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Abstract

The present paper was concerned with a part of the series of study on the flow in a rough
wall channel by authors. For the response of a channel flow to the step change in wall
condition, the flow through a two-dimensional channel with short length of rough surface has
been investigated numerically. The roughness elements were of the repeated square ribs with
the pitch ratio W/h=2 (W and h denote the roughness spacing and height, respectively). The
length of rough surface was equivalent to the channel width (corresponding to an ”impulse”
of surface roughness for the turbulent boundary layer). The surfaces of upstream and down-
stream from roughness were smooth and were of sufficient length to allow a fully developed
in the smooth wall channel (plane Poiseuille flow) to be established. The Navier-Strokes
equations (stream function-vorticity formulation) were solved by the finite difference method
using the pseudo-unsteady technique. The calculation was performed for the flow in the
different three cases of rough wall channel, and for the range of the Reynolds number Re<
1000. From the calculation results, the flow pattern over the rough wall, the behavior of vortex
in the roughness groove, the velocity distribution, the pressure distribution along the channel
and the distribution of wall shear stress were presented. On the first stage, the particular
attention was paid to the comparision of flow structure in the rough wall channel for the
different three cases. The results showed that the flow structure varied with the different three
cases of rough wall chnnel. The distance of readjustment to the plane Poiseuille flow (relaxa-
tion distance) depended on both the geometry of rough wall and the Reynolds number. It was
noticeable results that the effects of roughness on the flow extended to the upstream region
from surface (its distance being roughly 10 times roughness height for the case the upstanding
roughness at Re=100).

1. Introduction

The laws of friction on the flow over the rough surface are of great practical
importance, so the study on them began very early (1) . Apart from the practical
requirement of fluids engineering, the flow over the rough surface is also of fundamen-
tal interest as for the response of a flow to sudden pertubations (such as the response
" of the flow to a step change in surface roughness) (2~4). Furthermore, in recent
years, the analysis of the flow over the rough wall in the condition of relatively low
velocity region has become very important problem for the fluids engineering and
heat-mass transfer. For the case of the flow over the rough wall consisting of repeated
square ribs, it is especially interested in the engineering application such as the cooling
flow over the electronic devices and the circuit board mounted IC package (5~11).
Such flow is closely related to the flow through a corrugated and a wavy tube with
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application to medical devices. For example, the corrugated and the wavy tube have
been used to the arterial prostheses and in the high-performance mass transfer devices
such as an extra-corporeal membrane oxygenator and a kidney dialyser [12~18).
Moreover, in the medical applications, the turbulent flow must be avoided because of
the risk of damage to formed elements in blood, so the laminar flow is rather to be
used. In spite of the demand from various engineering fields as described above, it can
not be declared that the fundamental knowledges and data are sufficiently obtained for
the laminar flow over the rough wall. Accordingly, the laminar flow through a two-
dimensional rough channel, where the rough wall consists of the repeated and embed-
ded square ribs, has been investigated numerically by authors, and a part of results of
this numerical studies have already been reported in the Transaction of JSME and so
on (19~25). In the extensive region of the pitch ratio and the Reynolds number, the
detailed calculations have been performed for the cases of the both parameter to be
changed systematically. From that calculation results, the relation between the flow
structure and the dynamical characteristics, that is, the dynamical characteristic
changed with the variation of the flow pattern depending on both the pitch ratio and
the Reynolds number, were presented in those reports. For all that the detailed
calculations for the flow in the channel with roughness elements embedded from wall
surface (hereinafter reffered to as embedded rough wall), those reports have not been
discussed for the case of flow in the channel with roughness elements upstanding from
wall surface (hereinafter reffered to as upstanding rough wall). The flow in the
upstanding rough wall channel is interesting from the fluid dynamical point of view,
also with respect to the heat-mass of IC packages (in the most case, the IC packages
mounted circuit boards can be treated as the upstanding roughness elements).

In this work, the flow in a two-dimensional channel with short region of rough
surface consisting of repeated square ribs has been investigated numerically. The
different three cases of rough wall channel are considered as follows; the cases both
upper and lower walls being embedded rough surface, of both upper and lower walls
being upstanding rough surface, and of only lower wall being upstanding rough surface.
The calculation is performed for the range of the Reynolds number Re <1000, but for
the only case of the pitch ratio W /k=2 considering the general situation of electronic
circuit boards which are densely mounted with the IC packages. On the first stage,
particular attention is paid to the flow structure through the rough wall channel in this
paper. From the calculation results as the stream lines, the velocity distribution, the
shear stress on the rough wall and the pressure distribution at the center line of
channel, the flow structure for the different three cases of rough wall channel is
compared with each case. The response of the channel flow to a short length in surface
roughness is investigated with presented calculation results. In a brief addition, the
effect of roughness geometory for the characteristic of heat transfer is discussed
deductively with the flow structure.

2, Basic Equations and Calculation Model

Consider the laminar flow in a two-dimensional channel with roughness elements.
The governing equations for the two-dimensional flow of a Newtonian fluid are the
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Navier-Stokes equations and the continuity equation. By introducing the vorticity
w(where = dv/dx-0u/dy) and the stream function y(where u=9y/dy,v=-0v/x),
one obtain the vorticity transport equation in the well-known form
Ow _ Y Odw oY 8w+ 1
ot ox oy gy ox Re
w=—\, 2)
here, V2= 292/ ox*+ 9%/ 2y?,
where Re is the Reynolds number, Re= UH /v, U denotes the mean fluid velocity in the
channel, H the width of channel and the kinematic viscosity of the fluid, respectively.

Vi o))

Equations (1) and (2) are expressed in the non-dimensional forms using the reference
length, velocity and time being H, U and H /U, respectively. Calculation model is the
steady laminar flow in the two-dimensional channel with short region of rough surface
as shown in Fig.1. The rough surface consists of a series of five square ribs (2= b) with
spacing w and roughness height %. The roughness height h and the pitch ratio w /h are
chosen the constant value of #/H =0.1 and w/h=2, respectively. Three cases of rough
wall channel using this rough surface are considered as follows;
i) the rough surface is embedded in the upper and lower walls of channel on the
form of embedded rough wall (to be named as the model T).
ii) the rough surface is attached to the upper and lower walls of channel on the
form of upstanding rough wall (to be named as the model II), and
iii) the rough surface is attached to the only lower wall of channel with the
condition of the same forms as rough wall of the model II (to be named as the
model III).
as shown in Fig.2 (a)~(c). The region of rough surface is settled to the location at the
distance L,, from the upstream boundary of channel. The distance L;, and the channel
length L (L being the length of computational region) are decided with the condition
of vanishing the influence of rough wall on the flow at the upstream and the down-
stream boundaries of channel. For each model of rough wall channel described above,
the preliminary test calculation in order to obtain the values of Ly, and L was
performed for a few flow cases.
The boundary conditions in the computational region are given as follows;
i) the velocity vanishes on the wall surface by the conditions of non-penetration
and non-slip at the wall and
ii) the stream function and the vorticity at the upstream and downstream bound-
aries are given by the plane Poiseuille flow.
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Fig. 2 Rough surface model

The difference equations are derived from the equations (1) and (2) using the
forward-time and centered-space differences, and are solved by the pseudo-unsteady
method in order to obtain the steady solsution as # —>co. The mesh constant is taken
as 1/50 throughout the numerical work in this paper. The convergence criterion is
defined as | ¢™*V-4™ | £10°°, where the superscripts (») indicate the value at the
n-th loop, and | @(f+Af)-w(t) | 10<-5.

3 . Results and Discoussions

3.1 Flow patterns

In the order to research on the difference of both flow patterns in the upstanding
rough wall channel and the embedded rough wall channel, the flow patterns near
region of rough surface are presented by drawing the stream lines. In Fig.3, the flow
patterns for the case of model I and model Il at the Reynolds number Re=100 are
shown as an example of the embedded rough wall and the upstanding rough wall
channels. As can be seen in Fig.3, the stable separation vortex is formed in the
roughness groove for the both cases of model I and model III. For the case model 1,
gradual development of this vortex is observed as the location of roughness groove
being the further downstream from the first roughness groove (upstream end of rough
surface). In contrast with this tendency, that of model Il shows the decaying tendency,



The Effect of Step Change in Surface Roughness on a Channel Flow 279

Model I
Re=100 ~0.0002
0 -0.0001

(a)

0.5
0.4
0.3
f__h\O.Z
mo.l
TH T E SN
Model 1 -0.0004 .0 \3-854

Re=100 -0.0002

Fig. 3 Stream lines (Re=100); (a)Model 1, (b)Model I

that is, the most developed separation vortex in the first roughness groove is observed,
and the vortex in the following stage of successive roughness groove is decaying with
distance to the downstream direction. As to the different of both tendencies described
above, it can be considered that the vortex pattern in the groove depends on the
difference in construction of the upstanding and the embedded rough surface. So the
vortex pattern in the groove for the case of model II (which is the upstanding rough
wall channel) shows the similar tendency qualitativelly as the case of model III, but the
stream line of its flow pattern is not presented in this paper.

Turning now the viewpoint from vortex pattern in the groove to the flow pattern
over the rough wall, the flow near the wall shows the periodic flow pattern in the
similitude of the roughness geometry. For the case of model I, this periodic flow
pattern becomes indistinct with increasing the distance from the wall, and eventually
parallel at the central region of channel. On the other hand, the flow pattern for the
case of model Il is affected considerably by the rough surface of lower wall of channel,
and its influence reaches the center line of channel as shown in Fig.3(b). Namely, it can
be understood that the asymmetric flow pattern with respect to the center line is
caused by the effect of asymmetric geometry of rough wall channel (see in Fig.2(c)).

In the next step, the effect of rough surface on the flow pattern is further researched
with the distribution of flow velocity. In Fig.4(a)~(c), the streamwise velocity distribu-
tion at the constant height from the lower smooth wall of channel is shown for the case
of the Reynolds number Re=100 of each model I, II, Ill. As observed stream lines in
Fig.3, the velocity distribution near the rough wall also shows the periodic flow
distribution and this velocity distribution becomes indistinct with increasing the
distance from the wall. In the region of rough surface, the velocity near the wall
slightly increases compared with that of smooth wall, and gradually increases with
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increasing the distance to the downstream direction, while that of the central portion
shows the contrary tendency. As can be seen in Fig.4(a) and (b), the tendency of velocity
distribution for the case of model II is completely contrary to that of model I, that
is, the velocity near the wall decreases at the region of rough wall compared with that
of smooth wall, and more decreases in the region of rough surface as increasing the
distance to the downstream direction. While that of the central portion increases
considerably. In addition, the velocity near the rough wall increases suddenly at the
portion just above the first roughness element. Considering from the phenomena of
vortex pattern in the groove and of flow pattern over the rough wall decribed above,
we note that the numerical results on the laminar flow are found to have similar
quality compared with experimental results on the turbulent flow for the case of
upstanding rough wall, by way of example as follow; the flow properties of turburent
boundary layer are dominated by the effects of the first roughness element as being
pointed out by Antonian and Luxton (26), and as presented by Sparrow et al. and the
other (8~11), the highest heat transfer cofficient at the first roughness element of
repeated square thermal ribs is resulted due to the effect of upstanding roughness on
the flow in the rough wall channel. It can be seen in Fig.4(b) and (c) that the flow
pattern near the rough wall for the case of model IIl have almost similar tendency for
the case of model II. Here, we should note that the rough wall channel for the case of
model I is the asymmetric geometry consisting of lower rough wall and upper smooth
wall, so its flow pattern shows the asymmetric velocity distribution with respect to the
center of channel, that is, the effect of lower rough wall on the flow reaches the
opposite upper smooth wall of channel, and causes the velocity distribution to the
decreasing velocity in lower region and the increasing velocity in upper region channel.
This effect in such a case of model I is worth noting on the enhancement of heat
transfer for the channel flow.

Fig.5 represents the distribution of difference velocity A« obtained at the constant
height, where Au denotes the difference between « and # (the plane Poiseuille flow),
for the cases of model I and II at Re=100. As can be seen in Fig.5(b), the streamwise
distance of roughly 9 times the channel width (90 times the roughness height) is
required to readjust from changed velocity with effect of roughness to the plane
Poiseuille flow. The short readjustment distance for the case of embedded roughness
compared with that of upstanding roughness is admitted (Fig.5(a)). It is also observed
that the effect of roughness on the flow extends to the upstream region from rough
surface for the both cases of embedded and upstanding roughness. However, from the
comparison of both Au distribution in Fig.5(a) and (b), the intense effect of upstanding
roughness compared with that of embedded roughness is recognized.

In Fig6, the relaxation distance X (the distance of readjustment to the plane
Poiseuille flow) for the rough to smooth side is plotted against the Reynolds number
for the model I, II and III. Fig.6 shows that the relaxation distance increases linealy
with increasing the Renolds number, and depends on the geometry of rough surface.

Fig.7 shows the distribution of the normal velocity component v at the constant
height. Here, the distribution of v for the embedded rough wall is shown for the case
of w/h=4 calculated as an example, because the flow over the embedded roughness
for w/h=2 skimmed along the roughness elements and groove (the existence of a



282 S. NAKANISHI and H. OSAKA

1

Model 1T
Re=100

L 1 L ] ! 1 1 X
8.0 10.0 12.0 14.0

(b)

Fig. 5 Distribution of the velocity difference Au
(a) Model I, (b)Model II.

Re
100} u o A
80t ,® A’
L
J L A Model T
40p  m ek e Model II
O " X
20F m oA Ut
L 4
,1/
1 1 1 1 1

0 ’ X
2.0 4.0 6.0 8.0 10.0 12.0

Fig. 6 Relation between the relaxation distance and the Reynolds number



The Effect of Step Change in Surface Roughness on a Channel Flow 283

0.2¢ A Model I

A%
-0.3r
Mcdel IO
0.1 4 L . 1 1 ' X
2.0 2.5 3.0 3.5 4.0 4.5 5.0

Cc)

Fig. 7 Distribution of the normal velocity component v
(a)Model 1 (w/h=4), (b)Model II, (c) Modellll



284 S. NAKANISHI and H. OSAKA

weak velocity v is recognized), while that of w/A=4 dipped into roughness groove (21,
25). In Fig.7, the velocity v near the wall shows the periodic distribution in the
similitude of roughness geometry for all cases, and its amplitude changes quite little at
each location of successive roughness elements except the first element for upstanding
roughness. The intense effect of first roughness element on velocity v is also for the
upstanding roughness as shown in Fig.7(b) and (c). Noticeably, the v at the central
region and even near the upper wall region is recognized for the case of upstanding
rough wall. ‘

From the results of flow pattern shown in Fig.3~7, it can be considered that the
response of the channel flow to the roughness is quite different between the upstanding
and embedded roughness, moreover, the adjustment process is also different between
rough to smooth and smooth to rough sides.

3.2 Distributions of pressure and wall shear stress

In Fig.8(a)-(c), the pressure distributions along the channel at the constant height are
shown for the Reynolds number Re=100 of each model I, II and III. The value of
non-dimensional pressure P in Fig.8 is defined by the expression P = ReX(p’/VpU?).
Where p’ denotes dimensional pressure, and express in the difference value from the
base pressure level at the upstream boundary of channel. For all cases as shown in Fig.
8, the pressure distributions in the region of smooth wall show the constant value of
non-dimensional pressure gradient to be equivalent to the plane Poiseuille flow (-Re X
dp/dx=24). In the region of rough wall, the pressure near the wall also shows the
periodic pressure distribution in the similitude of the roughness geometry, and its
periodic distribution becomes indistinct with increasing the distance from the wall and
eventually disappears at the central region of channel. As can be seen in Fig.8(a) which
is shown for the case of model I, the influence of embedded roughness on the pressure
do not attain to the center line of channel. On the other hand, the effect of upstanding
roughness on the pressure reaches the center line of channel as observed for the case
of model II, and to the upper smooth wall of channel for the case of model III (Fig.8(b)
and (c)). For the case of upstanding roughness, the effect of roughness on the pressure
extends to the upstream region from rough surface, and its distance is equivalent to
roughly 10 times the roughness height as can be seen in Fig.8(b) and (c). The value of
non-dimensional pressure loss AP for the upstanding rough wall channel shows the
large quantity as compared with that of embedded rough wall channel (as can be seen
in Fig.8(a)), the value of AP for the embedded rough wall channel is approximately
zero, in additon, the value of AP for model II is larger quantity than that of model III.
In Fig.9, the pressure loss AP is plotted against the Reynolds number. Fig.9 shows that
the AP for embedded rough wall is independent of the Reynolds number, and that of
upstanding rough wall slightly decreases with increasing the Reynolds number.

In Fig.10(a)~(c), the distributions of wall shear stress are shown for the case of
model I at Re=400 and of model II and II at Re=100. The wall shear stress is
evaluated by the following equations which define the local skin friction coefficient:

Cr=17"y /(V4pU?) at the wall,
C,=7'xy /(YpU?) on the portion above the groove,
where 77, = u(8u’/3y’) at wall and 7, =u(dv’/ox’+0u’/3y’) y— (at y=0.1, provided it
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is the case of model II and III). Here, the notations with primes represent dimensional
quantities.

As shown in Fig.10, the wall shear stress on the rough wall region varies periodically
in similitude of roughness geometry, and its variation shows the high shear stress at
the top of ribs and low shear stress at the portion of roughness groove (to be caused
by the removal from restraint of wall). In the region of rough wall, the wall shear stress
for the case of embedded rough wall (Fig.10(a)) gradually increases with increasing
distance to the downstream direction, on the other hand, that of upstanding rough wall
(Fig.10(b) and (c)) decreases with its distance. In addition, the shear stress at the first
roughness element for the upstanding rough wall shows the highest quantity compared
with that of the following downstream roughness elements. For the case of model III,
the effect of rough wall (lower channel wall) on the flow reaches the opposite upper
smooth wall of channel, for that reason, the increasing wall shear stress is also
observed at its region (Fig.10(c)). It can be considered that such effects of increasing
wall shear stress at smooth wall is worth noting on the application of enhancement of
heat transfer. These tendencies for the wall shear stress correspond to the tendency of
velocity distribution over the rough wall, vortex behavior in the groove and pressure
distribution described above. Furthermore, it is interested that the wall shear stress for
the upstanding rough wall is also considerably large compared with that of embedded
rough wall in the same tendency as examined on the pressure loss. Thus, it can be
understood and infered that both the total drag (frictional drag and pressure drag) and
the heat transfer of upstanding rough wall channel are larger quantity than that of the
embedded rough wall channel.

4 . Conclusions

From the results and discussions described above, the following conclusions are
summarized,
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Fig.10 Distribution of wall shear stress, Flow is left to right;
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(1) The stable separation vortex is formed in the roughness groove. For the case of
embedded rough wall, this vortex develops gradually as the location of roughness
groove being further downstream. In contrast with this tendency, that of upstanding
rough wall shows the decreasing tendency.

(2) For the case of embedded rough wall, the velocity near the wall in the region of
rough surface gradually increases with increasing the distance to the downstream
direction, while that of the central region shows contrary tendency, and tendency of
velocity distribution for the case of upstanding rough wall is completely contrary to
that of embedded rough wall. In addition, the strong increase in velocity arises at the
portion of first roughness element, and the existence of normal velocity component at
the central region is recognized for the upstanding rough wall channel.

(3) The pressure loss AP for the upstanding rough wall channel shows large quantity
as compared with that of embedded rough wall channel, that is, the pressure drag of
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upstanding rough wall channel is larger than that of embedded rough wall channel. The
pressure AP for embedded rough wall is independent of the Reynolds number, and that
of upstanding rough wall slightly decreases with increasing the Reynolds number.

(4) The distribution of wall shear stress corresponds to the tendency of flow pattern,
that is, tha wall shear stress for the case of embedded rough wall gradually increases
with increasing the distance to the downstream direction, on the other hand, that of
upstanding rough wall decreases with its distance. In addition, the shear stress at first
roughness element for the upstanding rough wall shows the highest quantity compared
with that of the following downstream roughness elements. '

(5) For the case of model IIl (the channel consists of upper wall being smooth and lower
wall being upstanding rough surface), the effect of lower rough wall on the flow
reaches the opposite upper smooth wall of channel. So the shear stress and the pressure
at the upper smooth wall and the velocity near the 'upper wall are affected consider-
ably.

(6) The effect of roughness on the flow extends to the upstream region form rough
surface, and its distance is equivalent to roughly 10 times the roughness height for the
case of upstanding roughness at Re=100. The relaxation distance X for the rough to
smooth side increases linearly with increasing the Reynolds number, and depends on
the geometry of rough surface.
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