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We compute unsteady perturbations that optimally increase the heat transfer (Nu) of
optimal steady unidirectional channel flows, for a given average rate of power consumption
Pe?. The perturbations are expanded in a basis of modes, and the heat transfer enhancement
corresponds to eigenvalues of the Hessian matrix of second derivatives of the Nusselt num-
ber with respect to the mode coefficients. Enhanced heat transfer, i.e., positive eigenvalues,
occur in a range of temporal periods T that scale as Pe~!. At small to moderate 7Pe values
the corresponding flows are chains of eddies near the walls that move as traveling waves
at the steady background flow speed. At large 7Pe the flows have eddies of multiple scales
ranging up to the domain size. We use an unsteady solver to simulate these flows with
perturbation sizes ranging from small to large and find increases in Nu of up to 56% at
Pe = 2. Large Nu can be obtained by eddies with small spatial and temporal scales and
by eddies with a range of spatial scales and large temporal scales.
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I. HEAT TRANSFER IN A CHANNEL

A wide variety of methods have been proposed to enhance heat transfer from solid surfaces to
adjacent fluid flows [1]. Passive strategies include roughening the solid surface or attaching small
rigid or flexible obstacles that create vortical structures and enhance thermal mixing [2—8]. Similar
flow manipulations can be achieved by actively forcing the fluid (and possibly the heated solid
surface) on small scales. Electric or magnetic fields, traditional fans, or piezoelectric devices may
be applied [1,9,10]. For example, flapping plates or synthetic jets (small cavities with oscillating
walls) generate vortical structures that impinge on heated surfaces [11-16]. These manipulations
typically increase the rate of heat transfer but also require additional power input. Passive strategies
require additional power to move the flow past the obstacles, and active devices apply additional
power directly to the fluid. The overall goal is to increase the average rate of heat transfer for a
given average power needed to generate the flow. The most basic component of the input power is
the “pumping power,” the power needed to drive the flow past the heated surfaces and any additional
obstacles in the flow domain [1,4,17,18]. This is the time-averaged rate of viscous dissipation in the
flow domain [19]. Power losses also occur internally in the devices that drive the bulk flow and apply
small-scale forcings. Because this second contribution is device-specific, we focus on the average
rate of viscous dissipation in the flow, which can be considered apart from the specific devices
needed to generate the flow.

Here we study the problem of optimal flows for heat transfer in one of the most general and
widely studied geometries: a channel or duct with heated walls. The flows and temperature fields
under the most basic boundary conditions are treated in textbooks, e.g., [20,21], where circular ducts
are discussed. Reference [22] is a more comprehensive reference book that includes rectangular
ducts.
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In previous work, we applied an optimization approach to find the 2D steady flows in a channel
that maximize the Nusselt number Nu, the rate of heat transfer, for a given rate of viscous dissipation
Pe? [19]. For Poiseuille flow, a similarity solution shows that Nu ~ Pe!/3 [23]. The optimal flow
improves on Poiseuille flow by increasing the flow speed in the thermal boundary layer, thereby
increasing the advection of heat out of the channel. The optimum occurs when the boundary
layer thicknesses of the temperature and flow velocity match, both scaling as Pe=>/°, resulting in
Nu ~ Pe?/> [19]. All of the viscous power is expended in the boundary layer, and outside the flow
is uniform with speed ~ Pe*/>. These optimal solutions were found computationally, by solving the
Euler-Lagrange equations for the PDE-constrained optimization problem, with the solution consist-
ing of the optimal flow field, the optimal temperature field, and Lagrange multipliers that enforce the
advection-diffusion equation and the power constraint. The Euler-Lagrange equations are a coupled
system of three nonlinear PDEs with fourth-order spatial derivatives and an integral constraint, and
were solved using Newton’s method. A very fine mesh is needed near the boundary to resolve the
boundary layer structure, and thus the equations are difficult to solve at large Pe using Newton’s
method, as the Jacobian is ill-conditioned due to the fourth-order derivatives and a small mesh
spacing. The optimal 2D flows were approximately unidirectional, (u(x,y), v(x, y)) = (u(y), 0),
with viscous dissipation confined to a boundary layer. To obtain better resolution of the boundary
layer, a Broyden’s method was developed to solve for u(y) in the boundary layer region up to
Pe = 2%, and this gave the scalings above.

Many of the heat transfer enhancement strategies above induce unsteady flow structures in
the thermal boundary layer. Therefore, in this paper we search for unsteady optimal flows and
determine if they can outperform the steady optima of [19]. In the unsteady case, the Euler-Lagrange
equations are essentially the same, with the addition of the time derivative in the advection-diffusion
equation and minus the time derivative in the equation for the Lagrange multiplier (called m in
[19]). The equations have the same ill-conditioning issue, but the system is now much larger and
more expensive to solve with the addition of the time dimension to the two space dimensions.
As a first step towards finding unsteady optima in general, we search for optima within the class
of small unsteady perturbations of the optimal steady unidirectional flows. This restriction greatly
decreases the cost of the computations but provides significantly improved heat transfer, as we will
show. Although the unsteady optima are derived in the limit of small perturbations, they can also be
evaluated with large perturbations, and here we find large improvements over the steady case.

II. MODEL

We consider a 2D rectangular channel with height H and horizontal length L, shown in Fig. 1.
We set H = 1, which effectively nondimensionalizes lengths by the channel height. Given a flow
(u(x,y,t), v(x,y,t)) in the channel (0 < x < L, 0 <y < 1), we solve the advection-diffusion
equation for the temperature 7T':

&T +ud,T +vd,T — V*T =0. (1)

The prefactor of 9., T + 9,7 is the thermal diffusivity «, and is set to unity here, corresponding
to nondimensionalizing velocities by «/H. Figure 1 shows contours of the temperature field for
the simple case of steady Poiseuille flow. This is a unidirectional flow ((u(x,y,t), v(x,y,t)) =
(u(y), 0)) in which u is a quadratic function of y that corresponds to a uniform horizontal pressure
gradient in the channel.

For all the flows we consider, we set the temperature boundary conditions as follows. At the
channel entrance x = 0, we set 7 = 0. On the top and bottom walls the temperature is 7 = 1 —
/% with § a smoothing length that is set to 0.1. So beyond a small transition region with x ~
& the wall temperature ~1. Thus the temperature has been nondimensionalized by the difference
between this limiting value and the inlet temperature. At the channel exit x = L,, we use the outflow
condition 0,7 = 0.
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FIG. 1. Channel geometry and temperature contours for a Poiseuille flow of the form u(y) = 512+/3(y —
¥?). The temperature is colored along the top, bottom, and left (inflow) boundaries according to the boundary
conditions.

In the example of Fig. 1, the contours show that the temperature drops from 1 to 0 over a region
near the boundary. In general, the faster the flow through the channel, the thinner the boundary
layer, and for all the flows considered here the boundary layer will be thinner than that in Fig. 1,
usually much thinner. In this case the top and bottom walls are decoupled, so H is not an important
length scale. As explained in [19], one can then use L, as the characteristic length scale. Hence, in
this work we set L, = 1 but expect the results to apply to other L, by rescaling. We still use the
full channel geometry with both walls shown in Fig. 1, in order to check whether any nontrivial
interactions between the walls arise for optimal flows.

We assume that the flow is time periodic with (dimensionless) period 7, and so is the temperature
field. We wish to find the incompressible flow field that maximizes the time-averaged heat transfer
from the top and bottom walls of the channel,

1 T pL
Nu= 1t / / 0T |yt — 0,T |,—odx di. 2)
TJo Jo

To automatically obey incompressibility of the flow (d,u + d,v = 0), we write the flow in terms of
the stream function ¥ (x, y, t), so (u, v) = (3, —oxY).

The time-averaged power (per unit out-of-plane width) needed to maintain the flow is the time-
averaged rate of viscous energy dissipation:

1 T 1 L,
Power = — / / / 2¢ dxdydt, 3)
T Jo Jo Jo

with the spatial integral taken over the flow domain. Here e;; = (dy,u; + 0,;u;)/2 is the symmetric
part of the velocity gradient tensor and eizj is the sum of the squares of its entries. Thus

2¢}; = 204" + (Dyu + 0,v)” + 20,07 “4)
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We have nondimensionalized the power by uWi?/H* where y is the fluid viscosity and W is the
out-of-plane width of the flow domain. We now write u and v in terms of ¥ to obtain

1 T 1 L, 1 T 1 Ly
Power:—/// (Bmw—8yy1//)2+43xy1//2dxdydt=—//f (V2y)dxdydt.
TJo Jo Jo TJo Jo Jo
(5)

The second equality in (5) holds when the component of the flow tangent to the boundary is zero,
as is the case here [[24], Art. 329]. The basic problem is to maximize Nu over a set of flows with
Power = Pez, a constant:

8tT + a)’waxT - 3xW3yT - VZT = O,
b fol foLA(Vzl/f)2 dxdydt = Pe?,

where Pe stands for the Péclet number, a measure of the dimensionless flow velocity. In problem (6),
the boundary conditions for 7" are given following Eq. (1). The class of v is left unspecified because
different choices are possible. In [19] we computed optimal steady flows i, with no-slip boundary
conditions at the top and bottom walls, and Poiseuille flow at the inflow and outflow boundaries.

In this paper we compute optimal unsteady flows, assuming they are small unsteady perturbations
of the optimal steady flows. This assumption greatly decreases the cost of the computations, as we
will discuss, but we will study the resulting perturbations at both small and large amplitudes. In
the remainder of this section we will explain the optimal steady flows and unsteady perturbations
further, and define the perturbation expansion framework that we will use to calculate Nu. In
Secs. III and IV, we will define the unsteady perturbations in terms of flow modes. We will show
that the optimal flow perturbation corresponds to the eigenvector of a Hessian matrix with the
largest eigenvalue. The Hessian matrix is the matrix of second derivatives of Nu with respect to
the coefficients of the flow mode perturbations. So instead of solving the Euler-Lagrange equa-
tions corresponding to (6), we will find the largest eigenvalues of a matrix and the corresponding
eigenvectors over wide ranges of the main parameters such as Pe.

In [19] we solved the Euler-Lagrange equations for the steady version of (6), to compute
optimal 2D steady flows given as ¥ (x, y). These flows were nearly unidirectional, i.e., u(x,y) =
0y¥(x,y) ~ u(y). The flow velocity (and temperature field) varied sharply within a thermal/flow
boundary layer next to each channel wall and were nearly uniform outside the boundary layer, in the
channel bulk. In order to obtain better resolution of the optimal flows and particularly the boundary
layers, we developed a second optimization approach that explicitly assumed a unidirectional flow
u(y) that tends to a constant for y = O(1). By solving the resulting Euler-Lagrange equations we
obtained the optimal unidirectional flows uo(y) shown in Figs. 2(a) and 2(d). Figure 2(a) compares
optimal unidirectional flows at Pe = 2° and 2'! with the corresponding Poiseuille flows. Outside of
boundary layers the unidirectional flows are uniform and hence the local power density (V2/)? is
zero. The power is fully concentrated in the boundary layers, allowing for a faster flow there, which
convects hot fluid out of the channel faster. The total rate of convection of heat out of the channel
is fol uoT dy at x = 1 and equals Nu in (2), as can be shown by integrating the steady version of
(1) over the channel and using the divergence theorem and flow incompressibility. The local rate
of heat transfer along the heated walls, [9,T|, is larger for the optimal flow [Fig. 2(b)] than for
Poiseuille flow [Fig. 2(c)] at Pe = 26, and this is indicated by the larger density of contour lines
near the boundary in Fig. 2(b). The optimal flows have a self-similar velocity profile at large Pe
given by uy(y; Pe) ~ Pe*/3g(yPe?/?) for a universal function g. In Fig. 2(d) the rescaled velocity
profiles nearly coincide for Pe = 2°-2'?, and the graphs approximate g. In [19] we explained these
power law scalings using similarity solutions for the temperature profiles in uniform and linear shear
flows [23,25] and optimizing the scaling exponent of Nu. The optimal flows result from matching
the velocity and thermal boundary layer thicknesses. Figure 2(d) shows that the velocity boundary
layer thickness ~Pe~2/>. Since this is also the thermal boundary layer thickness, T varies from 1 to
0 over this length scale, so [3,T'| ~ Pe?/, and Nu has the same scaling. Nu versus Pe for the optimal

mwax Nu(y/) subject to { (6)
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FIG. 2. Examples of optimal unidirectional flows computed in [19]. (a) Comparison of optimal unidirec-
tional flows uy(y) and Poiseuille flows up,;;(y), at two Pe values, 2° and 2'!. (b), (c) Contours for the temperature
field (at values 7' = 0.2, 0.4, 0.6, and 0.8) near the top and bottom walls for the optimal unidirectional flow
(b) and Poiseuille flow (c) at Pe = 2'°. (d) Rescaled optimal unidirectional flows showing self-similar profiles.
(e) Nu vs Pe for the optimal unidirectional flows (crosses) and Poiseuille flow (squares) at the same Pe as in
panel (d).

flows is shown by the crosses in Fig. 2(e), and closely follows a Pe?/> scaling. The same data for
Poiseuille flows are shown by the squares and follow a lower Pe!/3 scaling [23].

Now we look for optimal unsteady perturbations of the optimal steady flows, which we write in
terms of the stream function as yy(y) instead of uy(y). We first consider an unsteady flow of the
form

Yx,y,1) =

€

+ e —
Yo(y) e

fa(x,y)cos2mt/T) + fe(x,y)sin(2wt /7).

(7

Here 0 < € < 1 and the constant c¢; will be chosen so that i has time-averaged power Pe?. We will
now compute Nu for ¥ by expanding both ¢ and T in powers of €,

Y,y 1) = Yo() + €Yri(x, 3, 1) + €Yy 1) + - ®)

1 €
\/1+C162 V1+ce?

T(xa Y, t) = TO(-xs y) + GTI(.X', Y, t) + 62[T25()€, Y) + T2u(xv Y, t)] +--- ) (9)

plugging both series into Eq. (1), and solving the equation at each power of €. Then we plug the T

expansion (9) into (2) to obtain a similar expansion for Nu:
Nu = Nug + €Nu; + €Nuy + - - - . (10)

In (9) we have separated T; into its time-average T», (the steady part) and the remainder 75, (the
unsteady part); only the steady part will be needed for Nu. At O(e®) Eq. (1) is

V08, To — d:y0d,To — V2T = 0, (11)
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and thus Nug is the Nusselt number for the optimal steady flow /. At O(e') Eq. (1) is
Ty + 3,%0d Ti — %08, Tt — V2Ty = =0,y 8. To + 019, To. (12)

Since the right-hand side has components proportional to cos(2w¢/t) and sin(27¢/t), the solution
can be written as 71 = T14(x, y)cos(2wt/t) + Tip(x, y) sin(2rwt /7). Inserting this expression into
(12) gives a coupled system for Tj4 and Tjp:

27
—Tip+ Y0d:Tia — 0uthod, Tia — V2T = =0, £10:To + d: fady T, (13)
2
—TTlA + 9,Y00:Tip — Yoy Tip — V:Tig = =8, 33 To + . [0, To. (14)

Since T; has zero time average, Nu; = 0. We need to compute higher-order terms in Nu to
determine whether the unsteady flow perturbation can increase Nu. At 0(€?) Eq. (1) is

WD + 090> — dYody o — V2Th = =y Y1 Ty + Y19y Ty — 3,¥29, T + 9929, T, (15)

Equation (7) gives ¥, = —c ¥ /2. Since ¥; and T} are proportional to cos(2w¢/t) and sin(27t /1),
the right side of (15) has steady terms and terms proportional to cos(4xt/7) and sin(4xt/t). The
unsteady terms have zero time average, so only the steady terms make a nonzero contribution to
Nu,. We compute it by first solving for T5:

1 1
3 Wod Tos — 3 WodyTog — V2 Ths = _ananleA + EafoayTlA

1 1 c c
— 5O fadkTip + 50 fodhTip + %aywoaxTo - E‘axvfoayTo
(16)

and then computing

LX
NU2 = / a),T25|y:1 — ayT25|y:()d.x. (17)
0

The time average is dropped in (17) because the integrand is steady. To summarize, the leading-order
change in Nu due to the unsteady flow perturbation is €2Nu,, and to calculate Nu, we need to
calculate T4, Ti g, and T». This requires solving three steady elliptic PDEs—(13), (14), and (16), two
of which are coupled. This is typically much faster than solving the unsteady advection-diffusion
Eq. (1) over many time steps with a given flow 1. To obtain convergence from an initial temperature
field to the periodic solution, the flow would generally need to be computed over at least a few
periods, with many time steps per period to resolve the solution. An implicit time-stepping scheme
would require solving an elliptic PDE similar to the three just mentioned but for 2 hundreds of time
steps. An explicit time-stepping scheme would avoid solving an elliptic PDE at each time step, but
may require very small time steps for stability, particularly at large Pe. In both implicit and explicit
schemes, small time steps would be needed for accuracy at large Pe, when the magnitudes of the
flow and its spatial and temporal derivatives are large.

II1. DISCRETIZATION

We solve (13), (14), and (16) by representing each component of ¥ and 7 in (8) and (9) on
tensor product grids in (x, y) space that are concentrated at the boundaries. We start with unstretched
coordinates X and Y, and define uniform grids on [0, 1]in X and Y with spacing 1 /m and mw = 384.
We then map these points to (x, y) space:

1 1
x=X—n—sin2xX, y=Y —n—sin2nY (18)
2 2r
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with 1 a stretching factor that is set to 0.997. We obtain stretched grids with points concentrated
near the boundaries in x and y, to resolve the boundary layers. The grid spacing in x and y ranges
from about (1 — n)/m &~ 8 x 10~ at the boundaries to about (1 + 1)/m &~ 5 x 1073 at the domain
center. We discretize all spatial derivatives with second-order finite differences using three or four
grid points, one-sided at the boundaries. Integrals such as (2) and (5) are discretized with the
trapezoidal rule.

IV. FLOW MODES

Our overall goal is to maximize Nu over a large space of unsteady flow perturbations. The
particular form of the perturbation in (7) is determined by the functions f4 and fz and the scalar 7.
To represent a wide range of flows, we expand f4 and fp using products of Chebyshev polynomials
in x and y. However, we need to ensure that that the total flow (7) obeys no-slip boundary conditions
on the channel walls and is directed into/out of the domain on the inflow and outflow boundaries,
so the temperature boundary conditions are valid. A simple way to do this is to make the unsteady
velocity zero at all four sides of the domain, so the total flow reduces to the steady optimum v, on
all four sides, and we already know v, obeys the desired boundary conditions.

Our first step to create a flow mode basis for f; and fp that obeys no-slip at the four sides is
to define a sequence of degree-(k + 4) polynomials, k = 0, 1, ..., that are linear combinations of
Chebyshev polynomials up to degree k + 4 that have zero value and first derivative at y = 0 and
1. With these four constraints, the polynomials must have degree at least four to be nonzero. The
desired linear combinations of Chebyshev polynomials are generated using an orthogonal projection
procedure described in [[26], Appendix B] and are the Y; defined there. We use the resulting poly-
nomials on both the x and y grids and denote them as X;(x) and Y;(y) with j,k=0,1,..., M — 1.
We form all the products X;(x)Y;(y) on the spatial grid and assemble them as N = M 2 columns of a
matrix Z. The products have zero value and normal derivative on the boundaries, and hence satisfy
the no-slip boundary conditions.

The problem is further simplified by making the flow modes orthogonal with respect to the
power inner product (5) in discretized form. For a discretized flow of the form Z, multiplied by
either cos(2zt/t) or sin(2wt/t), we can write the discretized power integral (5) as a weighted
inner product (~vWLZ,)" v/WLZ,, where L is the discrete Laplacian and W is the diagonal matrix
of weights corresponding to the compound trapezoidal rule for the spatial integrals in (5), multiplied
by 1/2 for the time integral. We perform a QR factorization

L WLz = QR. (19)
Pe

Then V = ZR! has columns V ; that are orthogonal with respect to the power inner product and
have power (VWLV j)T«/W LV, = Pe?. These are the modes that are used as a basis for f4 and f3
in the unsteady part of the flow given by (7).

We use the modes of V to write a discrete version of the flow in (7):

_\/W ZW ( )ZJ% (@> 20)

Here V; are columns of V representing different spatial modes and a is a vector of coefficients
for the modes. The terms in (20) are mutually orthogonal with respect to the power inner product.
Those with different temporal functions are orthogonal due to the time integral in (5), and those
with different V; are orthogonal by the definition of V. Hence ¥ has power Pe? for any real vector
a. When ||a]| = O(e), the flow (20) is a discrete version of the flow (7). In this case we can write a
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Taylor expansion for Nu like (10) but in powers of a:

Nu(a) = Nu(0) + a’ DNu at -, (21)

1
+ —a’ D’Nu
2 a=0

a=0

where Nu(0) = Nug is Nu for the steady flow and DNu and D?Nu are the gradient vector and
Hessian matrix of first and second derivatives of Nu with respect to components of a, respectively.
We compute the gradient and Hessian as the limits of finite differences. The gradient entries are

oNu . Nu(ee;) — Nu(0)
= =lim ——~

a=0 e—0 €

DNu; = Nu,(ee;) — Nu;(0) = 0. (22)

a=0 821,‘

The limit of the finite difference quotient in (22) is computed by inserting the perturbation expansion
of Nu (10) for the flows corresponding to a = €e; and a = 0. As explained below (14), Nu; = 0 for
a = ce; for all 7, since the first-order temperature field has zero time average. We also have Nu; = 0
for a = 0 since Nu(0) = Nug so the remaining terms in (10) vanish. The entries of the Hessian
matrix are also computed using the expansion (10):

_ 92Nu _ Lm Nu(ee;+€e;) — Nu(ee;) — Nu(ee;) + Nu(0) 23)
a—0 aaiaaj

D’Nu;;
Yij a—0 e—0 €2
= Nuy(ee;+e€e;) — Nuy(ee;) — Nuy(ee;). (24)

These entries are nonzero in general, so the quadratic term in (10) is the leading order change to
Nu due to the unsteady flow perturbation. Thus, for a given (small) magnitude of | a||,, n, say, we
maximize the quadratic term,
max 3a’ D*Nul,_oa. (25)
llalla=n
The optimal flow perturbation a is the eigenvector of the Hessian with the largest eigenvalue, which
is real since the Hessian is symmetric. Therefore, we compute the Hessian for a range of 7 and
Pe, compute the largest eigenvalues in each case, and examine the corresponding eigenvectors (i.e.,
flows). We will examine not only the flow corresponding to the largest eigenvalue but also the flows
corresponding to other positive eigenvalues, to consider a wider range of beneficial flows.

For flows of the form (20), the Hessian is 2N by 2N, with N = M 2. We take M = 45. This value
is chosen in proportion to m (it is slightly below m/8 = 48 when m = 384). If M were much larger,
the highest degree Chebyshev polynomial used in the modes would not be resolved well on the
stretched grids. Each Hessian has 4M* ~ 1.6 x 107 entries to compute, reduced by a factor of 2 by
symmetry, and we compute the Hessian at a large number of t and Pe values. We now describe an
efficient method to compute a single Hessian matrix, i.e., the large number of entries given by (24)
for all i and j.

The sequence of computations for the Hessian is as follows. First, given vy, we solve the zeroth-
order problem (11) for Ty. Next, we work on obtaining Nu,(ee;) fori = 1, ..., N. This means the
flow mode coefficient vector a = €e; fori = 1, ..., N, so our flow (20) has a single nonzero term
in the first summand and none in the second, i.e., a cosine function of time. We put this in the form
(7) by setting f4 to column i of V, fp to 0, and ¢; to 1. Now we follow the remaining steps in that
section to get Nu,: we solve the system (13)—(14) for (714, Tip) and then solve (16) for 75, and
compute Nu, from (17). To compute Nu,(ee;) for i =N + 1, ..., 2N, the steps are the same but
we now have a single sine term instead of a cosine term in (20). So we set f4 to 0, fg to column i
of V, and c; to 1. We can get (T4, T;p) from the previous computations by the following property
of (13)—(14): if the solution for (714, T1p) is (g, h) when (f4, fg) = (f, 0), then the solution for (7}4,
Tip) is (—h, g) when (f4, fg) = (0, f). We proceed as before, solving for Tp; and Nu, to obtain
Nu,(ee;) fori =N + 1, ..., 2N. Having computed Nu,(ee;) in (17) for all i, the same set of values
gives Nuy(ee;) for all j.

For Nuy(ee;+€e;), we have two unsteady terms in (20) which may appear in either summand.
We put this flow in the form (7) by setting ¢; = 2 and set f4 and f according to the four rows of

124503-8



ENHANCING HEAT TRANSFER IN A CHANNEL WITH ...

TABLE I. Choices of f4 and f for the computation of Nu,(ee; +€e;) with i and j in different ranges.

i range Jj range fa /8
I,....,N 1,....,N V4V, 0

1,....N N+1,....2N v, A
N+1,....2N 1,....,N Vv, Vin
N+1,...,2N N+1,....2N 0 Viy+Viy

Table I. ¢; is a cosine mode in rows 1 and 2 and a sine mode in rows 3 and 4; e; is a cosine mode in
rows 1 and 3 and a sine mode in rows 2 and 4. (T14, T;p) is simply the sum of those for Nu,(ee;) and
Nu;(ee;), since the right-hand side of (13)—(14) is linear in f4 and fz. We then form the right-hand
side of (16), solve it for T, and compute Nu, from (17).

We can avoid solving the matrix equation (16) for each of the terms in (24) by instead solving an
adjoint equation just once, greatly reducing the computing time. To do this, we write Eqs. (16)—(17)
in discretized form and then combine them:

M,Ts = by, Nuy = My, Toy — Nup =1 bay,  tng = M MY (26)

Here M; is the m(m — 1) by m(m — 1) matrix composed of the discretized operators that act on 7o,
in (16), now written in discrete form as the vector T»,. The right-hand side vector for (16) is written
bys. My is the 1 by m(m — 1) matrix (or row vector) that corresponds to (17) as a mapping from
T, to Nu. It is a linear mapping formed as a composition of linear mappings: taking the y derivative
of T, at the two boundaries with finite differences followed by integrating the difference of the two
terms using the trapezoidal rule. In the end we obtain an m(m — 1) by 1 column vector ry, that maps
the right-hand side of (16) to Nu, by an inner product. ry, can be computed easily by solving a single
sparse matrix equation, M? ry, = MY . For the Hessian there are ~107 right-hand side vectors for
(16). Instead of solving the matrix equation (16) 107 times to obtain T, and then integrating (17) for
Nu,, we simply take the inner products of the ~107 right-hand sides with the constant vector ryy,
with is several orders of magnitude faster. The dominant cost then is forming the ~107 right-hand
side vectors. With this approach the total time to compute a Hessian is about 2 hours in Matlab on
a recent eight-core Intel processor, instead of about 6 days if the matrix equation (16) were solved
for each right-hand side vector.

We mentioned that only about half the Hessian entries need to be computed because it is a
symmetric matrix. In fact, we can reduce the work by another factor of two. As we show in
Appendix A, the Hessian is block skew-symmetric:

A B
D’Nu = [_ B A}, 27)

and since the Hessian is also symmetric, the blocks A and B are symmetric and skew-symmetric,
respectively. Therefore to form the Hessian we only need to compute about half the entries of A and
B, or about one-quarter of the entries of the Hessian.

We have described how the Hessian is computed for flows of the form (20) with just a single
period. If the flow has unsteady perturbation modes with multiple periods, we show in Appendix B
that the Hessian is block diagonal, with the blocks consisting of the Hessians for each period
alone. Therefore the problem is decoupled, with the eigenvalues and eigenvectors given by those
for each period alone. Next, we compute the single-period blocks of the Hessian for various values
of the period, and the corresponding eigenvectors and eigenvalues. We focus on cases with positive
eigenvalues, so the eigenvectors give flow perturbations that increase Nu.
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FIG. 3. Distributions of Hessian eigenvalues vs tPe at six Pe values: (a) 2°, (b) 2!, (c) 2'3, (d) 2%, (e) 2",
and (f) 2'°.

V. RESULTS

We compute the Hessian across wide ranges of t and Pe values, searching for positive eigenval-
ues. For each Pe value, we find that positive eigenvalues occur only in a single band of 7 values.
In Fig. 3 we plot the eigenvalues at a fixed Pe in each panel; the Pe values range from 2° to 2!°
as we move from Figs. 3(a) to 3(f). We find that the curves align horizontally if we plot them with
respect to TPe instead of t. In other words, the band of T where positive eigenvalues occur scales
approximately as Pe~!. Multiple curves are plotted in each panel, and these correspond to particular
eigenvalues in the ordering from greatest (1) to least (X4950), labeled by color and line type in the
legend. We find that the eigenvalues occur approximately in groups of four (quartets) with almost
identical values. Therefore, the solid blue curves used for the top four eigenvalues (1;—A4) almost
align in each panel, and likewise for the following quartet, As—Ag, Ag—A]2, etc. We plot a few more
eigenvalues (the 20th, 40th, ..., 4050th) without listing in the legend the quartets that they belong
to. All other eigenvalues lie between the lines that are plotted.

The quartets can be divided into two pairs, with the eigenvalues agreeing to about 14 digits within
each pair, and agreeing to two or three digits across the pairs. The pairs with 14 digits of agreement
are due to the block-skew-symmetric form of the Hessian in Eq. (27). If [v;; v»] is an eigenvector
of (27) with eigenvalue X, one can show that [-v; v;] is an eigenvector with the same eigenvalue.
Round-off error gives a small difference.

The less exact but still close agreement across the pairs is due to eigenvectors representing flows
that are localized near either the top and bottom wall, and relatively small in the center of the
channel. One eigenvalue corresponds to a flow near the top wall and the other to almost the same
flow near the bottom wall.

A log scale is used for both axes in each panel of Fig. 3. Since the eigenvalues are both positive
and negative, separate log scales are used on the vertical axis for the positive and negative values
and joined together at £10° for different ¢ in each panel. c is chosen so there are no eigenvalues in
the omitted range, [—10°, 10].

124503-10



ENHANCING HEAT TRANSFER IN A CHANNEL WITH ...

b @, 1

Y B e »
@ T T I L 09 MM
0.8 1
| . ; | Y B [ "
y . 1 0.9 gegee
v . L L
1 , : -
0.6 ! 0.8 ’ ©y 1 TERRRIRY
! 0.9 |
. 0 1 1
6 1 y 1= L L LA
B "‘ ST 11 E 0 |
0 1
!
p 0.8 My 1= SREL L L L
0.6 I | L 09 l
1 - »
0 1 Y ..'. . y 1= CRLAA AL AL AR
. 0.8 | 0.9 I
0 . 0 1
T X

FIG. 4. Stream functions corresponding to the Hessian eigenvectors with the largest eigenvalue at tPe =
10°25 and six Pe values: (a) 2°, (b) 2!, (c) 2'3, (d) 2%, (e) 2", and (f) 2'°. Within each panel, the top and
bottom subplots give the cos(27¢/t) and sin(27¢/t) components of the stream function. The corresponding
vorticity fields are shown in Appendix C, Fig. 11.

The number of positive eigenvalues at Pe = 2° [Fig. 3(a)] is at most eight (two quartets), when
TPe = 10%%-10%, and increases to between 80 and 100 (20 to 25 quartets) at Pe = 2!° [Fig. 3(f)],
at the same tPe. The peak eigenvalues increase with Pe approximately as power laws, Anax(Pe)
~Pe!3? from Figs. 3(a) to 3(c) and Apa(Pe) ~Pe! from Figs. 3(c) to 3(f). Moving from the top
quartet of eigenvalues (blue) to the second (red) and third (green), the eigenvalues decrease rapidly
in magnitude. The decrease can be fit roughly as a power law, ~(quartet number)* with —2 < a <
—0.8, depending on Pe and .

The smallest eigenvalues are negative and are less of a focus here, but they also increase in
magnitude with Pe, as |Api,(Pe)| ~ Pe’* from Figs. 3(a) to 3(f), and have a slight dependence on
7. The vast majority of eigenvalues are clustered near the minimum, between the Aoo and A40s0
lines.

The bandwidth of TPe with positive eigenvalues grows with Pe, and at the largest Pe the curves
become more asymmetric, rising sharply at small TPe and falling off gradually at large tPe.

The main interest of this study is the unsteady flows that are most beneficial for heat transfer. For
small unsteady perturbations, these are the flows corresponding to the largest positive eigenvalues.
For the largest eigenvalues at TPe = 10%% in each of the panels in Fig. 3, we present the flows for
the corresponding eigenvectors in the corresponding panels of Fig. 4. This value of 7Pe maximizes
the blue curves in Fig. 3(c)-3(f) and is slightly below the maxima in Figs. 3(a) and 3(b).

Each panel in Fig. 4 shows the stream function of the flow in two subpanels. The top and bottoms
subpanels show the cosine and sine components, f4 and fz in Eq. (7). The overall magnitudes
are arbitrary since the flows correspond to eigenvectors. The stream functions are nonzero only
in a small region near the top wall, shown in the panels. As discussed previously there is another
eigenvector with nearly the same eigenvalue that gives nearly the same flow at the bottom wall. The
flows consist of sequences of alternating eddies whose sizes and distances from the wall decrease
as Pe increases from Figs. 4(a) to 4(f). The corresponding vorticity fields, given in Fig. 11 of
Appendix C, show a thin row of opposite-signed vorticity near the wall. These are not additional
eddies but simply the shear layers over which the flow velocity transitions to zero at the wall. The
flows in the top and bottom subpanels of Figs. 4(a)—4(f), f4 and fp in Eq. (7), are almost the same
but shifted by one quarter of a horizontal period. We can approximate them as

2Tx . [ 2mx
falx,y) &= F(x)G(y) cos (T) fe(x,y) = F(x)G(y) sin (T) (28)
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with F(x) an envelope function that decays smoothly from 1 in the middle (x = 1/2) to O at the left
and right boundaries (x = 0, 1), and G(y) an envelope function that decays from 1 at the top wall to
zero outside of a boundary layer thickness that depends on Pe. Then the total perturbation flow is

2 2
1 = fax. y)cos (%t) + f5(x,y)sin (%’) ~ F(x)G(y) cos [Zn(;—“ - %)} (29)

a traveling wave multiplied by envelopes. We now compare the speed of the traveling wave to the
maximum horizontal speed of the steady optimal flow, uy(y), shown in Fig. 2. The flow speed rises
to nearly its maximum over the boundary layer, whose edge can be estimated by the y location where
the steady velocity is 99% of its maximum. This is marked by small horizontal lines at the left edge
of each subpanel. The centers of the eddies in Fig. 4(a) are close to the boundary layer edge, while
the eddies in Fig. 4(f) are mostly outside the boundary layer. Therefore in all panels the eddies
occur where the steady flow speed is about its maximum. To compare the traveling wave speed
to the maximum steady flow speed, we place small vertical lines at x = 1/2 at the bottom of the
upper subpanels. In the lower subpanels, we displace the vertical lines horizontally by the amount
they would move under the maximum steady flow as ¢ changes from O (when the flow is given
by the cosine component) to t/4 (when the flow is given by the sine component). The horizontal
distance is /4 times the maximum steady flow speed. Comparing the vertical lines in the upper
and lower subpanels in Figs. 4(a)—4(f), we see that they have about the same position relative to the
eddies. Therefore the eddy velocity (the traveling wave velocity) is about the same as the steady
flow speed.

Next, we compare the flows that correspond to different eigenvalues. In Fig. 5 we show the flows
for eigenvalues in the top 24 quartets for two different Pe, 23 and 2!°, again at tPe = 10°2°. These
are the eigenvalues that range from the solid blue line to the dotted green line in Figs. 3(c) and 3(f).
The flows are arranged in order of decreasing eigenvalue (values listed on each subpanel) moving
downward within each column, starting from the left column and moving rightward. The flows for
Pe = 2'3 are in the three leftmost columns, and those for Pe = 2! are in the rightmost two. The top
flows at each Pe were shown in Figs. 4(c) and 4(f) and correspond to a single chain of alternating
eddies. The second-, third-, and fourth-best flows are similar but are broken into two, three, and four
clusters of eddies, respectively. The four clusters are easier to recognize at Pe = 2'° where there are
more eddies. After this first group of small clusters of eddies, other patterns appear which are larger
and therefore easier to see in the left columns, Pe = 2!3. From the fourth flow onward, the eddies
often adopt a scalloped shape near the boundary. Here the indented streamlines encapsulate smaller
closed eddies near the wall. These smaller eddies are sometimes strong enough to be colored red and
blue, as for A = —14.9 and —9.65. In such cases the stream function magnitudes are comparable in
the largest and smallest eddies. Since the eddy flow velocity scales as the stream function magnitude
divided by the eddy size, the flow velocity is much larger in the small eddies in these cases. These
patterns recall the branching flow structures near walls in optimal steady flows between hot and cold
walls [26-30].

As secondary layers of eddies develop near the wall, the largest eddies generally become larger
and extend further from the wall. At both Pe, there is no obvious change in the types of flows when
the eigenvalues pass through zero and become negative.

We have shown bands of flows with large positive eigenvalues, which increase the Nusselt
number as the square of the unsteady flow amplitude, in the limit of small amplitude. We now
investigate the effectiveness of these flows when the unsteady component has moderate and large
amplitude. Flows of the form (20) have power Pe for arbitrary real a. As ||a|| grows, the unsteady
part grows at the expense of the steady part. As ||al| — oo, we have only the unsteady part, which
obeys no-slip boundary conditions. With no inflow or outflow, the temperature boundary conditions
given below Eq. (1) remain mathematically valid but describe a different physical problem: flow in
a closed box with an insulated wall at the right boundary and fixed temperature on the other three
sides. Then heat leaves the domain by conduction through the left (cold) wall and nearby regions
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FIG. 5. Stream functions corresponding to the Hessian eigenvectors from the top 24 quartets of eigenvalues
at tPe = 10%% and two Pe values: 2'* (three leftmost columns) and 2'° (two rightmost columns). Only the
cos(2mt/t) components of the stream functions are shown. For each Pe (each group of three or two columns),
the stream functions are ordered by eigenvalue (listed at the lower left corner of each panel), starting at the top
of the leftmost column and proceeding downward and then similarly through the column(s) to the right. Only
0.6 <y < 1 is shown for the three leftmost columns, and only 0.8 < y < 1 is shown for the two rightmost
columns. The corresponding vorticity fields are shown in Appendix C, Fig. 12.

of the top and bottom walls. We find in our simulations, described next, that the flows become
ineffective well before this limit.

We simulate the unsteady advection-diffusion equation (1) with flows of the form (20) where a
is an eigenvector with either the largest or the fifth largest eigenvalue, i.e., from the first or second
quartets. These are the eigenvalues on the blue and red curves in Fig. 3. For the six Pe and nine tPe
in that figure, we set a to v; and vs, the eigenvectors corresponding to A; and Xs, in all the cases
where these eigenvalues are positive. In such cases, we vary € = ||a|| from 107! to 1073, At the
lower end of this range, the unsteady flow is small relative to the steady part, while at the upper
end the unsteady flow may be larger at certain times near the upper and lower walls. However, the
steady flow is always dominant near the inflow and outflow boundaries, so the inflow and outflow
boundary conditions are valid.

We simulate Eq. (1) as an initial value problem, starting from the initial condition given by (9)
up to O(e?) and evaluated at t = 0. We use the Crank-Nicolson method for time stepping, and the
spatial derivatives are discretized as previously, with second-order finite differences on the stretched
grids. We simulate the flows up to ¢ = 207, by which time the flows have reached a periodic steady
state for several periods in all the cases that increase Nu over the steady value. Some cases with
relatively large € do not reach the periodic state, but they also do not increase Nu and are not
considered further.
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FIG. 6. Nu vs perturbation amplitude €, for flows corresponding to the largest Hessian eigenvalues at six
Pe values: (a) 2°, (b) 2!, (c) 213, (d) 2", (e) 27, and (f) 2'°. At each Pe, curves are plotted for a subset of the
TPe values listed at right, those for which the largest eigenvalue is positive.

For the largest eigenvalue A, the steady-state time-averaged Nu for the simulations are plotted
in Fig. 6. Each panel corresponds to the same panel in Fig. 3, with the eigenvalue following the blue
curves. In Fig. 6(a) only three curves are shown, because the blue curve in Fig. 3(a) exceeds zero
at only three tPe values. More curves are shown in the other panels, corresponding A; > 0 at more
tPe. By plotting (Nu — Nug) versus € on log-log axes (not shown), one finds that all the curves rise
quadratically with € for small €, with a curvature given by the corresponding A, as expected. In
Fig. 6 log-linear axes are used instead, so Nuy (the values that the curves approach at the left ends
of the plots) and the peak Nu can both be seen.

In each panel of Fig. 6, the peak Nu occur at moderately large €, 10792 to 1023, They occur
on the light blue, green, or yellow curves, i.e., with TPe = 10%5-10". These are generally longer
periods than the ones that give the largest eigenvalues in Fig. 3, which were tPe = 10°2° and 10°°.
One can see that the curves that rise most rapidly at small € in Fig. 6 [light blue in Figs. 6(a)-6(b)
and dark purple in Figs. 6(c)-6(f)] do not give the peak Nu. The largest increases in Nu relative to
Nug range from 7% in Fig. 6(a) to 30%—35% in Figs. 6(c)-6(f). In most cases, curves with larger
TPe peak at larger €, so lower perturbation frequencies work well with larger perturbation amplitude
and higher frequencies with smaller amplitudes. Large increases in Nu can be obtained with a wide
range of frequencies, particularly at large Pe, when the optimal amplitude is chosen.

Figure 7 plots Nu versus perturbation amplitude for As, i.e., the second quartet, the red curves
in Fig. 3. The panels have slightly fewer curves than previously because some tPe had only one
positive eigenvalue, not two. The peak Nu again occur at € = 107%23-10°2%, They occur at a similar
but somewhat wider range of tPe, 10°2°-10'. The dependence of the peaks on TPe is complicated
at large Pe in Figs. 7(d)-7(f). At first the peaks rise with tPe, reaching a maximum at 1023, the dark
purple curves. They then decrease and increase again, reaching a second maximum at 10! or 10'->
[in Fig. 7(f)], the yellow or orange curves. The same phenomenon also occurred in the previous
figure but was not discussed.
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FIG. 7. Same quantities as in Fig. 6 but for the fifth largest eigenvalue (the second quartet).

The heat transfer enhancement Nu — Nuyg is very small in Fig. 7(a), where the eigenvalues
happen to be very small (but positive). By contrast, Figs. 7(b) and 7(c) show peak Nu — Nuy values
similar to Figs. 6(b) and 6(c), while Figs. 7(d)-7(f) show significantly larger peak Nu — Nug than
Figs. 6(d)-6(f). Thus the second quartet gives larger heat transfer enhancement than the first at large
Pe, up to 44%-56% in Figs. 7(d)-7(f).

In Fig. 3 we found that the eigenvalues have a peak near tPe = 10°2° but are positive and large
over a broad range, broader at larger Pe. In Figs. 4 and 5 we showed the flows for the top eigenvalues
at TPe = 10%2 only. However, in Figs. 6 and 7 we showed Nu across a wide range of Pe and found
that the maximum Nu occur at tPe in the range 10%3 to 10', larger than tPe = 10°2° where the
small-amplitude peak of Nu, corresponding to the eigenvalues, usually occurred. To study the flows
at the tPe where the maximum Nu occur in Figs. 6 and 7, we show optimal unsteady perturbation
flows across tPe in Fig. 8. The first three columns are flows for the top eigenvalue 1|, including
all of the tPe values in Fig. 6 and half of the Pe values, those for Figs. 8(b), 8(d), and 8(f). We
see a clear transition in the flow structure as TPe increases from top to bottom. At the top the flows
consist of very small eddies concentrated very close to the boundary, and increasingly near the
outflow boundary. As tPe increases (and as Pe decreases), the eddies become larger and the chains
are more centered horizontally. For TPe > 10%75 the eddies are less localized near the wall and
typically fill the whole flow domain.

In the right three columns, the same quantities are shown for A9, an eigenvalue from the third
quartet, for comparison. At tPe = 10° and neighboring values one can see that the eddies occur
in three clusters instead of one, the pattern discussed previously with the sequence of eigenmodes
shown in Fig. 5. Otherwise, the flow patterns and transition with TPe are generally the same as for
the first quartet, except some modes for A9 are clustered near the inflow side of the top wall instead
of the outflow side.

In all of the columns, some of the flows correspond to negative eigenvalues, e.g., the top row,
7Pe = 1073, but most have positive eigenvalues, and these are marked by purple lines running
along the right edges. The cases with negative eigenvalues tend to occur at the smallest or largest
7Pe and the smallest Pe, and can be specified by where the solid blue and green lines in Figs. 3(b),
3(d), and 3(f) lie below the dashed lines.
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FIG. 8. Stream functions corresponding to the Hessian eigenvectors from the best and third-best quartets
of eigenvalues, labeled X, and Ay respectively. Each row corresponds to one of nine tPe values (labeled at
the left), and each column corresponds to one of three Pe values (labeled at the top). Only the cos(2rwz/7)
components of the stream functions are shown, and only in the range 0.5 <y < 1. The cases with positive
eigenvalues are marked by purple lines running along the right edges. The corresponding vorticity fields are
shown in Appendix C, Fig. 13.

The main takeaway message of Fig. 8 is that the flow perturbations change from localized at the
boundary to channel-filling at Pe ~ 10°°-10", which is the range that gives the peak Nu values at
large amplitude in Figs. 6 and 7. Therefore, both types of flows—wall-bounded with high frequency
and channel-filling with low frequency—can be comparably effective at increasing Nu. We now
show examples of the temperature fields that correspond to both types of flows.

In Fig. 9 we show flows and temperature fields at two values of tPe that straddle the transition
from local to global flows. The flows are shown in the top panels of each column, at a medium 7Pe,
corresponding to a local flow, in Figs. 9(a) and 9(b), and a large tPe, corresponding to a global
flow, in Figs. 9(c) and 9(d). The first of each pair of columns [Figs. 9(a) and 9(c)] give the flow and
temperature fields for A, the top quartet. The second pair of columns [Figs. 9(b) and 9(d)] give the
same quantities for As, the second quartet. Below the top panels we show three rows of temperature
field snapshots, for three values of the perturbation amplitude €: small, medium, and large (relative
to the steady flow), as one moves downward. The middle of the three € gives the peak Nu value.
For all of these cases, Pe = 2!, corresponding to the dark purple and green curves in Figs. 6(b) and
7(b), at three € that include the peaks.

For all the cases in Fig. 9, Nuy = 29. Flows in Figs. 9(a) and 9(b) give peak increases of 12%
and 9% respectively, versus 21% and 19% for flows in Figs. 9(c) and 9(d), which have much
smaller eigenvalues than Figs. 9(a) and 9(b) (listed at the top of the columns). The smaller eddies of
Figs. 9(a) and 9(b) correspond to smaller and more numerous temperature plumes emanating from
the top wall (and similar but weaker eddies and plumes at the bottom wall). By contrast, flows in
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FIG. 9. AtPe = 2!!, flows and temperature fields for the largest and fifth largest eigenvalues. Here (a) and
(b) correspond to a medium period, TPe = 10%2° while (c) and (d) correspond to a larger period, TPe = 10°7.
The first columns of each pair (a and c) correspond to the largest eigenvalue, and the second columns (b) and
(d) correspond to the fifth largest eigenvalue. The top panel of each column is the flow for the corresponding
eigenmode, with the eigenvalue listed above. The next three panels, moving downward, plot the temperature
fields from the solution of the unsteady advection-diffusion equation with the given flow perturbation at
three increasing amplitudes (¢). The € values are (a), (b) 107%7, 107925 10°; (c) 107°3,10°, 10°%; and
(d) 107925, 10%25, 10%3. The temperature fields are plotted at time ¢ = 207, after a periodic steady state has
been reached. The time-averaged Nu is labeled at the left side of each temperature field. The vorticity fields
corresponding to the stream function plots are shown in Appendix C, Fig. 14.

Figs. 9(c) and 9(d) have up-down symmetric streamlines, and the large eddies create significant
plumes at both walls. However, there is also an energetic cost to having a nonuniform flow across
the entire channel. For all of these flow perturbations, the basic mechanism for increasing Nu
involves the eddies bringing cold fluid toward the wall while moving hot fluid away from it at
certain locations. The local temperature boundary layer thickness decreases and increases at these
locations, respectively, but the net effect is to decrease the boundary layer thickness (and increase
Nu) except in the lower right corner. Here € = 10°, and the unsteady flow is much stronger relative
to the steady flow than in the panel above. The plumes of hot fluid are also much wider, resulting
in a net increase in the boundary layer thickness. In general, the optimal temperature fields (those
in the middle row) are qualitatively similar to those above and below it, but represent an optimal
balance of mixing by the unsteady part and advection by the steady part.

Figure 10 shows the same quantities for Pe increased to 2'%, and tPe set to 10° in Figs. 10(a) and
10(b) (stacked vertically) and 10" in Figs. 10(c) and 10(d). The cases correspond to the magenta and
yellow curves in Figs. 6(d) and 7(d), at three € that include the peaks. In Fig. 10, Nuy = 88, so the
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FIG. 10. The same quantities as in Fig. 9, but with Pe increased to 2! and tPe = 10° in (a) and (b)
and 10! in (c) and (d). The € values are also different: (a) 107!, 107%3, 107%2%; (b) 10797, 107°% 10°%; (¢)
10793, 10°, 10°2%; and (d) 10792, 10%25, 10%3. The vorticity fields corresponding to the stream function plots
are shown in Appendix C, Fig. 15.

flows in Figs. 10(a) and 10(b) give peak Nu increases of 19% and 24% respectively, versus 31% and
45% for the flows in Figs. 10(c) and 10(d). Again, the eigenvalues (at the top of each column) are
much larger for Figs. 10(a) and 10(b) than for Figs. 10(c) and 10(d). In Figs. 10(a) and 10(b), there
are many more eddies and hot plumes than in Figs. 9(a) and 9(b). In the optimal cases (the middle
temperature fields), the plumes extend farthest from the wall, but the outer portions of the plumes
are cooler than in the cases below. Hence the very hot (red) part of the boundary layer is thinner
in the middle temperature fields, resulting in larger Nu. Figures 10(c) and 10(d) show the results of
the large, low-frequency eddies, slightly less symmetric than in Figs. 10(c) and 10(d) the previous
figure but having almost the same form. The temperature fields in Figs. 10(c) and 10(d) have plumes
in nearly the same places as Figs. 9(c) and 9(d), but they and the wall boundary layers are thinner
due to the larger Pe. Nu is almost the same for the last two panels of Fig. 9(c) even though 7 differs
by a factor of 10°2° & 1.8. There is a larger difference between Nu for last two panels in Fig. 9(d),
which may be due to the larger extent of the hot plume along the top wall in the bottom panel.

VI. CONCLUSIONS

We have computed optimal unsteady perturbations to optimal steady unidirectional flows in a
channel. In the limit of small perturbations, the leading-order change in the heat transfer (Nu) is
quadratic in the perturbation size. We expanded the perturbation in a set of flow modes that are
orthogonal with respect to the power integral (Pe?). Increases in heat transfer then correspond to
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positive eigenvalues of the Hessian matrix, the second derivatives of Nu with respect to the mode
coefficients. Perturbations with different periods () are decoupled and can be considered separately
(i.e., the Hessian is block diagonal). We gave an efficient method to compute the ~107 entries of
the Hessian at a range of T and Pe, and then we searched for Hessians with positive eigenvalues.

We found that positive eigenvalues occur in certain bands of 7 that scale as Pe~!. The largest
eigenvalues (actually quartets of eigenvalues) correspond to chains of eddies near the walls that
move as traveling waves, at a speed close to that of the steady background flow. The next largest
eigenvalues give eddy chains subdivided into clusters of two, three, four, etc. Subsequent eigenval-
ues give eddies with multiple scales, with the smallest adjacent to the wall. The largest eddies are
eventually the size of the entire flow domain. The eddy size decreases with increasing Pe and with
decreasing 7. Ata crossover t [i.e., TPe = O(1)], the eddies corresponding to the largest eigenvalues
change from localized near the wall to domain-filling, with smaller eddies near the wall.

Although the unsteady flows are derived in the small amplitude limit, they give large increases
in heat transfer for a given power at large amplitude also—up to about 56% at the largest Pe studied
here, 2!°. Larger increases occur with the second quartet of eigenmodes than the first, despite
having much smaller eigenvalues, and still larger increases may occur with subsequent eigenmodes,
not studied in detail here. We obtain large increases in Nu across a range of flow periods t, and
the largest increases occur at larger t than those that give the largest eigenvalues. These large
correspond to eddies that range up to the domain scale. Hence we obtain heat transfer enhancement
by a variety of unsteady flow perturbations, including a wide range of length and time scales.
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APPENDIX A: THE HESSIAN IS BLOCK SKEW-SYMMETRIC
In order to show the Hessian is block skew-symmetric as in Eq. (27), we need to show
Nuy(ee;+€e;) — Nuy(ee;) — Nus(ee;) = DzNui_j
= D’Nujiy, j+n = Nua(eey+eejiy) — Nus(een) — Nus(eejy), i,j=1,...,N, (Al)
which implies the two blocks labeled A in (27) are the same and
Nus(ee;y +€e;) — Nua(eeiy) — Nua(ee;) = D*Nuiyy
= —D’Nu; 1y = —Nua(ee;+€e;n) + Nus(ce;) + Nus(eejy), i,j=1,...,N, (A2)

which implies B is the same in the blocks labeled B and —B in (27).

First we show (A1). For Nuy(€e;), i = 1, ..., N we have a perturbation that is a cosine function
of time, with (fa, f) = (V;, 0) (in discretized form). Let the corresponding solution for (7}, 1)
be (g;, h;) (also in discretized form). Then the right-hand side of Eq. (16) for T5; is

by (ce;) = —%DyVi -Dygi + %Dsz‘ -Dyg; + %Dy‘l’o -D, Ty — %Dx‘l’o -D, Ty, (A3)

where D, and D, are discrete first x and y derivative operators (finite difference matrices), Ty is the
discrete (vector) form of Ty, and - is the componentwise product of vectors.

For Nuy(ee;), j =1, ..., N, mode j is also a perturbation with a cosine function of time, so we
have (fa, fp) = (V;, 0). The calculation proceeds as in the previous paragraph but with j in place
of i:

by (ee;) = —iD,V;-D.g; + 1DV, -D,g; + iD, ¥, - D, Ty — 1D, ¥, - D,To.  (A4)
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For Nuy(ce; +€e;), i, j=1,...,N, we have (fa, fp) = (V; + V;, 0) and by linearity of (13)—
(14), (T1a, Tip) = (g + g, h; + h;). Consequently,
bys(ce; +€e;) = _%Dy(vi +V;) -D(g +g;)+ %Dx(vi +V;) -Dy(g +g;)
+ D}’\I’O ‘ DxTO - DX‘I’O : DyTO- (AS)

We showed in (26) that Nu, is a linear function of by, i.e., an inner product of by, with the
constant vector ryy,. So the left-hand side of (A1) is

Nuy(ee;+ee;) — Nua(ee;) — Nua(ee;) = ry,[bas(ce;+€e;) — ba(ee;) — bas(ee;)]. (A6)
To verify this equals the right-hand side of (A1), we will show that

bys(€e;) = bys(eeyn), bas(ee;) = bys(eejy), bos(ce; + €e;) = bos(eey +€ejy),
i,j=1,...,N. (A7)

The terms on the right sides of Eqs. (A7) correspond to perturbations that are sine functions of
time. To compute these terms we recall the following property of (13)—(14) stated in Sec. I'V: if the
solution for (T4, Tip) is (g, h) when (fu, fz) = (f,0), then the solution for (T14, Tip) is (—h, g
when (fa, fg) = (0, f). For the perturbation €e;,y, (fa, f5) = (0, V;) and therefore (T14, T1p) =
(—h;, g), using the result for the perturbation ee;. Plugging these into the right-hand side of Eq. (16)
for T>; shows that by,(ee;) = bys(ce; ) and likewise for the other two equations in (A7). Thus
Nup(eeiy+eejin) — Nux(eeiry) — Nup(ee;y) equals the right side of (A6), and (A1) follows.

To show (A2) we need two terms we have not yet computed, bys(ce; + €e;,n) and bos(eeiy +
ce;).

jFor the perturbation ee; + €e;;y we have (fa, fp) = (V;, V;). Using the linearity of (13)—(14)
and the results for the two perturbations separately, (T14, Tip) = (g — h;, g; + h;). Thus

bys(ce; + €ejn) = —3DyV; - Di(g; —h)) — 3DV, - Di(g; + h) + 5D, V; - Dy(g; — h))
+1D,V; - Dy(g; + h)) + D, ¥ - D,T; — D, ¥, - D, T,. (A8)

For the perturbation ee;y + €e; we have (fa, fp) = (V;, V;). The result for by, is the same as
(A8) but with i and j switched:

by (eeisy + ;) = —iD,V; - Di(g; —h)) — 1D, V; - Di(g; + h;) + 1DV, - Dy(g; — h))
+ %DXVi -Dy(g; +h;) +D,¥, - D, Ty — D, ¥, - D, Tj. (A9)
Combining the first two equations of (A7) with (A8) and (A9), we have

bys(ce; + €ej ) + bos(eeiyny + €e;) — bys(ee;) — bas(eein) — bys(ee;) — bys(eejn) =0.
(A10)

Taking the scalar product of the left side of (A10) with ryy, gives (A2).

APPENDIX B: THE HESSIAN IS BLOCK DIAGONAL

We show now that the Hessian is block diagonal, with the blocks consisting of the Hessians for
each period alone. Suppose the flow is of the form (20) but has modes with at least two different
periods 7; and 1,. We write out just four such modes, the sine and cosine terms for each period:

1 2t 2t 2t
V= |:\Ilo +a; W cos (i) + a, W5 sin (i> + a3 W3 cos <l>
Jv1+|a|? T 7] %)
. (27t
+ a4W4sm(T—>+-~-i|. B1)
2
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We now show that
D*Nu;jla—o = Nup(ee;+e€e;) — Nuy(ee;) — Nuy(ee;) = 0 (B2)

if i and j correspond to modes with different periods, i.e., if i € {1,2} and j € {3, 4} or vice
versa. Assume the former, i € {1, 2} and j € {3, 4}, without loss of generality. Next, we write the
continuous version of the flow terms given in (B1),

€

1 €
It) = —— e — , 2 e ,y)sin(2
Yix, y, 1) mwo(y) mfm(x y)cos(2mt /1) mfm(x y)sin(2rwt/1y)
(B3)
Saz(x,y)cos(2mt /o) + Sfea(x, y)sin(2mt /13) (B4)

€ €

* V1+cre? V1+ce?
and then use the expansions in Sec. II to calculate the three Nu, terms in (B2). Here (B4) is similar to
Eq. (7) but with separate terms for each period. For Nu,(ee;), we have just the mode-i perturbation,
so in (B4) only one of fx; and fp; is nonzero, fia» = fp» = 0, and ¢; = 1. Following the derivation
in Sec. II, the zeroth- and first-order advection diffusion equations (11) and (12) still hold. With the
flow (B4) inserted into (12), we obtain a coupled system like (13) and (14) and a solution pair (714,
Tip) for period ;. We insert

Y1 = far(x,y)cos2mt/t1) + fpi(x, y)sin(2wt/11), (BS)

T = Tia1(x, y) cos(2nt /T1) + Tipi (x, y) sin(2wt /T1) (B6)

into the second-order Eq. (15). Only steady terms on the right-hand side will contribute to 75, and
therefore to Nu,(ee;). The steady terms are

— 10, fn10:Tiar + 30:f110yTiar — 30y f519:Tip1 + 30x 510, Tim1 + 30y%00:To — 30:¥00, Ty, (BT)

almost the same as the right-hand side of Eq. (16), with ¢; = 1.

For Nu;(ee;), we have just the mode-j perturbation, so in (B4) only one of f4, and fp, is nonzero,
fa1 = fe1 =0, and ¢; = 1. The calculation proceeds very similarly to previous case. We obtain a
coupled system like (13) and (14) and a solution pair (7142, T1p2) for period t,. We now insert

1[[1 = fAZ(xv )’) COS(27T[/'L'2) + fBZ(-x’ )’) Sin(znt/TZ)’ (BS)

Ty = Thaz(x, y) cos(2mt/12) + Tipa(x, y) sin(27t /72) (B9)
into the second-order Eq. (15). The steady terms on the right-hand side are now

— 30y f120x T2 + 50x 020y Tiaz — 30y f520xTim2 + 50x 320 T2 + 30400 To — 50x W00, .
(B10)

For Nuy(ee;+€e;), only one of fa; and fp; is nonzero, only one of f4» and f3, is nonzero, and
c1 = 2 in (B4). We now insert

Y1 = far(x, y)cos(2mt /Ty)+fp1(x, y) sin(2mt /T)+ fao(x, y) cos(2mt /T2)+ fpa(x, y) sin(27wt /T2)
(B11)

into (12). The right-hand side of (12) is linear in ¥, the left-hand side is linear in 7j, and the
boundary conditions are homogeneous. Since (B11) is a sum of (B5) and (B8), the solution to (12)
is

Ty = Tia1(x, y)cos(2mt /T )+Tipi (x, y) sin(2rt /71)+T1a2(x, ¥) cos(2mt /1) +Tip2(x, y) sin@Rrt / 12),
(B12)

a sum of (B6) and (B9). We insert (B11) and (B12) into the second-order Eq. (16). The steady terms
on the right-hand side are the sum of the steady terms with mode i and mode j separately, (B7)
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and (B10). All the products of derivatives of terms in (B11) and (B12) with different periods yield
no steady terms, using trigonometric product-to-sum identities. For Nu,(ee;+€e;), the right-hand
side of (16) is the sum of the right-hand sides for Nu,(ee;) and Nuy(ee;). The boundary conditions
are homogeneous, and therefore 75, for Nu,(ee;+e€e;) is the sum of 75, for Nuy(€e;) and Nuy(ee;).
Hence Nuy (ee;+€e;) = Nuy(ee;) + Nuy(ee;), as claimed. We have shown that the Hessian is block
diagonal, with a single block for each period.

If 7; and 1, are commensurate periods, the combined flow (B1) is periodic and Nu and the power
are still defined as in (2) and (5), as period averages. If 7; and 7, are incommensurate periods, the
combined flow (B1) is nonperiodic, and we change the period averages to long-time averages, the
limits of (2) and (5) as t — oo. The above calculations showing the Hessian is block diagonal
remain valid in this case.

APPENDIX C: VORTICITY FIELDS

Figures 11-15 present the vorticity fields corresponding to Figs. 4, 5, 8, 9, and 10, respectively.
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FIG. 11. Vorticity fields corresponding to the Hessian eigenvectors with the largest eigenvalue at tPe =
10°2% and six Pe values: (a) 2°, (b) 2!, (c) 2'3, (d) 2", (e) 2", and (f) 2'°. Within each panel, the top and
bottom subplots give the cos(2w¢/7) and sin(27¢/7) components of the vorticity field.
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FIG. 12. Vorticity fields corresponding to the Hessian eigenvectors from the top 24 quartets of eigenvalues
at TPe = 10°% and two Pe values: 2'3 (three leftmost columns) and 2'° (two rightmost columns). Only the

cos(2mt/t) components of the vorticity fields are shown. For each Pe (each group of three or two columns),
the vorticity fields are ordered by eigenvalue (listed at the lower left corner of each panel), starting at the top
of the leftmost column and proceeding downward and then similarly through the column(s) to the right. Only
0.6 <y < 1 is shown for the three leftmost columns, and only 0.8 < y < 1 is shown for the two rightmost
columns. The constant C in the color scale limits corresponds to ||w||«/4, with a different value for each
subpanel.
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FIG. 13. Vorticity fields corresponding to the Hessian eigenvectors from the best and third-best quartets of
eigenvalues, labeled A, and ¢ respectively. Each row corresponds to one of nine tPe values (labeled at the left),
and each column corresponds to one of three Pe values (labeled at the top). Only the cos(27¢/7) components
of the vorticity fields are shown, and only in the range 0.5 < y < 1. The cases with positive eigenvalues are
marked by purple lines running along the right edges. The constant C in the color scale limits corresponds to
|lw|l /4, with a different value for each subpanel.
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FIG. 14. At Pe = 2", flows and temperature fields for the largest and fifth largest eigenvalues. Columns
(a) and (b) correspond to a medium period, TPe = 10°2 while (c) and (d) correspond to a larger period,
7Pe = 10%75, The first columns of each pair (a) and (c) correspond to the largest eigenvalue, and the second
columns (b) and (d) correspond to the fifth largest eigenvalue. The top panel of each column is the vorticity
field for the corresponding eigenmode, with the eigenvalue listed above. The next three panels, moving
downward, plot the temperature fields from the solution of the unsteady advection-diffusion equation with
the given flow perturbation at three increasing amplitudes (¢). The € values are (a), (b) 107%7°, 107925 10°;
(c) 107°3,10°, 10°%%; and (d) 107°%%, 10%25, 10%3. The temperature fields are plotted at time ¢ = 20z, after a
periodic steady state has been reached. The time-averaged Nu is labeled at the left side of each temperature
field.
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FIG. 15. The same quantities as in Fig. 14, but with Pe increased to 2'° and zPe = 10° in (a) and (b)
and 10! in (c) and (d). The € values are also different: (a) 107!, 107%° 107%%; (b) 107°7%, 10793, 10%;
(C) 10—0.5, 100’ 100.25; and (d) 10—0.257 100.25, 100.5.
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