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Turbulence kinetic energy production and convection were examined in detail for the 
turbulent flows through various square ducts. The following ducts were used: a smooth 
duct, a duct with one wall roughened, and a duct with two facing walls roughened. Rough 
walls were produced by gluing square ribs to a smooth surface repeatedly. By the 
examinations the turbulent shear stresses were found to play the most important role in 
the production of the turbulence kinetic energy. Near the rough walls the turbulent normal 
stresses also have strong influences on the energy production, although their contributions 
are either positive or negative, depending on the relative streamwise locations with respect 
to a rib roughness element. The amount of turbulence energy convected by secondary 
flow is considerably smaller than that of the energy produced. The secondary flow has 
little influence on the balance of turbulence kinetic energy in the tested ducts. 
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I n t r o d u c t i o n  

In an attempt to enhance convective heat transfer in turbulent 
flows through ducts, the use of repeated rib-roughness elements 
has been given considerable attention.t The flows in ducts with 
ribbed walls, however, are so complicated that few results have 
been presented for detailed turbulence characteristics in the 
ducts. 2 In line with this, the present authors have reported 
experimentally obtained characteristics of the turbulent flows 
through square ducts with one or more rib-roughened walls, a-6 
The rough wall enhances the generation of turbulence, and 
consequently it exerts great influences on the turbulence energy 
distributions in the ducts. Thus, it is significant to examine 
turbulence energy balances in the rough ducts and to compare 
them with those in the smooth-walled duet for further investi- 
gation of the effects of rough walls on the turbulence structures 
in the ducts. As for a rectangular duct roughened homo- 
geneously by plastic grains, detailed characteristics of the 
turbulence energy balance have been examined in an earlier 
experiment. 7's These results, however, would not apply to the 
rib-roughened ducts, because ribs bring about extreme inhomo- 
geneous flow behavior in the direction of primary flow. 2 To 
the authors' knowledge, very few results have been presented 
for turbulence energy balances in rectangular ducts with ribbed 
walls. 

This paper presents the results of the examination of the 
turbulence kinetic energy balance based on detailed measure- 
ments of the flows in three square ducts: a smooth duct (duct 
A), a duct with one rib-roughened wall (duct B), and a duct 
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with two facing ribbed walls (duct C). The present results 
include the following: 

(1) turbulence energy production caused by turbulent shear 
and cross-planar normal stresses; 

(2) turbulence energy convected by secondary flow of the 
second kind, 9 which is inherent to turbulent flows in 
straight noncircular ducts; 

(3) turbulence energy production caused by streamwise gradient 
of the primary flow velocity ; 

(4) differences between energy balances obtained atop a rib 
and that obtained downstream of the rib. 

T u r b u l e n c e  e n e r g y  t r a n s p o r t  e q u a t i o n  

Transport equation for turbulence energy, k = (u~ + uz 2 + u~)/2 
reads t o 

- - +  u~ + + u ~  - v - -  
Dt ~xi dxi 6~xi Jk, c~xj cqxi,/ 

+ \Oxj+axl,]~x ( i , j = 1 , 2 , 3 )  ( I)  

Among the terms in Equation 1, contribution of the terms 
of energy production caused by turbulent shear stress, 
u-~(OU2/Ox3 + OU3/Ox2), is estimated to be negligibly small. 
Since ribs are used to make up rough ducts, the flows repeat 
separation and reattachment near the ribs. It follows that 
OU1/~3xt is not equal to zero locally even when the flow is fully 
developed globally. Accordingly, when the energy balance is 
examined, the contribution of each term related to d~ Oxt should 
be taken into account. An accurate estimation of these terms 
including the convective energy transport term, Ut Ok/axt, 
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however, was s_9 difficult that only the energy production by 
normal stress, u~ c~U1/c~xx, was taken into account. By applying 
boundary-layer approximations, UI Ok/Oxt can be estimated 
to be of the same order of magnitude as the terms of energy 
convection caused by the secondary flow. 

After applying the above approximations, Equation 1 becomes 

u20k +U3Ok u u  ~UI _ _ a U ~  + - -  -Jr- UlU 3 - -  
0X 2 ~X 3 1 2 ~X 2 ~X 3 

~OU: ~dU2 ~dU3 
"~ Ul ~X-~ "t- U 2 ~X----~ dr" u3 ~X-~ "t-8 "[- D f = 0 (2) 

where e stands for the dissipation term and D/for  the diffusion 
term. In the analysis, Equation 2 is made nondimensional with 
the use of the hydraulic diameter of ducts, D, and the maximum 
velocity in the measurement cross section, Us. Examined terms 
are enumerated below: 

Convection : 

( 0k 0k o 
C = U2 dx~2 + U3 dx3J Uas (3a) 

Production caused by turbulent shear stresses: 

f _ _  t~U 1 OU t'~ D 
Ps= ~UlUe ff~x2 + UlU3 ~xa J U~ (3b) 

Production caused by turbulent normal stresses: 

( __¢~U1--¢~U 2~X 2 --0U3~Dt~x3 J U 3 = + u; + u] ( 3 ¢ )  

Dissipation and diffusion: 

D 
R = (8 + D/) V--~ (3d) 

The sum of dissipation and diffusion was taken as the dosing 
entry, because neither dissipation nor diffusion could be 
measured accurately in our experiments. 

E x p e r i m e n t a l  a p p a r a t u s  and  m e t h o d  

The flow system of this experiment is the same as that used in 
an experiment reported earlier, s The test square ducts, whose 
side length is 50 mm (=  D = 2B), are straight and 4,500 mm 
in length. The three types of square ducts shown in Figure 1 
were used in the experiments. In the rest of the paper, a 
smooth-walled duct is referred to as duct A, a duct with one 
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D U C T  A D U C T  B D U C T  C 

I I 1 
s m o o t h  . . . . . . . . . . .  r o u g h  
w a l l  w a l l  

Figure 1 Tested ducts 

X z  

Figure 2 Coordinate system 

rough wall as duct B, and a duct with two facing rough walls 
as duct C. The rough wall was produced by 1-mm square- 
sectioned ribs glued to the surface at 10-mm intervals and 
oriented transverse to the primary flow (Figure 2). 

The coordinate system is shown in Figure 2. Components of 
the mean velocity are designated as UI, U2, and U3, and those 
of fluctuation velocity as u 1, u 2, and u3, respectively. Rough 
walls are perpendicular to the x3 axis. 

The analysis is mainly based on the measurements obtained 
at station I, which is the section located 5 mm downstream of 
the furthest downstream rib (89.8 D from duct entrance). This 
cross section is located in the immediate vicinity of the flow 
reattachment point ~ t (Figure 3), and corresponds to the station 

N o t a t i o n  

B = D/2 
C 

D 

k 

P 
PN 

es 
Re = UD/v 

Half length of a side of a square duct 
Energy convection by the secondary currents 
(Equation 3a) 
Length of a side of square duct or hydraulic 
diameter of duct 
Turbulence kinetic energy 
(= (u~ + u~ + u~)/2) 
Energy production (= (Ps + PN)) 
Energy production caused by turbulent 
normal stresses (Equation 3c) 
Energy production caused by turbulent 
shear stresses (Equation 3b) 
Reynolds number 

Ul, U2, U3 

UlU2, UlU 3 

U 
Ul, U2, U3 

Us 

X1, X2, X 3 

Fluctuation velocities in Xl-, x2-, and x 3- 
directions, respectively 
Turbulent shear stresses in x2- and 
x3-directions, respectively 
Bulk mean velocity 
Mean velocities in x 1-, x2-, and x3-directions, 
respectively 
Maximum velocity in the measurement cross 
section 
Orthogonal coordinate 

Greek symbols 
8 Dissipation term in Equation 2 
v Kinematic viscosity of fluid 
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Figure 3 Streamlines near the rough wall and measurement stations 

located midway between two successive ribs. The primary flow 
velocity at the center of the duct's cross section attains a 
constant value about 50 D downstream from the duct entrance. 
The flow at the measuring cross section can therefore be 
regarded as fully developed globally. However, in the neighbor- 
hood of the rough wall, flow repeats separation and reattach- 
ment, causing changes in primary velocity in the streamwise 
direction.' 1.~ 2 In order to determine differences in the energy 
balances that are brought about by the difference in the relative 
locations of measuring cross sections with respect to the 
roughness element, additional measurements were carried out 
at the cross section running atop the rib furthest downstream 
(89.7 D from duct entrance, named station II). The locations 
of station I and station II relative to the rib and a sketch of 
streamlines near the rough wa l l ' " ' 2  are depicted in Figure 3. 

Flow measurements were conducted keeping Reynolds 
number Re (=  UD/v) at 6.5 x 104. Velocities and stresses were 
measured by means of hot-wire anemometers with two X-wire 
probes, mirror images of each other, for eliminating errors due 
to velocity gradient)  3 The velocity gradients included in the 
production terms in Equation 2 were obtained by direct 
numerical differentiation using the finite difference method. The 
least interval of the differential grid is 0.25 mm. 

As described previously, station I was set 5 mm downstream 
of the furthest downstream rib for the convenience of inserting 
the X-wire probes. Since there are no further ribs beyond station 
I, the flow behavior downstream of this station changes toward 
that in the smooth-walled duct. Hence, in order to investigate 
whether the flow behavior at station I is periodic like that 
observed at a station between two ribs, the axial velocities 
around the furthest downstream rib were measured in detail. 
This preliminary experiment proved that the flow behavior at 
station I is exactly the same as that observed midway between 
two successive ribs and is representative of that observed 
midway between ribs. 

The uncertainties involved in the measured values were 
estimated_as follows: U,,  +1 .4  percent;_ U 2 and U3; +6.0 
percent; u 2, +2.4 percent; u 2 and u 2, +8.6 percent; and utu 2 
and u-~3, + 4.9 percent. 

Results and discussion 

Energy product ion 

Contours of turbulence energy production, (Ps + PN), are 
shown in Figures 4 -6  together with the contours of turbulence 
energy k. Since the contour maps obtained in each duct were 
extremely symmetrical with respect to the planes of geometric 
symmetry of the duct, the results in half of the cross section 
are depicted. The results of the rough duct shown in this section 
and in the next two sections are based on the measurements 
at station I (the cross section downstream of the rib). The 
broken lines, drawn in Figures 5 and 6 for the rough ducts, 
show the height of roughness elements. 

In each duct, the contours of (Ps + PN) and k are much 

alike. In Figure 4 for duct A, contour lines of both (Ps + PN) 
and k for smaller values jut out toward corners of the duct. 
And near each corner, the values both of (Ps + PN) and k 
increase rapidly as the corner is approached. This shows that 
energy production caused by shear and normal stresses has a 
great effect on the distribution of k. The reason for rapid increase 
in (Ps + PN ) and k near the corners can be illustrated as follows. 
Secondary currents transport high momentum fluid lumps from 
the core toward the corners. This gives rise to steep velocity 
gradients near the corners, and large turbulent shear stresses 
caused by steep velocity gradient contribute to a large energy 
production. As a result, distortions in contour lines of k are 
more pronounced than those in contour lines for primary flow 
velocity, U,. 4.6 
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Figure 5 Turbulence energy production (Ps + P.) x 103 (left) and 
turbulence energy k/U~ x 10 = (right) for duct B 
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1.0 separation bubble (Figure 3). This shear layer produces vorticity 
of high level in the x2-direction, which contributes to a large 
magnitude of turbulent shear stress u lu3. Moreover, the gradient 

-5.0 of U1 in the x3-direction, OU~/Ox,, is also large near the rough 

x ' e - '  . . . . . . . .  : . . . .  o 

- . . . . . . .  -'---" . . . . . . . . .  - 1 0  o P s  

¢1 
- 1.0 0 x z / a  1.0 '3 

Figure 6 Turbulence energy production (Ps + PN) x 103 (left) and (~ 
turbulence energy k/U~s x 10 ~ (right) for duct C 

-20  
In Figure 5, contour maps of (Ps + PN) and k are shown 

for duct B. In the upper corners composed by upper and side 
smooth walls, contour lines jut out toward corners just as has 
been observed in duct A. In the vicinity of the rough wall, the 
magnitude of the value of (Ps + PN ) is several times larger than 
that measured in duct A, and the high level of (Ps + PN) 
corresponds to the high level of k in this region. In addition 
to this, the distribution of (Ps + PN) near the rough wall agrees 
well quantitatively with that for duct C, shown in Figure 6. 
The same is true for the distribution of k. As expected from 
these results, in the present study, any quantities obtained near 
the rough wall in duct B were quite similar to those in duct C. 
It follows that the results of duct B are representative of those 
near the fib-roughened wall. Therefore, in the following sections, 
presentation of the results obtained in duct C are omitted, and 
the results obtained in duct A and duct B are examined in detail. 

- -  - [ ]  C 

I v R 

Turbulence energy balance 

Figures 7 and 8 show the energy balances based on Equation 2 
and examined along the axis of symmetry of each duct. A term 
that is negative in sign corresponds to a gain in energy, and 
a term that is positive in sign corresponds to a loss in energy. 
The broken line in Figure 8 corresponds to the height of ribs. 

In duct A, as shown in Figure "7, the production caused by 
normal stresses, PN, is much smaller than the production caused 
by shear stresses, Ps. Ps contributes to the production of the 
streamwise fluctuating velocity component ul. Therefore, it is 
speculated that in the smooth duct the turbulence kinetic energy 
produced by Ps is initially stored in u~, and then some portion 
of it is redistributed to the other components u~ and u~. The 
energy convection is almost equal to zero on the x 3 axis. 

Ps for duct B, as can be noticed in Figure 8, is a large negative 
value (gain in energy) near the rough wall, almost zero near 
the center of the duct and negative again near the upper smooth 
wall. The magnitude of Ps near the upper smooth wall is much 
smaller than that near the rough wall, and it is almost of the 
same level as that observed in the corresponding region in duct 
A. The large magnitude of Ps near the rough wall of duct B is 
explained as follows. Near the fibs, the free shear layer is formed 
between the primary flow and the recirculating flow in the 
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Figure 7 Energy balance for duct A 
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wall. Therefore, Ps, the product of uzu3 and dU~/dx3, becomes 
large in magnitude near the rough wall. Since station I is located 
near the flow reattachment point, dU~/dxs would be very small 
immediately near the base plate of the rough wall. In the present' 
experiment, however, the measurement point nearest to the 
wall (2.5 times the rib height from the wall) is located out of 
the separation bubble. Thus, the value of {gU~/dx3 near the 
rough wall obtained in the present study is much larger than 
that near the smooth wall owing to the effective deceleration 
of U~ by the ribs. 

In the region near the rough wall in duct B, Ps is negative 
(gain in energy) and its value reaches nearly 60 percent of the 
value of Ps. It follows that, in contrast to the fact found in duct 
A, Ps makes a comparable contribution to Ps to the production 
of turbulence energy in this region. In the region immediate to 
the upper smooth wall, Ps is positive (loss in energy), but 
small, as opposed to being negative in the region near the rough 
wall. Detailed behavior of Ps is discussed in the next section. 

The magnitude of the value of energy convection (term C) 
in duct B is much smaller than those of Ps and Ps. The 
contribution of the convection-to-energy balance, therefore, can 
be essentially neglected. This means that distortion in the 
contours of k does not necessarily coincide with the directions 
of the secondary flow vectors. On closer investigation, energy 
convection is negative from the center of the duct to the upper 
smooth wall, but is positive near the rough wall except in the 
close vicinity of the rough wall. The distribution of k shown in 
Figure 5 and the direction of secondary flow vectors along the 
x~-axis explain this situation. Figure 9 is the secondary flow 
vector diagram obtained at station I and station II of duct B. ~'6 
Secondary flow proceeds from the upper smooth wall along 
the x3-axis toward the rough wall in duct B. It transports high 
energy fluid lumps near the smooth wall to the center of the 
duct and gives rise to a gain in turbulence energy near the duct 
center where the level of energy is relatively low. On the other 
hand, secondary flow transports low energy fluid lumps to the 
region near the rough wall where turbulence energy level is 
high. As a result, there is a loss of energy. 

R, the sum of the dissipation term s and the diffusion term 
D f ,  has a large value near the rough wall as seen in Figure 8. 

l l . t , ' ' ' ' l ~  

. 

L t ' ' / / i ~  ~ ~ 
l , ' / / / / 1 ~  t 
L : i I / / l  ~ ~ ' 

I ' 1 / I  ~ I ~ ~ i 

-1.0 
-1.0 

~ & O : U s  

, , \ \ \  ~ ' ,  I 

~ '  . ~ J  

" " " J 

::::::: '11 

0 xz/~ 1.0 

Figure 9 Secondary f low vector diagram for station I (left) and 
station II (right) of duct B 

It follows that in this region the balance between (Ps + Ps) 
and R has major effects on the distribution of k. In the central 
portion, R is almost equal to zero. This suggests that the loss 
caused by the dissipation is balanced with the gain caused by 
the diffusion) 4 

It is of much interest to compare the present results with the 
turbulence energy balance obtained in a two-dimensional (2-D) 
duct. Detailed experimental results have been presented by 
Hanjalic and Launder for turbulent flows through a 2-D duct 
with one rib-roughened wall. t4 In a central portion of their 
2-D duct, there is a region in which the production by turbulent 
shear stress gives rise tO a loss of energy. They attributed this 
"negative production" to diffusive transport of turbulent shear 
stress from the rough wall to the smooth wall. Although shear 
stress in duct B is diffused in the same direction as this 2-D 
duct, the negative production region (positive in values) is not 
observed in Ps distribution of duct B (Figure 8). This is 
attributed to the convective transport of turbulent shear stress 
caused by the secondary currents. On the symmetrical axis 
of duct B, shear stress is convected by the secondary currents 
from the upper smooth wall to the lower rough wall as expected 
from the left half of Figure 9. The direction of this convection 
is directly opposite to that of the diffusive transport mentioned 
previously. Therefore, the influence of the diffusion of shear 
stress on the energy production is cancelled by this convective 
transport. As described previously, the secondary flow does not 
influence decisively the distribution of the turbulence energy in 
the ducts. However, it plays an important role for establishing 
the local characteristics of the turbulence energy balance. 

Cont r ibu t ion  o f  turbu lent  normal  stresses 

Turbulence energy production caused by turbulent normal 
stresses is expressed in Equation 3c. The first term on the 
fight-hand side of Equation 3c expresses the energy production 
caused by the primary flow velocity gradient in the direction 
of the primary flow. The value of this term is zero when the 
flow does not change in the x:direction. The second and third 
terms express the contributions of turbulent normal stresses 
and the secondary flow velocity gradients in the transverse 
directions. These two terms should be taken into account for 
those flows in noncircular ducts that are accompanied by the 
secondary flow of the second kind. In order to compare the 
contribution of each term in Equation 3c, the distribution of 
each term along the axis of symmetry of the duct is shown in 
Figures 10 and 11. In these figures, Psi (i = 1, 2, 3) are defined 
a s  

- -  (~U l D - -  (~U 2 D - -  ~3Ua D 

PN, = .,2 ax~ Us ~' PN~ = "'~ ~x~ u ] '  P~3 = .~ ~x3 Us ~ 

(4) 

In the smooth duct A, Pt/t is nearly equal to zero everywhere 
along the x3 axis as shown in Figure I0. This supports the 
assumption that the flow is fully developed globally in the 
xl-direction at the measuring cross section. It is remarkable 
that near the top and bottom walls PN2, the contribution of 
the normal stress component in the direction parallel to those 
walls, is negative (gain in energy). 

In duct B (Figure I1 ), Psi has a large negative value (gain 
in energy) near the rough wall at x3/B < -0.7 .  This is brought 
about by the change in Ut in the xt-direction caused by 
repeated separation and reattachment of the flow at a fib and 
downstream from it. Since the primary flow is decelerated in 
the xt-direction downstream of the rib (station I), OU~/dxl is 
negative there, and therefore, Psi  becomes gain in energy. On 
approaching the upper smooth wall, Psl tends to be zero, then 
becomes negative again, but finally turns positive (loss in 
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Figure 11 Energy production caused by normal stresses for duct B 

energy) in the immediate vicinity of the upper wall. This shows 
that the effects of the streamwise change in the primary flow 
velocity appear near the upper smooth wall as well as near the 
rough wall. t 5 

The magnitude of Ps2, energy production caused by the 
normal stress component in the direction parallel to the rough 
wall, is very small. It is negative near the walls, and near the 
rough wall it is almost the same as near the smooth wall. This 
shows that there are no remarkable effects of the rough wall 
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on energy production caused by u~. Such a situation is 
recognized in the left half of Figure 9. The secondary flow 
vectors near the rough wall are directed almost perpendicularly 
to the rough wall over the wide range of xz/B. As a result, the 
spanwise variation of U2 and the resultant term PM2 becomes 
very small there. This fact means that the flow characteristics 
near the rough wall are quite similar to those of the 2-D 
boundary-layer flow over a rough surface. 

On the other hand, PN3, the production caused by the normal 
stress component in the direction normal to the rough wall, 
has a large positive value (loss in energy) near the rough wall, 
contrary to the negative values of PN1 and PN2. This relatively 
large negative contribution of PN3 in station I comes from the 
acceleration of U3 toward the rough wall, which is induced by 
the reattachment of the primary flow downstream of a rib. 
There is a region in which the value of PN3 is positive near the 
upper smooth wall, too. 

When the rib-roughened wall is used as a heat transfer 
surface, the local maximum in the distribution of heat transfer 
coefficient is recognized at the flow reattachment point. This 
is attributed to high-level turbulence generated by the reattach- 
ment of the shear layer. For turbulent transport of heat, the 
fluctuating velocity component in the direction of maximum 
temperature gradient (u3 for the rough wall in duct B) would 
be most effective. In the preceding experimental results, in fact, 
the values of u~ near the rough wall were about 2.8 times those 
observed near the smooth wal l :  As a result of this high intensity 
of u3, it is reported that the mean heat transfer coefficient on 
the rough wall becomes about 1.8 times that of the smooth 
wall.t6 The mechanism by which u3 of high intensity is produced 
by the rough wall is explained as follows. As shown in Figures 
5 and 11, Ps and Pm (production of u 2) brings about a large 
gainin turbulence kinetic energy. In contrast, Pt¢3 (production 
of u32 ) becomes loss in energy at station I of duct B. Therefore, 
similar to the smooth duct, turbulence__kinetic energy generated 
by (__Ps + Psi ) is initially stored in u 2 and then reidstributed 
to u22 and u32. The u ] redistributed from u 2 is dissipated by the 
contribution of PN3 (sink term). This negative contribution of 
PN3 is disadvantageous to maintain high intensity of u 2. The 
magnitude of PN3 can be effectively reduced, for example, by 
using a rib with a blunt trailing edge that makes the value of 
~ U 3 / ~ X  3 small. 

The high level turbulence promotes the momentum exchange 
as well as the heat transfer. Therefore, it is expected that increase 
in the total flow resistance of the rib-roughened wall comes 
from not only the pressure drag caused by the separation 
bubbles behind the ribs but also the friction drag increased by 
the strong momentum exchange in the x3 direction. In the 
preceding experiment, however, it was found that on the 
rib-roughened wall the pressure drag amounts to about 70 
percent of the total flow resistance, and the value of the friction 
drag is almost the same as that of the smooth wall.17 This 
result suggests the possibility that dissimilarity exists between 
the turbulent transport of heat and that of momentum. However, 
this should be discussed based on the u3t- and the ulu 3- 
equations, where t denotes fluctuation temperature, and this 
discussion is beyond the scope of the present paper. 

The results stated in this section are obtained in the cross 
section downstream of the furthest downstream rib (station I 
in Figure 3). Psi,  the largest contributor in Ps, is brought 
about by the repetitive separation and reattachment of the 
primary flow. Therefore, there is a possibility of a change in 
Ps distributions depending on the relative streamwise location 
of the measurement cross section with respect to a rib. Hence, 
examinations of turbulence energy balance were carried out in 
the cross section atop a rib (station II in Figure 3) and discussed 
in the following section. 
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Distributions in cross section atop a rib (station II) 

Examinations were carried out for duct B. The results are shown 
in Figures 12-14. Figure 12 shows the values of each term of 
Equation 4. It is remarkable that Pst is positive (loss in energy) 
near a rib, opposite to negative values in station I (Figure 11 ). 
Put is positive at x3/B < -0.6 ,  which indicates that the effects 
of the ribbed wall on the flow extend as far from the wall as 
ten times the rib height. Pst is positive, whereas PN3 is negative 
(gain in energy) near the rough wall. This is quite opposite to 
the results shown in Figure 11. 

Such distributions of PNt and PN3 in station II are explained 
qualitatively by considering the flow behavior near a rib. As 
schematically depicted in Figure 3, the primary flow is separated 
at the front edge of the rib and it is accelerated rapidly just 
above the rib3 t This rapid acceleration of Ut brings about a 
relatively large dissipative contribution (positive in sign) of P ~  
near the rough wall. On the other hand, as observed in Figure 
9b, U 3 becomes positive just above the rib owing to curvature 
of the streamlines. Over the entire portion on the xs-axis except 
for the immediate vicinity of the rib, however, U 3 is negative, 
and therefore, aU3/dx 3 and resultant production term PN3 
become negative in sign near the rough wall. 

The contribution of PN2 is relatively small in this cross section 
as similar as in station I. This also supports that the flow near 
the rib can be regarded as a 2-D boundary-layer flow. 

In the vicinity of the upper smooth wall opposite to the rough 
wail, PNt is negative as shown in Figure 12. This result is 
directly opposite to that shown in Figure 11, indicating that 
the effects of the difference in streamwise location of the 
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measuring cross section are experienced not only in the region 
near the rough wall but also, though weak, near the smooth 
wail. 

Figure 13 shows the turbulence energy balances on the 
xa-axis in station II. The distribution of Ps is qualitatively and 
quantitatively similar to that obtained in station I (Figure 8). 
However, as expected from Figure 12, PN is positive (loss in 
energy) near the rough wall in contrast with its negative value 
in Figure 8. Therefore, as observed in the left half of Figure 14, 
the absolute values of (Ps + PN) in station II are less than half 
of those observed in station I as shown in Figure 5. This 
reduction of the energy production chiefly comes from dissipative 
contribution of Psi. Near the rough wall in station II, the 
production of ut 2 expressed as (Ps +Pst ) amounts to only 30 
percent of that observed in station I. The values of u 2 in station 
II, however, were almost in the same level as those in station I. 
Similar result was obtained for distributions of u 2, which are 
produced by the contribution of PN3. Accordingly, as observed 
in the right half of Figure 14, the values of k obtained in station 
II are nearly on the same level as those in station I. 

In order to explain the cause of the differences between the 
distributions of production terms and those of k, it is necessary 
to obtain the distribution of diffusion term D f,  in particular 
that of the pressure diffusion term. It is often reported, however, 
that accurate measurement of this term is very difficult at the 

18 present stage. The problem remains to be solved in the future. 
Judging from the fact that there is little difference between the 
two contour maps of k obtained atop and downstream of the 
rib, the convection term Ut Ok/axt is expected to make little 
contribution to the turbulence energy balance, although its 
contribution was not considered in the present analysis. 
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Figure 14 Turbulence energy production (Ps + PN) x 10 a (left) 
and turbulence energy k/U~ x 103 (right) atop a rib for duct B 

C o n c l u d i n g  r e m a r k s  

With due attention to the turbulence energy balances of the 
turbulent flows in square duets with rough walls, we obtained 
the distributions of the production and convection of energy. 
Results obtained are summarized as follows: 

(1) Turbulent shear stresses make the major contribution to 
the turbulence energy production both in smooth and 
rough ducts. Near the rough wall of the rough ducts, 
however, the contribution of the turbulent normal stresses 
and shear stresses are almost on the same level. 

(2) Among the components of the energy production caused by 
the turbulent normal stresses, PN1 (= u 2 OU1/Ox~'D/U]) 
makes the largest contribution. This is peculiar to the flow 
in ducts with rib-roughened walls. In t_he region near the 
rough wall, the contribution of PNs (=  u] OU3/dx3 .D/U3s ), 
the production caused by the component normal to the 
rough wall, is also noticeable. The sign Ps i  bears is opposite 
to that of Ps3, and their signs change depending on the 
relative streamwise locations of the cross section in relation 
to the rib; in station I (downstream of a rib), PN ~ is negative 
(gain in energy) and Ps3 is positive (loss in energy), but 
in station II (atop the rib), PN~ is positive and PN3 is 
negative. 

(3) In both the smooth and the rough ducts, the amount of 
turbulence energy convected by the secondary flow is 
remarkably smaller than the amount of energy production. 
Consequently, the energy convection caused by the second- 
ary flow has little effect on the turbulence energy balance 
in the ducts. 
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