KSME Journal, Vol. 1, No. 2, pp. 95~100, 1987.

95

TURBULENT SCALAR TRANSPORT CORRELATION BEHIND A LINE
HEAT SOURCE IN A UNIFORM SHEAR FLOW

Nam Ho Kyong* and Myung Kyoon Chung**

(Received January 8, 1987)

Measured profiles of third order scalar-velocity correlations, which appear in the governing equations of Reynolds stress and
turbulent heat flux, are presented for the turbulent diffusion field in a homogeneous shear flow. Assessment of previous-models for
3rd order moments (Launder’s model, Lumley’s model) using the experimental values of lower order moments and time scales reveal
that the accuracies of predictions are different from quantity to quantity. In order to predict the 3rd order moments more
accurately, a new composite time scale for the simple gradient transport model is proposed.
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NOMENCLATURE

Ce, b . Model constants

d . Diameter of line heat source
L . Length scale

R . Time scale ratio

u, v, w . Fluctuating velocity components in axial, vertical
and lateral directions, respectively
x . Axial distance from the line heat source
y . Vertical distance from the line heat source
é . Fluctuating temperature component
Ty . Dynamic time scale
Ts . Thermal time scale
A . Time scale for the simple gradient transport
model
£ . The dissipation rate of kinetic energy
€o . The dissipation rate of thermal fluctuation
u . Velocity scale
Subscripts
m(ax) . Maximum
Superscript
t . rms value
() . Conventional time average

1. INTRODUCTION

Since the establishment of the Reynolds-stress closure
model for isothermal turbulent flows in the mid 1970’s, turbu-
lent transports of scalar quantities have attracted much
attention from theoretical and experimental investigators.
Like the modeling procedure for the isothermal turbulent
flows as have been well documented by Reynolds(1978), a
systematic way to develop the second-order closure model for
the non-isothermal turbulent flow is to consider on turbulence
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mechanism at a time in the order of increasing complexity ;
for example, in a sequence of determining decay rate con-
stant of scalar variance, return-to-isotropy of scalar flux
vector and then third-order scalar transports, etc. At each
stage of modeling, a simplest experiment which exhibits only
the mechanism under consideration must be available to
calibrate the model constant(or term). Current gradient trans-
port models for the triple velocity-scalar correlations contain
time scales like the decay rate constant for grid-generated
turbulence. Typical time scale in the majority of turbulence
models is the dynamic time scale(or eddy turn-over time).
Other one is the composite time scales proposed by Zeman
and Lumley(1979) to give better predictions in a buoyancy
driven mixed layer. But both have not been sufficiently tested
because of the lack of comparable experimental data.

The first systematic experimental approach to the problem
of scalar turbulence has been done by Warhaft and Lum-
ley(1978) who studied the decaying rate of the temperature
variance #* in approximately isotropic grid-generated turbu-
lence. Based on these data, Newman, Launder and Lum-
ley(1981) proposed a model for the decay rate “constant” as a
function of the mechanical/thermal time scale ratio R(=(6%/
£s) / (¢%/¢€)), local Reynolds number and anisotropy of turbu-
lence. The effect of uniform strain and the effect of tempera-
ture gradient are investigated for the formulation of a return
to isotropy model “constant” appearing in a scalar flux
equation ;6. (Tavoularis and Corrsin, 1980, Sirivat and
Lumley, 1983, Shih and Lumley, 1986, Budwig et al, 1985)

Finally, for completion of the closure problem of the ther-
mal turbulence at the second-order level, experimental infor-
mations on the triple products between velocity and tempera-
ture, or the third-order scalar transport terms, for example
w;my e, u;u;60 and u,6%, have been wanted. One such experi-
mental endeavor has been done by Fabris(1983) who obtained
data of all conditional scalar transport terms in a two dimen-
sional turbulent wake behind a heated circular cylinder bar.

Raupach and Legg(1983) obtained quite complete turbu-
lence correlations at first, second and third-orders behind an
elevated line heat source in a turbulent boundary layer.
Dekeyser and Launder(1983) measured all the scalar trans-
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port terms in a heated asymmetric two dimensional turbulent
jet. In addition to the presentation of the data, they carried
out numerical tests of currently available gradient-diffusion
type models for the scalar-velocity triple products, and they
suggested that an extensive theoretical model of Lum-
ley(1978) for the scalar transport terms would be worth
examining to see if such an extensive and highly complicated
model would give better prediction.

The objectives of the present study are to provide complete
statistical data for the third order scalar transport terms and
to develop a new simple gradient transport model for the
third-order scalar transports with reference to our experi-
mental data.

In addition, currently available turbulence models for the
triple correlations are compared with our proposed simple
gradient transport model with a composite time scale.

2. TURBULENCE MODELS FOR
THIRD-ORDER SCALAR
TRANSPORT TERMS

A number of studies, theoretical and experimental in
nature, have been reported on the modeling of the turbulent
third order scalar transport terms. Among these, Dekeyser
and Launder(1983) extensively tested closure models for the
triple moments using their experimental data on an asym-
metric heated jet. The dispersion of scalar contaminants by
an elevated line heat source in a turbulent boundary layer
was measured by Raupach and Legg(1983), who compared
their data of triple temperature-velocity correlations with
model predictions. Both studies revealed that the current
third order transport models incorporating the dynamic time
scale only have limited accuracy in predicting the moments.
The models are in reasonable agreement with the purely
dynamic correlating terms, #*v, uv? and v®, but significant
discrepancies exist for temperature-velocity correlations,
uvd, v*4 and vé>.

This inaccuracy stems from neglecting non-negligible con-
tributions by the thermal fluctuations in spatial transport of
the second order quantities. Zeman and Lumley(1979) have
shown that the thermal time scale 7, has a significant role in
the evolution process of turbulent flows in the buoyancy-
driven mixed convection. They have also proposed to use a
composite time scale as a weighted geometric mean between
the dynamic time scale and the thermal time scale for the
third-order transport terms. One of the purpose in this section
is to propose an appropriate time scale in representing the
spatial transports of #v, #6 and 67 in nonisothermal turbulent
flows with negligible buoyancy effect. Such transport terms
have usually been approximated by simple gradient transport
models. Specifically, for boundary-layer-type flows, they are
as follows:

w? = — (20722 aaz;v +%%E)
w00 =— 15 uv :9(22;0 2%)
7o =200 000

V0= — 10" %‘ZZ

where 7; is an appropriate time scale for the third-order

moments. It has often been asserted that the time scale =
may be subsituted by the dynamic time scale z,. This is
possible if one assumes that the thermal time scale 7, is

almost proportional to 7, and thus # =0. 12 with a different

time scale constant. However, since the time scale ratio R=
75/ 7, has been proved to vary in the range of 0.5<R<1.5,
such an assumption is not adequate.

Under further assumptions of weak inhomogeneity in tem-
perature and negligible buoyancy effect, Lumley(1978)
presented a closed set of linear equations for #;6%, u;u;6 and
u;u;u, in a tensorial form. These two models are well support-
ed by the basic theory of turbulence. For example, Lum-
ley(1978) has proposed to solve the following system of linear
equations for the third-order scalar transports, u;u,u, u,8°
and wu;6

ot +2D) 10 = 251+ ogir T
(210),x ukuj+(u,0) e Url: +(u u;), x Ux0

:-[cl?;-f( witt;0 20&,)*’"*2'0205:;

+2c6§7 u:us0]
( u.»uj),pukup+( u,-uz.),pujup-F( u,-uk),puiup

‘—‘_301(*(1%)[u.-ujuk—%(&jqzuk‘f”&hqzuj

+6ﬂ.q2u,-)]—%b%(éuqzu:.-Fkaqzuj+5i:.qzui)

However, resulting explicit forms for the transport terms
under consideration are too complicated and laborious to use
in the computation of the non-isothermal turbulent flow at
the second order level.

In the present study, a rather simple weighted algebraic
mean between 7, and 7, is proposed to be used as a simple
composite time scale in conjunction with conventional gradi-
ent transport model given above (Chung and Kyong, 1986);

73=Cs(tu+ bre) = Cstu(1+bR)

Here, we put the constant Cs to a value which has been
used customarily in isothermal turbulence, Cs = 0.055. The
constant j is assumed to depend on the power of the tempera
ture fluctuations § in the moments : namely, b = 0 for #*v,
uv® and v°, b =1 for uwv@ and %8, and 4 = 2 for v6®. This
model reflects the fact that a lager contribution come from
the thermal time scale for higher powers of 4 in the triple
moments.

3. RESULT AND DISCUSSION

Model predictions by Launder’s simple gradient transport
model(1978) and Lumley’s model quoted in the previous chap-
ter and our new gradient transport model with the composite
time scale are compared in the following discussions together
with the presentation of experimental data. The experimen-
tal data are obtained by the same facilities as explained in
Kyong and Chung(1987). Measured third order moments show
larger scattering than the second order moments presented in
Kyong and Chung(1987), but the scatterings of experimental
data are within 10% of the average values.

All predictions are computed with the directly measured
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Fig.1 Comparison of model predictions with data of #v?/1® where ? = w:u; /3 : Predictions ; —-, Present model ; ----- ,
Lumley ; ——, Launder: A, x/d = 900; O, x/d = 1650; O, x/d = 2390

values. In the following figures, the geometric symbols repre-
sent our data, the solid line is the predicted profile by our
gradient-diffusion model, the dotted line by Lumley’s model
and the dashed line by the simple gradient transport model.
Fig. 1 shows a comparison of the predictions with the data of
uv®, the streamwise transport of v? and vertical transport of
uv. (Here, Lumley’s model was not tested due to the lack of
data on transverse velocity fluctuations w) The profiles are
generally similar to those of a heated plane wake. (Fabris,
1983) The vertical position of the positive peak in lower part
coincides with the maximum velocity wake. This is in con-
trast with the heated plane jet (Dekeyser and Launder, 1983)
where uv? is negative in the central part and becomes posi-
tive in the outer free mixing zone. The simple gradient
transport model predicts uv? fairly well. The abnormal
variations of the predicted profiles at both peaks at x/d =
900 of Fig.1 are due to experimental uncertainty in the

second-order moments.

Figure 2 shows profiles of v, the streamwise transport of
v8. The profile is similar to that in the dispersion measure-
ment from a line heat source in a turbulent boundary
layer(Raupach and Legg, 1983) excluding the region near the
wall layer. In the plane thermal wake, wvd vanishes at the
wake center and changes sign from positive to negative along
the outward direction. But, in our case and in the turbulent
boundary layer, %8 does not vanish at the thermal jet center.
Predictions are fairly reasonable except for Lumley’s model
which underpredicts #v8 in the whole region by a factor of
about 2. In addition, Lumley’s model particularly fails to
predict ved at x/d = 900.

Figure 3 represents the streamwise transport of #d, i.e.,
u* @ profiles. The profiles are almost completely positive in
the upper and lower parts which differ from the heated jet
where it has smaller negative values in the central region. All
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Fig.2 Comparison of model predictions with data of wv#/u? T, where u? = w,u,/3: Predictions; ——, Present model ; ----- ,

Lumley; — -—, Launder: A, x/d = 900; O, x/d = 1650; O, x/d = 2390
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Fig.3 Comparison of model predictions with data of 2?6/u* Tm Where u* = w;1;/3: Predictions; ——, Present model ; ----- ,
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models underpredict the #?6 experimental values. This may
imply that the timescale for the streamwise transport should
be different from that for vertical transport. In Fig. 4, profiles
of u#*, the streamwise transport of #°, are presented. u§?
remains negative with two peaks in both sides. In the heated
plane wake, the «6? which is slightly positive near the center
becomes highly negative in the outer _free mixing region.
However, in the heated plane jet, the #6* profile is highly
negative in the entire upper part of the jet but has a peak
positive value in a narrow region of the lower part. All
models predict only 20% of the u6* level in the whole field.
Again, this implies that the streamwise transport of #* must
have a different timescale from other vertical transport.
The vertical transport of the vertical heat flux, ¢?4 is
represented in Fig.5. The vertical gradient of 2?4 is the
turbulent diffusion term in the boundary-layer type governing
equation of v8. Two zero crossings are located near the

peaks of 7§ aund the negative peak coincide with the zero
crossing of v8.(Kyong and Chung, 1987) This means that the
diffusion of w8 by turbulent vertical fluctuation is most
severe at the peaks of v*# since the maximum slopes are near
those points in opposite sign, which result in the compression
of two peaks. And the diffusion of v8 by v is negligible at the
zero crossing of »28. The profiles are similar to the heated
plane wake but with downward shift of the profile. The same
trend can also be seen in boundary layer or in heated jet. The
predictions by the simple gradient-transport model of Laun-
der’s and Lumley’s are fairly good, but our model over-
predicts the profile by about 30%. Finally, Fig. 6 show the
profiles of v6%, the vertical transport of the temperature
variance, appearing as the diffusion term in the governing
equation of 6°. A remarkable feature is that all the profiles
have nearly flat region at the center corresponding to the
profiles of temperature variances. This imply that the diffu-
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Fig.4 Comparison of model predictions with data of #°6/u* T where 2* = w.u;/3: Predictions; ——, Present model ; ----- s
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Fig.5 Comparison of model predictions with data of #6?/u4Tw»* Where #® = w.u,/3: Predictions; —, Present model ; ----- ,
Lumley; — Launder: A, x/d = 900; O, x/d = 1650; O, x/d = 2390

sions of 82 by v are negligible at those regions. The two peaks
coincide with the maximum slope point in -profiles as can be
seen in Launder’s model, where the v§* is denoted by the
simple gradient of 4* in the boundary-layer-type flow. This
also means that the diffusions of §* by v are negligible at the
points of maximum gradient of §* profiles. The profile shows
zero value at the centerline of the thermal jet. This is consis-
tent with the profile in the heated plane wake, the heated jet
and thermal jet in the turbulent boundary layer. Our model
and Lumley’s model vield very good predictions on the v§®
profile, whereas the Launder’s model underpredicts the pro-
files.

Considering the overall performance of the three models
for all the triple moments in this section, it may be concluded
that our model which employs a composite time scale, yields
the best predictions with no additional cost.

4. CONCLUSIONS

As a result of the model predictions, all models considered
here provide correct trend of the profiles but with different
level of prediction accuracy. It was found that the simple
gradient-transport model with a composite timescale
proposed in this study yields better numerical values in
comparison with more extensive theoretical models. An
important observation is that all the streamwise transports of
second-order moment are badly underpredicted compared
with the vertical transports of the same moments. This
strongly suggests that the streamwise transport must have
timescales different from those for the vertical or cross-
stream transport of the second-order moments.
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Fig. 6 Comparison of model predictions with data of U6 | uTn? where u* = wu;u;/3: Predictions; ——, Present model ; ----- ,
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