©Civil-Comp Press, 2012

Proceedings of the Eighth International Conference
on Engineering Computational Technology,
B.H.V. Topping, (Editor),

Civil-Comp Press, Stirlingshire, Scotland

Paper 100

Adjoint-Based Sensitivity Analysis for
Buoyancy-Driven Incompressible Navier-Stokes
Equations with Heat Transfer

A. Lincke and T. Rung
Fluiddynamics and Ship Theory
Hamburg University of Technology, Germany

Abstract

This paper presents the adjoint-based sensitivity equation and the adjoint buoyancy-
driven, steady-state Navier-Stokes-Fourier equations for a perfect gas. Related appli-
cations are of relevance for the optimisation of fluids-engineering devices where the
temperature distribution is crucial, e.g. in thermal comfort studies. Starting from the
weakly compressible, buoyancy-driven, Reynolds-averaged Navier-Stokes-Fourier
(RANS-F) equations, the coupled adjoint equations and the resulting sensitivity equa-
tion are derived. Attention is confined to shape design for temperature-wake optimi-
sation using a continuous adjoint approach. The example included refers to a laminar,
two-dimensional (2D) ducted flow around a heated ellipsoid, for which the predicted
sensitivity is verified against results obtained from a direct differentiation approach.
Results convey that the predicted sensitivity generally mimics the gradient of the cost
function.

Keywords: sensitivity analysis, heat transfer, adjoint Navier-Stokes-Fourier equa-
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1 Introduction

The adjoint sensitivity analysis has become an established technique for shape optimi-
sation when many degrees of freedom are present [1, 2, 3]. Using weakly compress-
ible, segregated computational procedures based upon pressure correction or pressure
projection techniques, which are widely employed in industrial computational fluid
dynamics (CFD), the continuous adjoint approach is of advantage [4, 5, 6]. The ap-
proach is based on an augmented cost function .J which inheres the primal governing
equations (here the RANS-F equations) as constraints which have to be satisfied in the
computational domain. Accordingly, the primal RANS-F equations are augmented



with Lagrange multipliers and added to the thermo-fluid dynamic cost function. For
shape optimisation, the variational formulation of the augmented cost function indi-
cates the behaviour of the cost function with the variation of the shape. The ansatz is
restricted to small variations in surface-normal direction as the variation is linearised.
Permitting arbitrary variations of the flow field variables (pressure, temperature, ve-
locity), the adjoint RANS-F equations and the sensitivity equation, which displays the
gradient of the cost function, are derived. Subsequently, a simple, gradient-based,
steepest descent optimisation technique might guide the morphing process of the
shape in order to obtain an improved cost function. Contrary to other optimisation
strategies, the adjoint approach only needs one flow simulation for both, the primal
and the adjoint system, no matter how many design parameters are present.

The paper will focus upon coupled momentum-energy-transport systems in an vir-
tually incompressible fluid environment. The buoyancy term is approximated by a
Boussinesq ansatz [7], which supplies an additional source term to the primal mo-
mentum equation. Starting from the primal RANS-F equations [8], the adjoint (dual)
equations and the sensitivity equations are derived along a route described by other
recent publications [9, 10, 11]. The study is confined to the sensitivity of the tempera-
ture wake behind a heated, 2D ellipsoid that is centrally mounted in a channel. Steady-
state simulations are performed with the open source finite volume solver open field
operation and manipulation (OpenFOAM) [12]. The comparison between the gradi-
ent obtained from the direct differentiation and the adjoint approach reveals that the
sensitivity generally predicts the gradient of the cost function with fair accuracy.

2 Theory

2.1 Primal Momentum-Heat Transport System

We consider steady-state systems for virtually incompressible fluids where buoyancy
is a driving force in the momentum equation. Using the Boussinesq-ansatz [7] for
modeling the buoyancy influence, the momentum equation obtains a supplementary
temperature dependent term. The system is closed by the energy equation for perfect
gas, given by Equation (1)
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where p* = EE5% is the modified pressure (enhanced by isotropic contributions of

the turbulence model), p is related to the density, v, = v + 1, is the effective kine-



matic viscosity as sum of kinematic turbulent and molecular viscosity, /3 is the volume
expansion coefficient, g; the gravity acceleration vector, ¢, the specific heat capacity,
Keff = ooy T oo is the sum of turbulent and laminar heat conductivity scaled with L
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and 25;; 1= (gg? %) is the symmetric rate-of-strain tensor. Mind that the gravity
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vector acts in negative z/x3-direction.

2.2 Derivation of Adjoint System

The subsection presents the derivation of the adjoint energy, momentum and conti-
nuity equations. The residual form of the RANS-F equations is denoted in Equation
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These primal equations are augmented with Lagrange multipliers (T, @, p) and added
to the cost function .J. This leads to an augmented cost function J. The linearised
variation &'°J of the augmented cost function consists of convective and local varia-
tions. The local variation describes the variation of the flow on the original location.
The convective variation describes the variation of the (old) flow due to a change of
location by dn. As the primal residual equations are fulfilled everywhere, the convec-
tive variation of the RANS-F with respect to the operator 0¢ = %M vanishes. Typical
cost functions of the present study involve the definition of I',;;, the boundary where
the cost function is evaluated, along the inlet and outlet, whereas I'yy,, the surface
which is enabled for shape variations, is chosen to be a wall boundary of the heated
ellipsoid. Therefore I'ys, N 'pp; = () and no convective variations of the cost function
exist. The variation of the augmented cost function is denoted by Equation (3)

oleJ =o' J + / (aialRi + p0lQ + TalH) dQ . (3)

Integration by parts leads to a formulation where variations of primal flow variables
can be factored out. Using the frozen-turbulence assumption [5] (5’Cug = 0), we fi-
nally arrive at the adjoint volume equations for the adjoint momentum (;), continuity
(p) and temperature (T), given by Equation (4)
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where 25’ij = (g;}‘j + g;j] ) The system is closed by appropriate boundary conditions,
given in Equation‘(S) and Equation (6).
Adjoint boundary conditions for inlet and wall
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Adjoint boundary conditions for outlet
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We assume prescribed velocity and fixed pressure gradient at wall and inlet, fixed ve-
locity gradient and prescribed pressure at the outlet. Note that the Boussinesq term
is now settled at the right-hand side of the temperature equation, whereas terms in-
volving the adjoint temperature have been transferred to the right-hand side of the
momentum equation.

2.3 Derivation of sensitivity equation

Having solved the adjoint RANS-F equations, the remaining non-zero part of the aug-
mented cost function variation, defined at a wall boundary is given in Equation (7)
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From this we compute the adjoint sensitivity, i.e. the gradient of the cost function with
respect to a normal variation of the boundary, along the design surface and obtain
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2.4 Optimisation with steepest descent

The steepest descent method is perhaps the most simple optimisation approach which
steps in the negative direction of the gradient. It can readily be coupled to the result of
a sensitivity analysis along I ;,,. Using mesh morphing tools like in the automatic net-
generation for structural analysis (ANSA) [13], the computational grid is optimised,
by moving each surface cell of I'y,, in the direction of the negative gradient multi-
plied by an arbitrary (unique) step size «. This paper will however only focus on the
comparison between the gradients obtained from an efficient adjoint technique and a
direct sensitivity analysis of design-surface perturbations.

3 Verification

The adjoint equations are similar to the primal equations. Therefore a great portion
of the primal solver can be re-used to solve the adjoint equations. In conjunction with
the present study, a semi-implicit pressure linked equation solver (SIMPLE) is used
within the open source CFD environment OpenFOAM.

The adjoint sensitivity displays the gradient of the cost function with respect to a
normal displacement of the design surface. For verification purposes we compare the
adjoint sensitivity to the gradient of the cost function obtained from a direct differen-
tiation method. The latter is based upon shifting each discrete boundary element of
I'454 by a small distance in normal direction and evaluate the related change of cost
function. Note that the comparison deliberately ignores non-linear interactions and is
thus confined to small variations.

3.1 Heated Ellipsoid

For the verification study we simulate the laminar flow over a 2D heated ellipsoid
which is centrally mounted in a channel. The computational domain covers 10~%m
x 2 x 1073m. The ellipsoid has a height of 2 x 10~*m. Only half of the symmetric
configuration is computed. The mesh consists of 24 000 hexahedral control volumes
and features hanging nodes. Figure 1 displays the computational grid.
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Figure 1: Computational Grid

The inlet velocity is assigned to 1.5 x 10_1%. The Reynolds number based on
the height of the channel (h = 2 x 1072m) is Re;, = 20. The mean temperature is
set to 7' = 290K. The ellipsoid is heated with a temperature of 7' = 291K. The
related Grashof number is Gr = g'ﬂ'f—fhg = 1, with acceleration force component
g=9.81""and f =3 x 1073/K.

The upper and lower domain boundaries were assigned to symmetry boundary con-
ditions. For inlet and outlet we employ typical boundary conditions, i.e. prescribed
velocity and temperature as well as zero pressure gradient at inlet and zero gradient
for temperature and velocity as well as prescribed pressure at the outlet. A no-slip
wall is applied along the ellipsoid (design surface). The temperatures are set to 290/
along the lower and upper boundaries and 7' = 291K along the design surface. For
the simulation we use the buoyant SIMPLE solver buoyantBoussinesqSimpleFoam.C
of OpenFOAM and its adjoint analogue. The verification study employs a uniformity
of temperature cost function at the outlet as an example for the adjoint sensitivity
analysis. The cost function .J is defined as
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where T}; denotes a desired temperature, which in this case refers to 7; = 291K.
The cost function is associated to a contribution to the adjoint boundary condition (6)
defined in Equation (10)
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As the chosen cost function only depends on the temperature, all other boundary con-

tributions of the cost function vanish.

3.2 Results

All simulations were iterated over 25 000 iterations to guarantee a fair level of con-
vergence. In Figure 2, Figure 3 and Figure 4 the results for the primal velocity and
density are presented.



Figure 2: Predicted primal magnitude of the velocity
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Figure 3: Predicted primal temperature field
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Figure 4: Predicted primal density field

Due to the influence of heating, small density variations occur in the vicinity of the
ellipsoid (0.997-%) which are convected downstream. The temperature has its max-
imum at the ellipsoid and also features a plume downstream of the heated obstacle.
Since the Re-number is fairly low, a significant amount of diffusion distributes the den-
sity and temperature plume along the complete outlet cross section. The displacement
of the velocity field towards the upper boundary induced by the obstacle is supported
by buoyancy terms downstream of the ellipsoid.

Figure 5 and 6 depict the results for the adjoint velocities, temperature and pres-
sure.
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Figure 5: Adjoint x-velocity (left) and y-velocity (right)
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Figure 6: Adjoint temperature (left) and pressure (right)

Note that the adjoint solution usually runs “backward” but has no strict physical mean-
ing, therefore the plausibility of the results is usually hard to judge. The main criterion
on judging the quality of the results is the sensitivity. The sensitivity is computed from
the primal and adjoint flow field in a postprocessing step, according to Equation (8).
The normal gradients of the primal and adjoint velocity are computed with the Open-
FOAM function snGrad and projected into the tangential direction. Results of the
discrete adjoint sensitivity analysis are outlined in Figure 7 including a diagram for
the sensitivity plotted on the surface of the ellipsoid. The diagram shows the 410
discrete design surface elements along the abscissa and their sensitivity values on the
ordinate.
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Figure 7: Contour plot (left) and diagram (right) of adjoint sensitivity for test case
Heated Ellipsoid



Large improvements are obtained at the ends of the ellipsoid, smaller ones along the
crest. Note that the sensitivity displays the gradient of the cost function with respect to
an outward movement of the surface, i.e. with respect to increasing the fluid volume.

We will now compare the gradient of the cost function obtained from the adjoint
solution with the gradient of the cost function obtained from a direct differentiation
approach using (first-order) finite differences. We thus approximate the gradient of the
cost function for each node on the surface I'y,, from a first-order accurate differencing
scheme, according to Equation (11)

0T Jnew = Jotd (11)
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Note that this approximation is only valid for perturbations, which are small enough to
neglect non-linearities, but prone to numerical errors for very small perturbations. The
generation of the required 400 computational meshes has been scripted to minimise
mesh-quality influences on the approximated cost function gradient and a normal per-
turbation of dn = 2 x 10~ "m has been used in the present study. Figure 8 shows
the sensitivities along the axis of the ellipsoid obtained from the direct differentiation
approach.
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Figure 8: Sensitivity obtained from a direct differentiation



Figure 9 shows the comparison of the adjoint sensitivity and the gradient of the
direct differentiation approach.
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Figure 9: Sensitivity from direct differentiation plotted on ellipsoid

The adjoint sensitivity displays a satisfactory agreement with the result of the direct
differentiation analysis. The agreement deteriorates at the respective ends of the obsta-
cle due to pronounced local non-linearities of the primal flow field (i.e. flow reversal).
The trend — or sign of the gradient — however always agrees between the two gradient
evaluation techniques.

4 Conclusion

The adjoint buoyancy-driven Navier-Stokes-Fourier equations have been derived from
the primal equations along the line of the continuous adjoint approach. A Boussinesq
approximation has been used to model buoyancy influences. The adjoint system has
been exemplified for the case of a temperature related objective function, located away
from the design surface at the outlet. A verification study at low Re-number reveals
a fair predictive agreement between the adjoint sensitivity and the gradient obtained
from the direct differentiation. Related deviations can primarily be attributed to non-
linearities. Inconsistencies between the discrete primal and dual approach might also
have a small influence, but are deemed negligible due to the dominance of the self-
adjoint diffusion mechanisms. Future work is devoted to more complex thermo-fluid
dynamic applications.



References

[1] A. Jameson, “Aerodynamic Design via Control Theory”, Journal of Scientific
Computing, 3, 233-260, 1988.

[2] O. Pironneau, “On optimum design in fluid mechanics”, Journal of Fluid Me-
chanics, 64, 97-110 1974.

[3] R. Lohner, O. Soto, “On the Computation of Flow Sensitivities From Boundary
Integrals”, 42nd AIAA Aerospace Sciences Meeting and Exhibit, Reno, United
States of America, 2004.

[4] A. Stiick, T. Rung, “Adjoint RANS with filtered shape derivatives for hydrody-
namic optimisation”, Computers & Fluids, 47, 2232, 2011.

[5] C. Othmer, “A continuous adjoint formulation for the computation of topological
and surface sensitivities of ducted flows”, International Journal for Numerical
Methods in Fluids, 58, 861-877, 2008.

[6] A. Stiick, J. Kroger, T. Rung, “Adjoint-based Hull Design for Wake Optimisa-
tion”, Institute for Fluid Dynamics and Ship Theory, Hamburg, Germany, 2010.

[7] H. Herwig, Stromungsmechanik A-Z, Vieweg Verlag, Wiesbaden, Germany, 44-
47, 2004.

[8] S.V. Patankar, Numerical heat transfer and fluid flow, Hemisphere Series on
Computational Methods in Mechanics and Thermal Science, United States of
America, 1980

[9] Y. Suzuki, N. Kasagi, K. Morimoto, “Adjoint Analysis of Heat and Fluid Toward
Optimal Shape Design of Recuperators”, Thermal Science&Engineering, 13, 3-
4,2005.

[10] X. Luo, “Identifikation von Wdirmequellen in konvektiv getriebenen
Stromungen”, Diplomarbeit, Universitdit Hamburg/Technische Universitit
Hamburg-Hamburg, Hamburg, Germany, 2011.

[11] E.A. Kontoleontos, A.S. Zymaris, D.I. Papadimitriou, K.C. Giannakoglou, E.M.
Papoutsis-Kiachagias, “Constrained Topology Optimization for laminar and tur-
bulent flows, including heat transfer”, Evolutionary and deterministic methods
for design, optimization and control, Cira, Italy, 2011.

[12] “OpenFOAM: The Open Source CFD Toolbox”, Free Software Foundation,
Boston, United States of America, 2009,

[13] ANSA version 13.2.1 Users Guide, BETA CAE Systems S.A., Thessaloniki,
Greece, 2011.





