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ABSTRACT

Conjugate Heat Transfer study is carried out on a large rotating high temperature cylinder to estimate cooling time using
Computational Fluid Dynamics (CFD) technique. Objective of the study is to estimate lowest time required to cool the cylinder from
high temperature (750°C) to desired surface temperature (100°C) maintaining specified temperature differential between mean to
surface on the rotating cylinder. To achieve the objective, it is proposed that cooling nitrogen gas flows axially through annulus
surrounding on the rotating cylinder to cool down to desired temperature. The conjugate heat transfer study is proposed with five
different combination of rotational speed, cooling gas pressure and axial velocity of fluid to determine the interdependence
between the heat transfer mechanism and the structure of the secondary flows. Particular interest is the accurate prediction of the
heat transfer from the cylinder to the flow field using CFD technique. An empirical formula is proposed on the rotating system to
estimate cooling time maintaining specified mean to surface cylinder temperature. Surface and mean temperatures estimated by
CFD simulation study are compared with analytical method.

Keywords: Heat Transfer, CFD, Cooling Time.

Nomenclatures:

p = Fluid density

dp/8t = the rate of increase of density in the control volume
V. (pV) = the rate of mass flux passing out of control volume
TUij = Stress Tensor

h = Heat Transfer Co-efficient (HTC)

A =Cross Sectional Area of rotor

Tb = gas bulk temperature

T = Rotor surface temperature

t = time

1. INTRODUCTION

Convective heat transfer from a spinning cylinder is important in many practical applications, the most common being the cooling
of conventional rotating machinery, such as electrical motors and steam turbines. The complexity of the structure of the spinning
fluid motion around the rotating cylinder has drawn the attention of several researchers.

In spite of its technological importance, little work has been directed towards the study of heat transfer within rotating large
cylinder. Convective heat transfer phenomenon is investigated experimentally from a cylinder for axial turbulent flows by variation of
Reynolds number (8.9x104 and 6.17x105) at different turbulence intensity (<0.1% to 6.7%) by Roland Wiberg, et al. [1]. Effect of
Reynolds number and Prandtl number on heat transfer around a circular cylinder is studied by Lattice Boltzmann Model and
experimentally verified by Qing Chen [2]. The experimental study on rotating cylinder is also carried out by Baris Ozerden [3], S.
Seghir-Ouali[4], K.S. Ball [5], An Vasil'Ev [6], Adinarayana [7] where maximum Reynolds number is 105.

However, the work of the paper is focused to estimate lowest time required to cool the cylinder from high temperature to
desired temperature maintaining specified temperature difference between mean to surface on the rotating cylinder where Reynolds
number is more than 106. The CHT study is also indicated the requirement of flow parameters to meet the temperature different to
cool the hot cylinder. Finally, the results are compared with analytical method.

2. WORK DESCRIPTION

A large cylinder of aspect ratio 1:1 is considered for the study. Nitrogen, an inert gas, is considered suitable for cooling of the
cylinder as it has favorable thermodynamic properties over the operating range and also due to its availability and economics. Five
cases, with combination of different cylinder rotation, flow velocity and fluid medium pressure, are carried out to establish cooling
methodology for the large cylinder using CFD technique. The cooling behavior of the cylinder is evaluated through CFD study and
verified through analytical approach. Importance of the study is that it is required to maintain differential of mean temperature and
surface temperature of the solid cylinder throughout the cooling process as per ASME guideline [8].

3. CONJUGATE HEAT TRANSFER (CHT) STUDY

Transient Conjugate Heat Transfer (CHT) study is carried out using CFD techniques for estimation of cooling time for the high
temperature rotating cylinder. Solid cylinder and fluid flow path is modeled and meshed for the CHT study. Continuity, Navier-
Stokes and energy equation are solved in CFD code on the fluid flow path and only energy equation is solved on the solid geometry
for CHT study.
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Continuity Equation:
The continuity equation in partial differential equation form is given by,

op/St +V. (pV)=0 @)

Momentum Equation:
Newton’'s Second Law applied to a fluid passing through an infinitesimal, fixed control volume yields the following momentum
equation:

& St(pv)+V.pV V=pf +V.r; 2

The first term {8/8t(pv)} represents rate of increase of momentum per unit volume. The second term (V.pV V) represents the rate of
momentum lost by convection through the control surface. Right hand side equation shows the first term (pf,) as the body force per
unit volume, while the second term (V.mtlj ) represents the surface force per unit volume.

Energy Equation:
The first law of thermodynamics applied to a fluid passing through an infinitesimal, fixed control volume yields the following energy
equation in terms of enthalpy.

p(De/Dt) = Dp/Dt +5Q/6t - V.q +¢ 3)

The term {p(De/Dt)} in the left hand side is the rate of change of energy inside the fluid element. Right hand side, first two terms
(Dp/Dt +3Q/8t) are the rate of work done on element due to body and surface forces; third term (V.q) is net flux of heat in to
element. The last term (¢) on the right hand side is known as dissipation function and represents the rate at which mechanical
energy is expended in the process of deformation of the fluid due to viscosity.

CFD model for conjugate heat transfer study is shown in figure.1. A segment of the rotor and the flow passage is considered for
CHT study. Rotational speed is applied on the cylinder and the nitrogen is passed through the fluid flow passage at different
operating conditions as mentioned in table 1.

In rotating systems, the existence of hydrodynamic instabilities may lead to a variety of secondary flows as the parameters
describing the system are varied. Along with each transition in a flow, the transport mechanisms are altered, and usually result in
markedly changed rates of heat and momentum transport. The objective of five different combination of rotational speed, cooling
gas pressure and axial velocity of fluid is to determine the interdependence between the heat transfer mechanism and the structure
of the secondary flows. Particular interest is the accurate prediction of the heat transfer from the cylinder to the flow field using CFD
technique for estimation of cylinder cooling time.

Numerical simulation is carried out with initially the cylinder at its uniform hottest temperature. The transient numerical
simulation is continued for that time duration up to when the core temperature of the cylinder is reached to the desired
temperature limit. CHT study for all the cases is carried out using CFD techniques and the cylinder temperature variation with time as
shown in Figure.2 to Figure. 6. Temperature and cooling time are shown in 0 to 1 scale as normalized value. The highest mean and
surface temperature difference is observed for case 1, which is more than the desired value. Due to higher speed of the rotor, high
turbulence effect is generated on fluid near the rotor surface and the surface is cooling relatively faster compared to core. For case
5, turbulence effect on the fluid due to rotation is less due to lower speed of the rotor. So, surface temperature is not falling
drastically compared to core temperature of the cylinder. The temperature difference is very low compared to desire value as
estimated through CFD study for case 5. The desired value of the temperature difference is achieved for Case 2 and Case 4. The
temperature difference for case 3 is lower than desired value but higher than case 5.

Table 1 Parameters for the five case studies

Case Rotor Speed Fluid velocity Operating Pressure
1 N \ P
2 0.67N 0.1v P
3 04N 0.52v P
4 0.33N 0.052Vv 2P
5 0.167N 0.52V P
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Table 2 Comparison of CFD study results for temperature difference with desired value and cooling time with analytical method

Case Temperature difference Time required for cooling
compared to desired value compared to analytical method
1 Higher 10% Low
2 Achieved 20% Low
3 Low Matched
4 Achieved 20% Low
5 Lower 50% More

Figure 1 CFD Model for CHT Study
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Figure 2 Cylinder temperature variations with time through CFD study for Case 1

Prabhat Kumar Hensh et al.

Cooling Time Estimation on Rotating high temperature Cylinder using CFD technique and verification through Analytical method,

Indian Journal of Engineering, 2016, 13(34), 617-624,

Page62 O



ARTICLE

1
09 f&ﬁ Case 2: Cylinder Temperature with Time I
w 08
= N
= 07
T -\\ Surface Temperature
o 06 -
g \ —o—Mean Temperature
o 05 \
i
= 04
] \
= 03
g \
£ o2 —
< 01
o T T T T 1
0 0.2 04 0.6 08 1
Normalised Time

Figure 3 Cylinder temperature variations with time through CFD study for Case 2
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Figure 4 Cylinder temperature variations with time through CFD study for Case 3
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Figure 5 Cylinder temperature variations with time through CFD study for Case 4
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Figure 6 Cylinder temperature variations with time through CFD study for Case 5
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Figure 7 Cylinder temperature variations with time
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Figure 8 Comparison of Cylinder surface temperature variation with time
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Figure 9 Comparison of Cylinder mean temperature variation with time

4. ANALYTICAL METHOD

Analytical formulation is adopted to study the cooling behavior on the large cylinder. The following equation is considered for
computation of cooling time analytically.

hA(T-Ty) = pCp(dT/dt) 4

Fixed bulk gas temperature of nitrogen has been considered for the analytical study. Further HTC is considered in analytical study
while maintaining required temperature difference between mean and surface temperatures of the cylinder. The HTC value is
obtained through FE simulation for cooling. Using the above mentioned parameters in equation (4), cooling time of the cylinder is
calculated to cool the cylinder to desired temperature. Figure 7 shows the cylinder temperature variation with respect to time.
Theoretical study over a rotating cylinder was carried out by K. Abdella [9], A.A. Kandoush [10]. All the research activity was limited
to estimate heat transfer for low Reynolds number.

Surface and mean temperature on the cylinder for CHT study results for all the five cases is compared with analytical results. The
comparison of the surface temperature and mean temperature between CFD study and analytical method is shown in Figure. 8 and
Figure. 9 respectively.

Table 2 shows the temperature difference estimated through CFD study compared to desired value of the same and comparison
of the cooling time between CFD study and analytical method.

5. CONCLUSION
Conjugate heat transfer study using CFD technique for five cases show the time required to cool the cylinder at desired temperature.
Analytical formulation is also adopted for estimation of desired temperature difference between mean and surface temperature of
the large cylinder and time required for cooling. Temperature difference and the cooling time estimated through transient conjugate
heat transfer study using CFD techniques is verified with analytical solution.
Temperature difference estimated through CFD study is higher compared to desired value for case 1 due to higher rotational speed
and lower for case 5 due to lower rotational speed. Maintained the desired temperature difference is essential for structural
requirement. The conditions used for case 1 and case 5 are not suitable for high temperature cylinder cooling requirement.
Cooling time estimated through CFD study is in well agreement for case 3 with the analytical method, but the temperature
difference for the case is lower than the desired which is more essential.
Desired temperature difference estimated for case 2 and case 4 using CFD techniques shows a good agreement with analytical
study.

Time estimated for cooling using CFD technique is 20% lower compared with analytical study for case 2 and case 4.
Parameters selected for case 2 and case 4 are more suitable for cooling time estimation. The estimated cooling time achieved
through the study will be further verified through experimental study.
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