. For these higher stream conditions, a robust wall-jet is
modelled happening heated disc accordingly, most important chunk of the
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fluid stimulated along the intense disc in radial path and outstanding part
moved along the freezing disc. The temperature division from the heated
disc to fluid is also improved as demonstrated in the Figure 3b. The heat
is transferred from hot disc to cold fluid.

Figure 3c depicts the computed static temperature contours for
"A; = 0.510" turbulent stream parameter, which is “135%” excessive
than the first case "A; = 0.218”. For this high stream parameter, a strong
source region and wall-jet is formed in the cavity result of that robust
recirculation cell of the fluid is moulded along the heated disc which
dominated the right-side cell of the fluid. Due to this, the temperature
partition in this region is also raised, resulting in a greater transfer of heat.
The contrast between double models illustrates that the Re stress model
expected higher warm transfer in the external chunk of the cavity than the
“k — &” model.

Calculated Nusselt number

Figure 4(a-c) describes the difference between the calculated and
evaluated Nusselt numbers for three values of turbulent stream parameters,
“A; = 0.218", "A; = 0.338" and "A; = 0.510" respectively. Figure.4a
depicts the comparison of calculated and measured Nusselt numbers for
the turbulent stream parameter "A; = 0.218" for lower rotating Reynolds
number, "R,g = 2.09 x 10°" and mass stream rate "C,, = 3939" .The
Reynolds pressure version anticipated the highest Nusselt quantity value
on a hollow space inlet under drift conditions”. This Nusselt quantity value
denoted that the incoming axial fluid go with the drift at once impacted the
new disc, engendering a sturdy wall jet alongside stated disc and
facilitating warmth switch from the new disc to the fluid. Initially, the
heated fluid underwent opposite move withinside the supply area and
mingled with the bloodless fluid, precipitating a speedy decline in
computed Nusselt numbers withinside the opposite path inside this area.
In contrast, the "k — &” version did not mirror the height Nusselt quantity
stage on this area. Comparative evaluation of the 2 fashions shows that the
Reynolds pressure version aligns properly with the findings of (Chen et
al., 1997), mainly withinside the outer hollow space area, while the "k —
&" version underperforms. Figure. 4b explains difference of predicted and
measured Nusselt numbers for turbulent stream parameter A; = 0.338. At
extreme rotational Re numbers, such as R,y = 2.09 X 105 and above,
coupled with higher mass stream rates where C,, = 6121, both
theoretical frameworks anticipate that the Reynolds stress model will yield
higher Nusselt numbers during the initial stages within the cavity. Elevated
Nusselt numbers signify that with increased mass stream, the intensity of
the liquid-wall jet amplifies, consequently impacting the extent of the
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source region, which expands throughout the recirculation area. A
comparative analysis between the two models reveals that the Reynolds
stress model aligns well with experimental measurements, whereas the
"k — &" model tends to underestimate the entire stream region except for
the outer cavity area.

2.016-02 9.13e-03
193e-02 8.766-03
1.856-02 840603
1.77e-02 8.046-03
1.69¢-02 | 76703
161602 7.31e-03
1.53e-02 6.94e-03
14502 6.566-03
137602 6.226-03
129¢-02 585603
121e-02 549¢-03
113602 512603
105e-02 476603
9.666-03 440603
8.856-03 403603
8.056-03 367e-03 !
7.24e-03 3.30e-03 )
644603 294603
5.636-03 258603 |
4.83e-03 221603 |
4.02¢-03 1.85e-03 il
3.22e-03 1.48e-03 ‘\,‘:
2416-03 112603 Y
1.61e-03 L 7.55e-04
8.05e-04 X 3.91e-04 =X
0.00e+00 2.70e-05
@
1.826-02 7.09-03
I 1.746-02 6.80e-03
1.67e-02 6.52e-03
1.60e-02 6.24e-03
- 18302 . 5.95¢-03
145e-02 567e-03
1.38e-02 5.39e-03
1.31e-02 | 5.10e-03
1.24e-02 ¥ 4.82e-03
118002 l 4.54e-03
1.09¢-02
102602 '. 397003
9.45e-03 | It 3.69e-03
8.72¢-03
8.006-03 : ;:g:gi
Telet 2.840-03
ooteld 2 56-03
5.82-03 ‘ oy
222:33 | | 1.98e-03
: .70e-03
363603 i e
291e-03 § 28
218603 Y ‘ 1:13e:03
145603 8.51e-04 Y
7.27e-04 =X 5.67e-04 ‘
0.00e+00 2.84e-04 X =
— 0.00e+00 S|

(b)

The Sciencetech 91 Volume 5, Issue 1, Jan-Mar 2024



Numerical Analysis of Parametric Variations in an Asymmetrically Heated Bhutto et al.

1.206-02 1.20e-02
1.15e-02 1.15e-02
1.10e-02 1.10e-02
1.05e-02 1.05e-02
1.01e-02 - 1.01e-02
9.58¢-03 9.59¢-03
9.10e-03 9.11e-03
8.63e-03 8.63e-03
8.15¢-03 8.15e-03
7.67¢-03 7.67e-03
7.19¢-03 7.19¢-03
6.71e-03 6.71e-03
6.236-03 6.23e-03
5.75e-03 5.75¢-03
5.27e-03 5.27e-03
4.79¢-03 4.79e-03
4.31e-03 4.31e-03
3.83e-03 3.83e-03
3.35e-03 3.36e-03
2.88e-03 2.88e-03
240e-03 2.40e-03
1.92¢-03 1.92e-03
1.44¢-03 1.44e-03
9.58e-04 L 9.59¢-04 L
4.79¢-04 X 4.79e-04 X
0.00e+00 0.00e+00

(©)

Figure 2: Analysis of the computed stream formations for
(a) “ReO = 2.09 x 105" “Cw = 3939”
(b) “Re6 = 2.10 x 105,” “Cw = 6121” and
(c) “ReO = 2.24 X 105” “Cw = 9718” for disc haste ratio, “I' = —1"
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Figure 3: Analysis of the calculated invariable temperature contours
(@) Ry = 2.09 x 105, “C,, = 3939”
(b) “Roe = 2.10 x 10°”, “C,, = 6121” and )
(¢) “Roo = 2.24 X 10°”, “C,, = 9718, for disc haste ratio, "I' = —1".
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Figure 4: Comparison of calculated and determined Nusselt numbers
for three parameters of turbulent streams.

In the realm of turbulent flows, characterized by a stream
parameter A; = 0.510, exhibits a notable increase of 134% compared to
the initial scenario. This augmentation correlates with a corresponding
elevation in computed Nusselt numbers, mirroring trends elucidated in
prior analyses. Notably, both computational models exhibit a propensity
for higher Nusselt numbers under these intensified flow conditions.
However, a comparative analysis with empirical data unveils a tendency
towards overestimation by both models during the initial phase of cavity
formation, attributable to the heightened turbulence therein. Consequently,
the Reynolds stress model demonstrates superior alignment with
experimental measurements (Chen et al., 1997), particularly within the
middle and outer extents of the cavity.

Conclusion

Several non-isothermal counter-rotating plate streams were
examined for their rotational Reynolds numbers and mass stream
parameters. The study investigated the effect of these parameters on the
calculated stream configuration, temperature profiles and Nusselt
numbers. The analysis revealed the presence of four separate stream
regions, paying special attention to the source region, which showed
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sensitivity to the turbulent stream parameter A;(1; = C,,R;5"®) showing a
continuous increase. In particular, the elevated turbulent stream
parameters induced a strong wall jet along the heated plate, which
facilitated significant heat transfer. As a result, the maximum temperature
distribution was concentrated on the heating plate. The Reynolds stress
model showed the highest Nusselt number values at the radial origin,
indicating the direct axial stream effect on the hot plate and the subsequent
heat transfer through the solid wall jet. In the initial phase, the Nusselt
number rapidly decreased in the opposite direction, which meant that the
hot liquid circulated in the source region and mixed with the colder liquid.
Comparative analysis of the models showed favourable agreement with
measurements from previous studies. Significant differences appeared in
the source region, highlighting the superiority of the low-Reynolds
second-moment closure model in predicting complex stream patterns and
achieving converged solutions. Hence, it is apparent that the second-
moment closure model is particularly effective for complex and wall-
bounded shear streams, especially at low Reynolds numbers.
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