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ABSTRACT

Heat flux measurements in several specially de-
signed turbulent flows with inhomogeneous temperature
field are presented and analyzed with the purpose of
evaluating the performance of the gradient transport
models (GTM) as well as several of the generaliza-
tions. One of the flows considered is a uniform grid-
generated flow; two others are shear flows with trans-
verse homogeneity and a constant mean velocity gradi-
ent. The fourth is the wake of a circular cylinder
in which an asymmetric temperature field is created
by heating a combination of thin wires located off-
axis. A GTM with a constant turbulent diffusivity
adequately describes the turbulent heat flux in all
three homogeneous flows, while in the inhomogeneous
flow, forcing gradient transport to the measured heat
flux results in negative diffusivity over a part of
the flow. Direct evaluation from the present and
other measurements shows that none of the generaliza-
tions of the GTM is adequate. It is suggested that
the large eddy transport in inhomogeneous shear flows
is the possible cause for the failure of the GIMS,
and that its apparent success in symmetrically heated
free shear flows is largely due to the imposed bound-
ary conditions.

NOMENCLATURE

d = diameter of the cylinder

D = turbulent diffusivity

h = height of the wind-tunnel test section

2g = half the distance between half-maximum 6' points

Lf = longitudinal integral length scale

Lg = transverse integral length scale

L, = half the distance between T __ /2 points

] max

M = mesh size of the grid

1 = 1

q (uju;)s

T = mean temperature rise above the ambient

u, o= velocity fluctuation in the direction 1

Ui = mean velocity in the direction i

VC = characteristic bulk convection velocity

W = wake defect velocity

Xy o= coordinate axes; i=1 is along the flow and i=2
is along the direction of maximum shear.

8 = temperature fluctuation

Suffixes

o = centerline value

max = maximum value
' = root-mean-square value

INTRODUCTION

Virtually all the "classical turbulent theories'
model turbulent transport of momentum, heat or a pas~
sive contaminant by linear mean gradient models. This
hypothesis, probably attributable to de St. Venant or
to Boussinesq, has appeared in different forms - usu-
ally incorporating an ad hoc estimate of the propor-
tionality coefficient, the "eddy viscosity" or "eddy
diffusivity" (for example, (1,2)).

In spite of the enormous development in turbu-
lence modeling witnessed over the last two decades,
the simplicity of the gradient transport models (GTM)
- often with enough adjustable parameters - appears
to be responsible for their persistent use in some
areas of engineering practice, especially in meterol-
ogy and oceanography. Among other things, gradient
transport models require that the characteristic scale
of the turbulent transporting mechanism must be small
compared with the dimension characteristic of the in-
homogeneity of the mean transported quantity. It has
been pointed out many times (3-5) that nearly all
turbulent flows violate this basic a priort require-
ment, and yet a reasonable degree of success has been
claimed for the gradient transport models, especially
in free shear flows. Therefore, a study directed
towards determining the reasons for this (apparent)
success of the GTMs appeared to be worthwhile; this
is one of the goals of the present study.

Several instances can now be quoted which, over
the years, have demonstrated the inadequacies of the
GTMs (6-15). Mindful of these inadequacies to turbu-
lence, several formal generalizations have been pro-
posed (5, 16-18). Alternatively, it has been thought
that formal generalizations do not address themselves
to the heart of the problem, and so some ad hoc 'cor-
rections' - which could even be drastic - have also
been proposed, for example (19). However, the val-
idity of any of these models in more than one situa-
tion remains to be tested. This is the second purpose
of the present study. For this purpose, we designed
several simple experimental configurations in some of
which simple gradient transport models worked well
but in some of the others did not. Presentation of
the experimental data in these flows - with a possible
relevance to turbulence modeling and the computation
of complex turbulent flows forms yet another purpose
of our paper.

FLOW CONFIGURATION

Figure 1 shows a schematic representation of the
experimental configurations used here. The wind tun=-
nel was of the open-return type with a nominal test
section 30 cm x 30 cm, and about 3.65 m long. Air
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flow was created by two axial fans in tandem. An
essentially constant pressure field was created
by adjusting the vertical walls.
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Fig. 1. Schematic of experimental set-up

Three homogeneous flows and one inhomogeneous
shear flow were studied. One of the homogeneous
flows was the uniform flow produced behind a square-
mesh biplane cylindrical-rod grid with 2.54 cm mesh
and solidity 0.36. The mean volocity was nominally
uniform across the test section. The temperature
field was created by electrically heating each of
the horizontal rods of the grid separately, so that
the desired inhomogeneous mean temperature field
could be created (Figure la).

The two other homogeneous flows with nominally
uniform positive or negative mean velocity gradient
were created by placing a shear generator 20 mesh
sizes downstream of the turbulence-generating grid
(see Figures 1b and lc). The shear generator is an
array of horizontal non-uniformly spaced cylindrical
rods (20) and could be inserted in the tunnel such
that dUi/dx; could be positive (Figure 1b) or nega-
tive (Figure lc). The temperature field was created
exactly as in the uniform flow case.

Lastly, the inhomogeneous shear flow studied
here is the wake of a circular cylinder (d = 1.1 cm)
in which the temperature field was produced by heat~
ing three thin parallel wires (diameter 0.127 mm)
mounted asymmetrically with respect to the cylinder
on a wooden frame which could be inserted (see Figure
1d) at any of the three locations (x3/d = 1.2, 2.3,
and 46) downstream of the cylinder. Also, the spac-
ing between the wires, their transverse location with
respect to the cylinder and the heating current in
each of the wires could be adjusted independently to
obtain within limits any desired mean temperature
distribution.

INSTRUMENTATION

Mean velocity Uy along the tunnel centerline
was measured with a pitot-static tube. The mean ve-
locity profile Uj(x2) and the velocity fluctuations
u, and u, were measured with a DISA 55P51 gold-plated
X-wire probe, with sensing elements 5 um in diameter
and 1.25 mm in length, powered by two DISA 55D01 con-
stant temperature anemometers; D.C. power supplies
were used to minimize the noise level. The mean tem-
perature profile T(xz) and the reference temperature
upstream of the grid were measured with two Fenwall
Electronics GC32M21 thermistor probes., The tempera-
ture fluctuation 6 was measured with a DISA 55P31
platinum wire probe with the wire length of 0.4 mm
and diameter 1 uym. The temperature wire was position-
ed vertically at a distance of about 0.5 mm from the
nearest wire of the X-wire probe, and was operated at
a constant current of 0.3 mA on a home-made constant
current source (21). The operating current was low
enough to render the velocity sensitivity of the tem-
perature wire negligible. The temperature contamina-
tion of the velocity signals was eliminated by cor-
recting them with the instantaneous local temperature
measured with the temperature wire (22). The vertical
position of the probes was adjusted with a variable
speed motor and a gear mechanism.

All signals were amplified and low-pass filtered
at an upper cut-off frequency of 5 kHz. The signals
were also corrected for noise assuming that the noise
was statistically independent of the signal. The
signals were digitized and processed on a DEC PDP
11/40 digital computer.

RESULTS IN HOMOGENEOUS FLOWS

Mean Velocity and Mean Temperature Distributions

Measurements were made at x,/M = 60 and 128 but,
in most cases, only those made at XI/M = 60 are re-
ported here. In all the cases, there was a signifi-
cant region of two-dimensionality in the mean quanti-
ties.

Figure 2 shows the distribution of mean velocity
and mean temperature rise for the three homogeneous
flows. For the uniform flow experiment, the mean
velocity was uniform across the test section to within
about 2% of the centerline velocity of 17.2 m sec™t.
The grid mesh Reynolds number was about 29100. The
two other flows had roughly linearly varying mean
velocity profiles (except for the last point in each
case on the low velocity side). The centerline ve-
locity Ul in both cases was 16.0 m sec” , and
|du, /dx | was 17.9 m sec=?!,
In? b1l three cases, the mean temperature distri-
butions were quite similar. The maximum mean tempera-
ture rise of 2.7°Cwas low enough to consider heat as
a passive scalar. This was also verified by noting
that the measured root-mean-square velocity intensi-
ties with and without heating were essentially the
same. A measure of the inhomogeneity of the tempera-
ture field is given by the parameter (dT/dx,) L_/T
In the present experiments, this parameter was Bot12
mated to be as high as 0.5, signifying a sizeable
inhomogeneity.

Root-~Mean-Square Intensities

Figure 3 shows the transverse distribution of
the normalized root-mean-square velocity fluctua-
tions in the central two-thirds of the tunnel height.

For the uniform grid flow, both u; and ué are uniform
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Fig. 2. Transverse distributions of mean velocity
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Fig. 3. Transverse variation of turbulence intensi-
ties

to within #5%. The ratio uj/u} * 1.15, quite compar-
able to that inother almllar flows (23). For the shear
flows, on the other hand, there is a *12% variation
in u;/U;, and about *8% variation in u ,/U; 4. For the
present purposes, these distributions are considered
sufficiently homogeneous in the transverse direction.
On the average, u;/u; = 1.23. At x_/M = 128, the
turbulence 1ntens1ty distributions ire homogeneous

to a somewhat better accuracy. Figure 4 shows the
transverse distribution of the normalized root-mean-—
square temperature fluctuation.

Heat Transport in the X,-Direction

Figure 5 is a plot of u,0® against the corres~
ponding local values of dT/dx,. Data are presented
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Fig. 4. Transverse variation of the root-mean-square
temperature fluctuation

for x,/M=60 and 128. A 6th order polynomial was fit-
ted to the measured mean temperature distribution to
obtain dT/dx2 The estimated error bounds for both
quantities are shown in the figure. It is clear that
in all three cases u,® is zero when dT/dx, is zero,
and a gradient transport model with constant diffu-
sivity is quite satisfactory.
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Fig. 5. Variation of heat flux with mean temperature
gradient for the homogeneous flows

ASYMMETRICALLY HEATED WAKE

Measurements were made for several configurations
of the heating wires and the wake generator, but re-
sults are presented here only for that shown in Figure
6. Measurements were made only at one station
(x,/d = 100). It would have been desirable to have
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made the measurements further downstream (where the
flow would be self-preserving to a better degree of
approximation), but the limitations of accuracy in
heat transport measurements for small T led to this
choice. Figure 6 shows transverse profiles of nor-
malized velocity defect w/w, (w, = 1.78 ms™'), u!/w,,
T, 8'/Tpax and Lg/d; here L; was obtained by evalua-
ting the area up to the first crossing under the auto-
correlation function of u, (24) and converting the re-
sulting integral time scale to a length scale via
Taylor's "frozen field" approximation. It is seen
that even at xl/d = 100, the presence of the wires in
the wake results in a slight asymmetry in the velo-
city near the maximum defect region, and stronger
asymmetries in u, and Ly profiles. .

Figure 7a shows a plot of the heat flux ~u,6 and
the mean temperature gradient 3T/3x. at several points
across the wake. Clearly, there is”a small but finite
region (the shaded region in the figure) in which the
heat flux and the mean temperature gradient are of
opposite sign implying negative diffusivity,or heat
transport against the mean temperature gradient.

A more direct demonstration of the inadequacy of
the GTMs is given in Figure 7b which shows that -G, 0
when plotted against 3T/9x, forms a closed loop. (If
a GTM were applicable the ioop would collapse on to a
single curve through the origin; if the diffusivity
were also constant, the curve would be a straight
line.) For the discussion to follow, the rough cor-
respondence between the various key points of this
loop and their physical location is indicated by the
use of the same letters A,B,C,D and E in Figures 7a,b
and the inset to Figure 7b. Large negative xz/d (say,
around A in the inset) correspond to the vicinity of
the origin in Figure 7b. As x /d increases (algebra-
ically), both BT/Bx2 and -u,f increase until at B the
(positive) maximum value of 8Tl§§ is reached. Be-
yond B, 3T/3x_ decreases but -u,8 does not keep pace
with 8T/3x afnd is finite and large even in the vicin-
ity of € where 8T/9x_ is small. For even larger xz/d,
3T/3x, is negative (path CD) until the negative maxi-
mum o% the temperature gradient is attained at D;
around D, 43:@ is still decreasing (see Figure 7a),

however. The path DE constitutes the return to
3T/2x_ = 0 as x,/d approaches large positive values.
&orresponding regions in which the turbulent

momentum transport -u,u, occurs against the direction
of mean velocity gradient have been observed in many
different flow situations (6-16). These regions have
been called regions of "energy reversal" (9) or, more
commonly in the later literature, as regions of "nega-
tive production', although the appropriateness of
either term has been questioned. For example, it has
been pointed out (25) that the total production terms
are given by -uju, BUi/axj, and that in the regions
where -u,u

1Y, (aul/ﬁxz) is hegative, the other produc-

tion terms —(::};;;7) 3u, /ox, - U, 3U2/8xl are
positive and (though smail) of the right magnitude to
counteract locally the negative values of

-uya, BUl/sz. However, this conelusion is negated by
other measurements (10,26). in which all the production
terms except -, U, (3U,/8x,) were measured. In these
two latter cases, the magnitude of the negative values
of the total production is very small indeed. Lastly,
we may mention Hinze's (16) conclusion that even if
the sum~total of production terms is negative, it does
not imply energy transfer back to the mean flow.

In the heat transfer case, there are fewer
measurements of the EY;production terms (14,19,27),
but the balance of evidence does suggest that the
total thermal production terms
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add up to negative values in some small flow region.
In the present wake, mean temperature profiles were
not measured sufficiently closely to evaluate 3T/dx
accurately, but rough estimates suggest that the in~
clusion of -u. 8 BT/BXl does not alter the sign of
total production in any substantial way.

TEST OF GENERALIZED MODELS

For lack of space, we shall restrict to testing
the performance of these models without discussing
the basis of their formulation. Specifically, we
consider the following models which, in order, are
the GTM and models due to Corrsin (5), Lumley (17)

Kronenburg (18), Beguier-Fulachier-Keffer (19) - BFK
for short-and Townsend (28):

-u,8 =D (3T/9x,) = R (a)
-u,8 =D (8T/5x,) + LfT (du}/3x,) = R (b)
-u;8 =D (3T/sx,) + (T/2) (aD/ox ) = Ry (c)
~u,0 =D (3T/3x,) + Ly 3/3x, (D 9T/8x,) = Ry (d)
-u,5 =D (3T/3x,) + K, 283(aq'/ax2) (BZT/axzz)ERB(e)
-8 =D (OT/dx,) -V T = R, (£)

All models have been considered to the first order of
correction. For convenience in evaluation, we have
here replaced D by L. u); a more appropriate defini~
tion would presumably differ from the present one by
a constant factor that is immaterial in the present

context.
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Fig. 8., Test of generalizations of GTM for the pre-
sent asymmetrically heated wake

Any improved alternative to the GTM must be
capable of collapsing the closed loop in Figure 7b on
to a single curve or nearly so. From both Figures 8
and 9, the models due to Corrsin (5) and Lumley (17)
appear to aggravate rather than improve the situation.
The Kronenburg model appears to work reasonably well
for the mixing layer data (19), but has poor
performance in the present flow. For testing model

(e) using the present flow data, we have replaced q'uy
3/2(u12 + uzz). This introduces an uncertainty in
the precise value of Kg, which should be -0.,11 accord-
ing to (19). Several values in the vicinity of -0.11
were tried, but the performance of the model was worse
than that of GTM for all negative Kg. There is no
physical or mathematical reason why K, must be only

negative, and so we tried positive va?ues as well.
Figure 8e shows that for Kg = 0.015, the model per-

forms reasonably well. However, the significance of
a model with a coefficient whose sign itself is un~
cectain is not clear. In Townsend's model, the cor-
rection due to the bulk transport is a constant number
on the right hand side, and this can only translate
the closed loop without either shrinking or enlarging
it, The effect is shown in Figure 8f for two values
of the correction, and in Figure 9f for one.
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Fig. 9. Test of generalizations of GTM for the

asymmetrically heated mixing layer (19)

DISCUSSION

Our experiments have emphasized that the GTM
which appears perfectly adequate with a constant dif-
fusivity for the homogeneous flows cannot handle in-
homogeneous flows even qualitatively. The chief dif-
ference between the homogeneous and inhomogeneous
shear flows is the dominance of the large structure
in the latter; it appears that the large structures
are responsible for a sizeable fraction of the trans-
port process, and it is in the modeling of these ef-
fects that none of the generalizations of the GTM
discussed earlier has had reliable success. One of
the currently held views is that a turbulent shear
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Fig. 10. Variation of heat flux with mean temperature

gradient in a symmetrically heated co-flowing jet (29)
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flow is essentially a consequence (and not the cause)
of these transport-efficient large structures and
their mutual interactions. If this view is correct,
an altogetherly different approach, which does not
even invoke a mean field, is necessary before the
problem can be resolved.

Finally, we examine briefly the reason that the
GTM seems to work well in free shear flows. Figure
10 shows a plot of u26 vs (8T/8x2 - now appropriately
normalized - for one half of a symmetrically heated
co-flowing jet (29). It is again seen that the data
form a loop instead of a single curve. However, the
flow symmetry about the centerline forces both u,8
and aT/ax2 to be zero at the same point, so that the
return part of the loop is now constrained to go
through the origin. This results in a much smaller
loop than would be the case if asymmetries existed.
This is the reason for the apparent success of the
GTM in symmetric flows.
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