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Abstraet--A study for both numerical and experimental aspects on low speed forced convective heat 
transfer near two-dimensional transverse ribs in which the walls are held at a uniform temperature is 
presented. The effects of aspect ratio and Reynolds number as well as the initial boundary layer thickness 
are examined and discussed. The numerical technique is based on a power law combined with a false stream 
function-vorticity form. It is found that the temperature data agree reasomtbly well with those taken 
from the experiments qualitatively. The results are further correlated by an equation of the form 

~\'~, = 0.44(Re,)°~6S(d s) o ~"lw,'s)-0 :.~ 

INTRODUCTION 

Tn~s PAPER is concerned with numerical computat ions 
of  a type of  separated and reattached flow that is 
associated with the plane laminar flow over surface- 
mounted ribs. Such a flow field is complicated because 
two and possibly three separated regions exist. The 
first region starts from the upstream wall near the rib 
and reattaches on the front wall of  the rib, which is 
often located below that corner;  the second region 
separates from the rear wall and reattaches on 
the downstream wall. A third recirculating region 
attached to the top of  the rib may exist if the rib is 
long enough. After the last region, the flow reattaches, 
the boundary layer redevelops, and the flow is laminar 
thereafter. Furthermore,  the pressure gradient across 
the rib is extremely large and the Nusselt number 
increases rapidly to a high value. The objective of  the 
present study is therefore to explore the details of the 
heat transfer characteristics in the vicinity of  the rib 
including the separated and reattached flow region. 
The work is motivated from a recent development in 
the cooling of  electronic equipment and gas cooled 
reactors as well as in high performance heat ex- 
changers where more quantitative information on 
heat transfer rates in separated/reattached flow 
re~ons is needed. See, for example, Buller and Kilburn 
[1], Wirtz and Dykshoorn [2], and Hsieh [3]. There 
are very few studies on this topic in the literature, 
especially for the laminar case. More recently, Hsieh 
and Huang [4], and the subsequent work, Hsieh and 
Huang [5], computed the laminar flow field over an 
isolated rib using the finite-difference formulation for 
u, r, p, T. The rapid change in pressure and the heat 
transfer characteristic were reported. The pressure 
was found to drop rapidly immediately downstream 
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of the rib followed by a steady rccovcr~. The heat 
transfer coefficients were obtained for a rib aspect 
ratio (width/height) of  w/s = I, 2, and 4 at different 
Reynolds numbers covering the range 63.5 < Re~ < 

254. Details of  the flow field and heat transfer char- 
acteristics such as pressure distribution across the 
rib and the separated and reattached length as well as 
heat transfer rates are not presented in Hsieh and 
Huang [4, 5]. Especially, the effect of  the approach- 
ing boundary layer thickness was not reported. 

In the present study, the fully laminar situation in 
which not only the flow approaching the rib is 
laminar, but the flow in both separated as well as 
in the reattached, redeveloping boundary layers is 
laminar. In addition, the plate upstream of the rib is 
considered to have a finite length so that the boundary 
layer thickness at the rib becomes a parameter that 
must be reckoned with. Aung [6] presented heat trans- 
fer measurements for laminar flow past backsteps 
where the stepwalls are maintained at a constant tem- 
perature. Results are given for the local heat transfer 
distributions as well as the average value for all the 
rib surfaces. It was found that in Aung [6] the average 
Stanton number exhibits a minus one-half power 
dependency on the Reynolds number. This relation- 
ship is in agreement with the wall independent, thin 
shear-layer analysis originally formulated for high 
speed, laminar flow with vanishing initial shear-layer 
thickness reported by Chapman [7]. Since the wall- 
independent shear layer analysis at least in one case 
has been successful in precisely predicting the exper- 
imental data, it is of  interest to examine further the 
fundamental  properties of  the analysis of separated 
flow on the rib, and to observe how they relate to each 
other. 

In addition to the above, it is also noted that the 
experimental results have not provided a satisfactory 
explanation regarding the role of  the initial shear layer 
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N O M E N C L A T U R E  

d boundary layer thickness at the location 
of the rib computed in its absence 
(equation (6)) [cm] 

H height of top boundary [cm] 
Lo length of downstream boundary [cm] 
n normal to rib surface 
Nu,v average Nusseit number, h's /k  
P0 freestream pressure [N m-  2] 
fi dimensionless pressure, (P-Po)/pUo 
Re, Reynolds number based on rib depth 
s rib depth [cm] 
To freestream temperature [°C] 
T, wall temperature [°C] 
U0 freestream velocity [m s- t] 
u, v velocity in the x- and y-directions, 

respectively [m s- ~] 

W 

X0 

rib width [cm] 
distance of  leading edge from the rib 
[cm]. 

Greek symbols 

0 

P 
4, 
O) 

ratio of two adjacent grid sizes (=  1.239) 
maximum residual 
dimensionless temperature 
density [kg m-  3] 
stream function 
dimensionless vorticity. 

Subscripts 
D distance 
s rib depth. 

in separated forced convection. The results obtained 
from Aung [6] indicate a relatively strong effect of 
the initial shear-layer thickness on the average heat 
transfer for a backward facing step. By contrast, 
Bhatti and Aung [8] reported that the shear-layer 
thickness has a rather wild influence on the average 
heat transfer in the case of laminar flow past cavities. 
The heat transfer in separated forced convection is 
mainly effected through a vortex flow mechanism. 
Moreover, for flow over the surface-mounted ribs, it 
appears that there has been no report of such a study 
in the open literature. Therefore, it is worthwhile to 
examine how the strength of vortices in the separated 
flow region depends on the initial boundary-layer 
thickness and other related parameters for flow over 
surface-mounted ribs. 

In the present computation, the finite-difference 
scheme using a false transient stream function- 
vorticity function is adopted. This choice is made in 
view of numerical difficulties reported by Baker [9]. A 
detailed explanation is given in the paper by Baron et 
al. [10]. Furthermore, for a qualitative comparison 
of the temperature field with that from experiments, 
experimental data were measured using a laser inter- 
ferometric technique. It is recognized that the realistic 
situation of the present problem is bound to exhibit a 
certain degree of unsteadiness as Reynolds number 
increases. The experimental results will be helpful in 
this regard to provide this bifurcation. 

M A T H E M A T I C A L  FORMULATION 

Differential equations 
In this study, the two-dimensional, steady (for the 

cases studied which will be evidenced by experiments), 
laminar incompressible Navier-Stokes equations are 
solved numerically in terms of vorticity to and stream 
function ~k. The false transient stream function is 

written as 

04J 020 ~ ' 0  
c~-~- = ~-x2 + 0--~ + e) (1) 

and the conservation equation for the vorticity and 
temperature is 

&o &o Om I (02e)~2o9'~ 
- - + u ~ + V ~ y  = + (2) 

 \Ox 2 

eo_ o2o h + u v - + V ~ y  + (3) 
ox - Re Pr \Ox 2 ~yZ]. 

Equations (1)-(3) are given in dimensionless forms. 
The normalizing factors for length, velocity and time 
are the height of  the rib, s, the uniform approaching 
velocity, Uo, and s/Uo. The velocity is related to the 
stream function by 

u = = - - ,  v = - - - -  (4) 
vy dx 

and dimensionless temperature 0 is defined by 
0 = ( T -  To)/(Tw- To). 

The pressure gradients near the comers of  the rib 
are great, the surface pressure is also solved by apply- 
ing the non-slip boundary condition at the wall to the 
Navier-Stokes equations, which become 

= ( 5 )  
O x -  Re Oy' gy Regx  

where p = (p-po)/pU~ is the dimensionless pressurel 
Integrating equation (5) with respect to x and y 

gives 

i f" Oe) 
`6 = - ~ o Try dx+`6(Xo) 

1 ~ & o  
,5 = Re o ~x dy+fi(y0) (6) 



un i Form 
F1 o~ 

Li o 

To 

Laminar forced convection from surface-mounted ribs 

top surCace 

upstrcem 

~---=o ~y 
I 
I 

down~treem I 
1 

i 
1 
I 

~ 1 / 4 ~ 1 / 1 / i /  / / / / / / i /  . ( / i .  ~.,. . r { d / i / / / / / / i /  / / / / I / /  
7 p I~e ~ / l ~ n Z u  

d/.,,~ ' /x,lsRe 

FIG. 1. Schematic of domain of calculations. 
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B m m d a r v  c o n d i t i o n s  

The boundary conditions are prescribed for the 
computational  region indicated in Fig. 1. The 
approaching flow of uniform velocity U0 is kept at 
the freestream temperature, To. The distance from 
the leading edge to the rib front face, xo, is considered 
as a parameter in order to study the effect of  the 
approaching boundary layer thickness on the sep- 
aration regions; the approaching boundary layer 
thickness, d, is calculated from the relation for the 
laminar boundary layer on a flat plate 

d/s  = 5 x / ( ( X o / S ) / R e , ) .  17) 

The downstream boundary is situated far away from 
the rib (LD = 30s), so the property gradients along 
I he streamwise direction can be considered to be neg- 
ligible. The upper freestream surface is also far away 
from the plate (H = 2%), the region is sufficiently 
large to give computat ional  results that are size inde- 
pendent. On the solid walls of  the plate and rib, non- 
slip conditions apply. Table 1 summarizes the above 

descriptions of  the boundary' conditions zlIl(.l related 
geometrical parameters. 

It is critical to approximate the boundary condition 
for vorticity at the solid wall. The gradients of  pressure 
and vorticity in the vicinity of the rib are enormous. 
To avoid the numerical instability contributed by these 
great gradients, a method developed by Baron e t  aL 

[10] based on an accurate description of  non-slip wall 
condition has been utilized. 

Consider three grid points near the wall (see Fig. 
2), the wall vorticity at a point close to the wall can 
be computed from the vorticity definition 

V24,, = - co : .  (8) 

On the wall. the non-slip condition has to be satis- 
fied, i.e. ( g O / g y ) ,  = 0 

, 

, - ~(1 + x ) & v  [ ¢ ' ~ ( 2 + : 0 + 4 ' - ' ( 1  + 7 / : - ' / ~ 1  

+O(Ay) :  = O. (91 

Table l. Geometry parameters and boundary conditions 

parameters 

boundary 
conditions 

s height of the rib, 1.27 cm 
w width of the rib, 1.27, 2.54, 3.81, 5.08 cm 
H 29s 
LD 30s 
Xo 1.9-29.3 cm 
top boundary free 
dis 0.4, 0.5, and 1.2 
w/s I, 2, 3, and 4 
Res 200, 250, 300, and 400 

plate surface ~ = 0, co = -O-'~k/g')':, ?0/~y = 0 
rib surface ~k=O, co= -~2~k.'gn 2, O =  1 
upstream ~, =y,  co = -~2@:gx2,  0 = 0 
downstream d'-@/3x'- = O. 3co/gx = O, 30/gx  = 0 
free surface g'-@/gy'- = O, co = O. &O,'~)' = 0 
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3 

FIG. 2. Node details for the boundary. 

Using equations (8) and (9), the computing process 
is as follows: 0 and o of a point further from the wall 
than point 2 are calculated by iteration. The value of 
qJ2 is obtained by solving equation (9) with ~ given 
on the boundary and qJ3 from the last iteration. Finally 
092 is obtained from equation (8). In this process, no 
wall vorticity 60~ is really needed. 

N U M E R I C A L  P R O C E D U R E  

The system of governing differential equations with 
the boundary conditions is transformed to finite- 
difference equations by the control volume integration 
method with a power law scheme and solved by a 
procedure involving the ADI method and tri-diagonal 
matrix algorithm, with the wall stream function and 
vorticity boundary conditions given by equations (8) 
and (9). 

The preassigned maximum residual value is 0.001 
for all cases. The computational regions are decom- 
posed by non-uniform grids of the finest grid of 0.02s 
adjacent to the wall, and the sizes of other grids are 
chosen such that each is within 125% of the next 
grid in order to avoid abrupt changes and to obtain 
convergence. Grid size dependence was examined and 
the final grid size (85 x 60) selected. 

In the present algorithm, the ADI scheme is applied 
for obtaining convergence of each variable. The vari- 
able q~ is said to be convergent if its residual is smaller 
than a preassigned value. The residual is defined as 

n + l  n 

¢"J - -  ¢"J (10) 

where n refers to the nth iteration and i, j stands 
for the node position. In the above expression, the 
residual fl represents the maximum value throughout 
the computational region. The preassigned maximum 
residual value is 0.001 for all cases. It was found 
that the first guess of the flow field is not essentially 
important as described in the literature. The relax- 
ation parameters were set to 0.3 and the false time 
increment to 0.52. No internal iterations were per- 
formed. The present numerical calculation was per- 
formed on a CDC Cyber 840A at the Computer 
Center of  the National Sun Yat-Sen University. 
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FIG. 3. Schematics of the experimental rig: (a) test section ; 
(b) laser interferometric optical path. 

E X P E R I M E N T A L  RIG SETUP 

In the present study, heat transfer information was 
obtained in a low speed wind tunnel by means of 
a laser interferometric technique. The wind tunnel, 
shown schematically in Fig. 3(a), is 1.5 m in length 
and is rectangular in cross-section with a working area 
at the test section of 60 cm width x 6 cm height x 60 cm 
length. The suction fan is composed of eight computer 
cooling fans. Its speed is varied by means of a voltage 
regulator. Except for the test section, the remaining 
components of the wind tunnel are constructed of 0.30 
cm thick sheet metal. All walls of the test section are 
made of 0.5 cm plexiglass. 

The laser interferometric technique has been dis- 
cussed in great detail in the literature and will not 
be further elaborated on. To ensure a steady-state 
condition, the test apparatus was then allowed to run 
for approximately 1 h. The interferometric fringe pat- 
tern in the present study is recorded on a high speed 
holographic film. A 0.00t s exposure time is used 
throughout the present experiments. The processed 
negative film is then constructed with the aid of a TV 
camera and monitor. The freestream velocity in the 
wind tunnel is measured with a hot-wire probe. 

A 150-cm field-of-view, 30 mW He-Ne laser-stimu- 
lated, interferometer was used as the temperature field 
indicating instrument (see Fig. 3(b)). This, when 
employed in the infinite-fringe mode, produced dis- 
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tinctive interferograms which are isotherm maps of  
the air flow over the rib. 

R E S U L T S  A N D  D I S C U S S I O N  

The flow field and temperature distribution 
Figure 4 shows the representative contour  plots of  

the dimensionless stream function and the cor- 
responding isovorticity line for the cases of  Re, = 200, 
d/s = 0.4 for w/s = 1-4. It is seen from the figure that 
the approaching flow is curved and packed near the 
protruding corner. We can treat the ¢, = 1.0x 10 -~ 
streamline as the separating streamline, i.e. ~ = 0, the 
boundary of  the separated flow region and the solid 
boundary. There are two or three separated flow 
regions in these four cases. Existing separated bubbles 

are upstream of the front surface, above the upper 
surface of  the rib (exists for w/s = 3 and 4), of  which 
both are of  strength smaller than - 1.0 x l0 ~ (not 
shown here), and the one located downstream behind 
the rear surface is shown as dotted lines. As one can 
see, for streamlines of  ~ > 0,1, they are slightly influ- 
enced by the rib, they rise when they flow over the rib, 
and flow smoothly away from the rib. 

As mentioned in Milos and Acrivos [11], increasing 
Reynolds number means the velocity increases and 
it makes the separated flow regions expand and the 
separated flow strength stronger ; increasing d s means 
the boundary layer became thicker while the velocity 
became smaller in the vicinity of  the rib so that it 
makes the separated flow region expand, but the 
strength of  the streamline is small; and w s is an 
important parameter to the shape of  the separated 
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flow region. These are also evidenced by the present 
results which are not shown here. Regarding the cor- 
responding vorticity distribution (also shown in Fig. 
4), it is seen that the vorticity which is very strong 
near the corners of the rib is swept and transported 
into the recirculation region. In addition, the decay of 
vortex strength in the transverse direction is rather 
fast compared with that in the streamwise direction. 
Within the recirculation regions, the value of the vor- 
ticity changes sign when one follows a closed stream- 
line. The vorticity contours originated near upper cor- 
ners of the rib for the up/downstream of the rib which 
agree well with those of previous studies for a back- 
ward facing step [12] and a forward facing step [10]. 
However, the influences of w/s  on vorticity are not 
clearly noted. Moreover, it appears, for a fixed rib 
size, that an increase in Reynolds number would lead 
to an increase in the vortex strength (not shown here). 

This is because the Reynolds number increase des- 
ignates an increase in the velocity which in turn 
increases a smaller initial boundary layer thickness at 
the rib. Thus, a smaller initial thickness gives rise to 
higher vorticity values in the separated region. 

Figure 5 shows the corresponding dimensionless 
temperature distribution at Re,  = 200 and dis = 0.4 
for w/s  = 1--4. The temperature contours are pre- 
sented as dotted lines. As one can see, the temperature 
of the flow is influenced mainly in the vicinity and 
downstream of the rib. Upstream of the front surface 
of the rib, the temperature lines are packed close to 
the front surface near the protruding corner. For the 
lower position in the separated flow region, the tem- 
perature gradients are small, the temperature lines 
parallel to the front surface. It shows that in the sep- 
arated flow region, the heat transfer is mainly by con- 
duction, not by convection. Above the upper surface 
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of the rib, the temperature lines pass through the 
region as the flow in the thermal developing region 
over a flat plate. These lines rise gently which results in 
the upper surface separated flow making no significant 
influence. In the reattached flow region, i.e. down- 
stream of  the rear surface, one can see from the tem- 
perature contour  that the flow in the region flows in 
the clockwise direct ion;  in the upper region, tem- 
perature lines are away from the rib, and, in the lower 
region, the temperature lines are parallel to the rear 
surface initially, and then are inclined to the rear sur- 
face a little prior to touching the wall. The temperature 
line 0 = 1.0 x 10 -3 can be considered as the boundary 
of  the thermal region influenced by the rib. The tem- 
perature contour  downstream of  the rib was affected 
more significantly than that of  the upstream and upper 
surface of  the rib as w/s varied. 

Nusselt number distribution 
Figure 6 shows typical variations o f  the local heat 

transfer on the side wall of  the rib. The numerical 
results are expressed in the form of the Nusselt 
number. The local heat transfer was plotted against 
streamwise distance along the rib for Re = 200 and 
300 at different w/s and dis. For  both cases the numeri- 
cal data began from nearly zero from the lower corner 
where the temperature contours are further apart. 
Nusselt number increases fairly rapidly along the 
front face, giving the largest value at the end of  the 
front face (the upstream protruding corner) at which 
the temperature contour  lines are closely packed. Nus- 
selt number then decreases mathematically until the 
flow reached or passed over the end of  the top surface 
of  the rib. At the downstream protruding corner the 
local heat transfer rises a little bit due to the cellular 
motion. Then, it decreases again prior to the region 
of  the redevelopment of  the boundary layer. In the 
upstream separated flow region, increasing Reynolds 
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FIG. 7. Local Nusselt number distributions at Re~ = 400, 
w/s = 2.0 for dis = 0.4, 0.5, and 1.2. 

number  makes the separated flow region expand, the 
temperature gradient decreased. For  the upper part 
of  the front surface outside the separated flow region, 
the velocity increases with increasing Reynolds num- 
ber which results in a heat transfer rate increase. So 
is the upper surface of  the rib. While, on the rear 
surface, the heat transfer rate is low and changes little 
when Reynolds number is varied. This fact can also 
be evidenced later in this section of  Fig. 8. 

Table 2. Average Nusselt number of front surface, upper 
surface, rear surface, and entire surface of the rib for the 

cases studied 

Re dis w/s Nut Nu~ Nu~ Nu~ 

200 0.4 I 12.600 7.507 1.871 7.326 
2 12.660 5.521 1.529 6.307 
3 12.660 4.706 1.352 5.626 
4 12.660 4.216 1.246 5.128 

0.5 [ 11.310 7.341 1.730 6.749 
2 11.360 5.340 1.432 5.868 
3 11.360 4.474 1.264 5.210 
4 11.350 4.001 1.146 4.750 

1.2 1 5.990 5.990 1.369 4.450 
2 6.027 4.487 1.149 4.037 
3 6.022 3.768 1.015 3.668 
4 6.026 3.340 0.929 3.386 

250 0.4 I 13.850 8.416 1.967 8.079 
2 13.870 6.081 1.632 6.917 
3 13.890 5.145 1.440 6.153 
4 13.880 4.599 1.347 5.603 

0.5 1 12.470 8.265 1.838 7.525 
2 12.500 5.936 1.524 6.474 
3 12.520 4.954 1.348 5.746 
4 12.510 4.410 1.243 5.233 

1.2 1 6.482 6.767 1.485 4.912 
2 6.514 5.030 1.264 4.460 
3 6.528 4.209 1.126 4.056 
4 6.515 3.736 1.018 3.746 

300 0.4 1 14.890 9.153 2.051 8.700 
2 14.910 6.555 1.719 7.436 
3 14.920 5.489 1.515 6.581 
4 12.350 4.901 1.429 5.991 

0.5 1 12.390 8.621 1.901 7.624 
2 12.400 6.206 1.548 6.597 
3 12.420 5.160 1.424 5.860 
4 8.175 4.576 1.300 5.377 

1.2 1 8.175 7.956 1.643 5.925 
2 8.231 5.822 1.412 5.322 
3 8.236 4.842 1.251 4.803 
4 8.249 4.287 1.163 4.427 

400 0.4 1 16.770 10.370 2 .170 9.770 
2 16.790 7.337 1.849 8.328 
3 16.800 6.098 1.626 7.344 
4 16.790 5.428 1.535 6.672 

0.5 1 14.190 9.983 2 .063 8.745 
2 14.240 7.082 1.748 7.538 
3 14.250 5.87l 1 .536 6.685 
4 14.250 5.203 1.453 6.087 

1.2 1 8.478 8.950 1.774 6.401 
2 8.522 6.525 1.529 5.775 
3 8.529 5.415 1.377 5.230 
4 8.528 4.788 1.282 4.827 
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Furthermore,  a smaller approaching boundary 
layer thickness, in general, is shown to lead to higher 
vortices and hence to a higher heat transfer in the 
separated region, when the Reynolds number is held 
fixed and shear-layer thickness is allowed to change 
the dimension of  the upstream plate, x0. This can be 
evidenced by Fig. 7 for d/s = 0.4 having the highest 
value of  local heat transfer rate all over the rib surface. 

The effect of  the aspect ratio of  the rib w/s on local 
Nusselt number is shown in Fig. 8 at d/'s = 0.4. 
Increasing w/s, the upper surface area increases 
and, consequently, the total heat transfer amount  
increases. The rear surface heat transfer rate decreases 
as w's increases because of  the more heated flow 
passed over the upper surface. As can be seen from 
Figs. 6-8, they give Nu results in the upper front 
corner of  about  50 which is much larger than those of  
previous studies (see Hsieh and Huang [5] for surface- 
mounted ribs and Baron et al. [10] for forward-facing 
steps). This is partly due to the present study including 

the effect of  boundary layer thickness and partly due 
to the present geometry being different from the results 
reported by Baron et al. even though the,,' already 
considered the effect of  approaching boundary layer 
thickness (d,"s). 

It is more practical for the average heat transfer rate 
over the surface of  the rib than the local heat transfer 
rate. The average Nusselt numbers of  the front face, 
upper surface, rear face and entire surface with the 
relationship of  the relevant parameters are illustrated 
in Table 2. For  instance, it is found that the variation 
of  w/s does not affect the Nut but the values of  ,,Vu~ 
and Nth decrease as w s increases. 

With the values illustrated in Table 2, the overall 
average Nusselt number (Nu~,) over the entire surface 
of  the rib with parameters Re,, w/s, and d/s was further 
correlated in the Form of 

Nu,, 0.44(e~)  ~(d.s) . ( I  l )  • " ( w / s )  :~'~ 

This correlation is shown in Figs. 9-11. Examining 
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equation (11) with the numerical result, the maximum 
relative error is 10%, and the mean relative error is 
2.7%. Nevertheless, the result seems acceptable. Fig- 
ure 12 further shows the numerical results plotted 
against the data from the correlation. As expected, 
90% of the predicted data is within a 45 ° diagonal 
band (45 ° +3 = ) which shows the present correlation 
would be good and useful. 

In Fig. 13, comparison is made with the correlations 
developed by Hsieh and Huang [5] and Davalath [13] 
which can be considered as two limiting cases for the 
present study with the rib aspect ratio w/s = 2. For 
the correlation by Hsieh and Huang [5], the plate 
upstream of the rib is kept at the same temperature 
as the rib, the flow is heated by the plate before it 
approaches the rib, the heat transfer rate is hence 

reduced. For the correlation of Davalath [13] the plate 
is kept insulated, while the rib has a heat source uni- 
formly distributed in the area of the rib so that the 
surface temperature gradient is lower which results in 
a higher heat transfer rate. This shows that the pre- 
sented results exhibit a distribution in between these 
two limiting cases. 

Comparison with experimental results 
Figure 14 shows one of the interferograms of the 

temperature field for both the front and rear parts of 
the rib for the case of Res = 300, d/s = 1.2, w/s = 3, 
respectively. Upstream of the front surface of the rib, 
the constant temperature lines distribute the trend 
similar to those obtained from the numerical results. 
Over the upper surface, the temperature lines develop 
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in such a way as the thermal  developing flow tbr  
the fiat plate flow. In addit ion,  one can see that  the 
tempera ture  lincs change direction backward  in the 
boundary  region of  the reat tachcd flow, finally, 
packed to and parallel to the rear surface. This agrees 
reasonably well with those from the numerical  results 
also shown on the r ight -hand side of  Fig. 10 for the 
same tendency of  the temperature  distr ibutions.  The 
steadiness of  the flow was examined to assess the 
previous steady state assumpt ion  of  the present 
numerical  calculations.  It was found that  the flow 
would suffer the unsteadiness when Re, > 400. Since 
the image processing system is not  available to the 
au thors  at this stage, it is not easy to get quant i ta t ive  
informat ion  from the present interferograms.  

CONCLUSION 

In the present study, the effects of  Reynokts 
number ,  initial bounda ry  layer thickness, and aspect 
ratio (width- to-height  ratio) of the rib for the 
heat t ransfer  coefficients are discussed. Increasing 
Reynolds n u m b e r  increases the heat  t ransfer  rate 
because of  the increasing flow velocity. For  the same 
reason, a small dis has a higher heat transfer coeffi- 
cient because for a large d s ,  the rib is i ,mnersed in 
the bounda ry  layer resulting in less influence to the 
flow. Increasing w/s decreases the average heat trans- 
fer rate over the upper surface but increases the total 
heat t ransfer  rate by increasing the surface area. 

Overall the average Nusselt  n u m b e r  correlat ion 
over the entire surface of  the rib is made  for par- 
ameters  Re, ,  dis and w/s, and compared  with two 
limiting cases of  the previous studies. The deviat ion 
is reasonable.  

Moreover ,  the numerical  tempera ture  d is t r ibut ion 
is compared  quali tat ively with the interferometric  
experimental  result. It is found that  the agreement  is 
fairly good. 
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CONVECTION FORCEE LAMINAIRE A PARTIR DE NERVURES MONTEES SUR DES 
SURFACES 

R6sum~--On pr~sente une ~tude num6rique et exp6rimentale sur le transfert thermique par convection 
l'orc~e fi faible vitesse autour de nervures transversales bidimensionnelles dont les patois sont .4 temp6rature 
uniforme. Les effets du rapport de forme et du nombre de Reynolds ainsi que de lk?paisseur initiale de la 
couche limite sont analys6s et discut,Ss. La technique num~rique est baste sur une loi puissance combin~e 
avec une fausse forme de fonction de courant-vorticit& On trouve que les valeurs des temperatures 
s'accordent raisonnablement bien avec celles tir6es des experiences. Les r6sultats sont corral,s sous forme 
de l'~quation 

465 4) 16 0 65 Nu~, = 0,44(Re,) (d/s)- " O' /s) "- . 
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L A M I N A R E  E R Z W U N G E N E  K O N V E K T I O N  AN BERIPPTEN OBERFLA, CHEN 

Zusammenfassung--Der  WSrmelibergang durch erzwungene Konvektion bei kleinen Str6mungsgesch- 
windigkeiten wird numerisch und experimentell an zweidimensionalen Querrippen untersucht, wobei die 
Grundfl/iche auf  konstanter Temperatur  gehalten wird. Die Einflfisse des Abmessungsverhfilmisses 
und der Reynolds-Zahl sowie der anff, inglichen Grenzschichtdicke werden ermittelt und diskutiert. Das 
numerische Verfahren beruht auf  einem Potenzansatz in Kombination mit einer "'falschen'" Stromfunktion- 
Wirbelintensit/it-Formulierung. Es zeigt sich. dab die berechneten Temperaturen befriedigend mit 
MeBwerten fibereinstimmen. Die Ergebnisse werden schlieBIich mit einer Gleichung der folgenden 
Form korreliert : 

Nu~, =0, (Re,) (ds)  (~  s) 

. r lAMHHAPHA,q  BblHYDKJIEHHAYl KOHBEKUFLq OT PEBEP, PACFIOf lO)KEHHblX HA 
I-IOBEPXHOCTFI 

AImlOTa~L[Hc31eHHO H 3KCI'IepHMeHT~L/IbHO HCCJIe~]yeTcsl cJIa6OtlHTeHCHBHb[~ BbIHy~C.IIeHHOKOHBeKTHB- 
H~ TermonepeHoc y aayMep.ux nonepeqHb~x pe6ep c O~-mpoaao~ TeMnepaTypo~ CTeHOK. AHa.~H3H- 
pyexca po~b OTHOmeHHa C'ropoa, qac~a PefiHO~bllca, a xax~e Haqa:bHOfi TO~mHHbZ norpaHMqHoro 
C21Og. t~Hc.rlgHHaJl MeTO21HKa OCHOSaHa Ha CTCHeHHOM 3axoHe B COtleTaHHH C HCrlO.rlb3OBaHHCM xBa3H- 
dpyHKLIHH ToI¢a-3aBHxpeHHOC'rH. YCTaHOa.~eHO, ,.Fro tlHC2leHHbIe ~aHHble rIO TeMnepaType KaLIeCTBeHHO 
xopomo corflacy~oTc~ c pC3yJIbTaTaMH 3KCIIepHMCHTOB. Pe3y31bTaTb! O606LtteHbl a BH~C cae~ymtUefi 
l(pHTepHiLrlbHO~ 3aBHCHMOCTH 

=0 ,44  R~,I ds)  (~ ~) " 


