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ABSTRACT 
The purpose of the presented 

investigation is the comparison between 
measured data of the laminar and turbulent 
mixed convection and their approximation by 
wall functions. 

New wall functions were implemented 
in a FVM-research-code using unstructured 
grids, which was developed by the author. 
Numerical results are compared with a 
turbulent closed cavity flow. 
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EXPERIMENTAL APPARATUS 
An outline of the experimental 

apparatus is shown in figure 1. The heated 
surface consists of a 2 m high, 1 m wide and 
20 mm thick aluminium plate. 

The plate is heated from the backside 
by 14 horizontal mounted electrical heating 
tubes (1000 mm wide, 6 mm diameter). The 
14 heaters were divided into 7 units. A 
uniform temperature distribution was 
obtained by controlling the voltage of each 
unit. 

The inclination angle a can be varied 
from o· to 360". 
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Figure 1 Experimental apparatus 

MEAN VELOCITY PROFILES 
Experiments in the presented work 

were carried out at a surface temperature of 
so· C. The fluid temperature in the room was 
about 27°C. 

Results for the mean velocity profiles 
in the boundary layer are shown in figure 2. 

The inclination in this case is a = 90" 
(vertical plate). The laminar boundary layer 
was obtained in the range x<0.7m, (Rayleigh 
number < 2· 109). 
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Figure 2 Mean velocity profiles 

(vertical plate) 



Structured eddies exist b�tween 
0. 7m<x<lm, while he maximum velocity 
decreases by about 20.%. · /:1 tµrbulent 
boundary layer was obsel"Ved in the range of 
x>l m. 

Figure 3 shows a typical One­
dimensional energy spectrum in the turbulent 
region. The energy decreases in the range of 
lHz to 5Hz. The energy spectrum in this 
region can be expressed as e(f)-f-t6• 
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One-dimensional energy 
spectrum (vertical. plate) 

I;,. fl.lither experimental 'study examined the 
'air flow at the horizontal plate (iliclination 
angle=O" ). . , 
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Figure 4 Dimensionless velocity 

distribution as a function of 
'' the·dimensionless wall·. · · 1· 

I 'distance (horimntal plate) 
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The results for the velocity are shown in 
normalized coordinates in figure 4 for 
various stratifications. 

' "Results of Cllirerent iqcl\nations are 
shown iri figure·s. The measutjii(p-dint was 
x = I. 7 m. / The boundary layer thicJcness 
decreases in the case of staole inclination 
(90 • <a < 180 • ). The maximum velocity in 
the labile regime (<�; <,a._ ,� 90° ) is smal er 
than 4t the s�able ,regime (ri. >,90" ). 
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Figure 5 Mean velocity profiles 

WALL FUNCTIONS 
An analytical investigation of 

traditional wall functions shows that tbe:iare 
not able to describe the velocity profile near 
a,'heated wall exactly... · "' 

They are based on a constant shear 
_ stress in the boundary layer. This is not 
sufficient for flowsi:near heated walls. An 
extension ; of·: the • "model ' · including the 
influence of temperature has to be provided. 
Therefore calculations at the wall were 
performed which take into consideration 
bijo,yancy effects near I.teated walls. . i , 

The shear stress is not constant 'ill this 
(Frl Fr2) T).} � .1-: • . , , .case -1 - ±,,-. . - . � r�son Lor uu is . dA.' Ti.,<JA ,.. ··' "'Y; .•;i ' ' ·' 

the buoyancy force (Pa) 'Stldid t01 the flow 
field in the control volume (fi�re 6). ,., �I 
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,·Figure 6 Momenta at a contrdl 1 ·1 

voiuitie'.n�:a heated wall ' '1 i 

The momenta are :. 
! 0 . . . 

... , . '-·-�. ·�::::.· Frl•�·i&>·<M ! - .. > :. I 
Fr2 = . .i(y + dy). dA 

With the �uilibf\Y?1 of forces 

li t.: 
• r (I)· 1·,,· 

(2) 

(3) 

;·) 

-Frl + Fa · cos(90° - �)-h.Fr.2 = 0 (4) ' . ... � .... 

}�:; \' . .i �� :..: � •rJ ' 5 I _ '.'.!', 
0 /The ll;Shellf ! stre�s �igiyes the: fundamental 
, ;.:ch�e in.the wall �cajcul�tioq proced�r.e .. :�. 
.L·,�···i· t• .•· ( I .'� ·:- ... ; :)' F".J " -, . ..... ' .. !'f� 
. : Ihe n�xt step is to �lv�,the equ�tion; .' :: 
:.OU.i:; : • r • '.1 �I J� 11· · t •· -, ;; , .. 
. . i(y) = PVr::.\�+�p�nui.9.H_1; i}i·• .\ 1 ;;;:,�(� 

�'.{� ,, , ,: <. • � dy ; .,. dy ,'ji ;;1 .! • 

, : • • .• '.1. ·( ; I ' 
·' With an 1�ddt Visdosity'"!lP,Prb�ation :ror 
·.rrr,VM ·{J\l,b� ·19,1).1 .:111. \: '""' . . ' ·-• . 

. i :; ,,.. �l' fi n.ul· 'l Ln!;•cr· 'd·• .ti f· ·· •� 
vlllrb = "lam R1 (7) 

The numerical results of the wall calculation 
are presented in figure 7. If the temperature 
of the wall is equal the temperature in the 
room er.. = l;i), the shear stress is constant 
and the calculated velocity profile (R=6.25) 
is similar with the wall function of Yuan 
[1992] (figure 7). 
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Figure 7 Wall funchon for velocity 
' (forced cdn ecti<'in).; 
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In the case of consthnt shear stress it is 
possible to usc;.- the \ eddy viscQsity 
approximation to give a n�w wall function: 

Lammar layer: 

Turbulent' layer: 

(9) 

The,.advantage of this method is b�ed on 
one continuous function ii\ the turb4ient I • i �I • region (figure 8). · 
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A large temperature ·difference betWeen the 
wall and the room increases the velocity 
gradient near the, wall. The heat transfer 
increases in the same manner. 

. 
It can be seen from �re: 9 that the 

velocity profile �btained by tlie new wall 
function fits well , to the measured data. 
Traditional w� fi'.inctions ate' n9t applicable 
in the range froi:n 01,to I 00 min. 
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The next step is the determination: of the 
constant R In [Strehle, 1979} numerical data 
are sh!Jwn which can be appro�mated by the 
function: 

·· 

R = R · · e<K.·Ri) neutral 
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Figure IO The constantRas functioh. r' : 
of the Richardson number 

The neutral, stable · -:and unstable 
Stratifications resit.Its Jfl • figure I 11 were 
calculated whith the 'function (10). The 
stable stratification has a

-1 Omrn thick laminar 
sublayer. The thickness of the unstable 
sublayer is 2mm. 
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Figure 11 Velocity distribution as .a 
function of the wall ,. 
distancee (horizontal plate) 

NUMERICAL RESULTS 
The FVM-code uses a 

standard-k- a-turbulence model _ _  [Rodi, 
1980]. The new wall functions were applied 
to a turbulent closed cavity flow 
[Cheesewright et al, 1986]. 

The geometry and the unstructured 
grid is shown in figure 12. In this present 
work a coarse grid is applied t6 compute the 
closed cavity flow (minimum edge-length: 30 
mm) . 
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Figure 12 Geometry and grid of the 
turbulent closed cavity flow 

The numerical results are based on three 
models: log law, forced convection law, 
mixed convection law. These models are 
compared to the experimental data given by 
Cheesewright et al. 

Figure 13 shows the vertical velocity 
calculated using the log law and the mixed 
convection law. 

. 
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Figure 13 Vertical velocity using log law 
(left) and mixed convecticin'law 
(right) 
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Figure 14 NuBelt number as a function of 
Rayleigh number 

Calculations with the log law wall function 
deiiermine a smaller heat transfer than shown 
in the exp·e�ellt (figure 14). . . , 

, _ �The 'ap__plioaf on of the teqted ·wall 
function improves flie· lUmeriGal_ results. The 
numerical results with tile . presented new 
wall function are in better agi'eement for a 
Rayleigh nun;i�er.> 1 ·109 than the traditional 
wall functions. 

The:: precision of. ·the numerical 
simulation increases in case of a finer grid 
[Borth, 1993,Ne tzke;3994].. ,.J [ .·· 
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