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ABSTRACT 

Boundary layer flow and turbulence transport 
analyses to study the influence o f  the free-stream tur- 
bulence on the surface heat transfer rate and the skin 
friction around the stagnatlon polnt o f  a clrcular cyl- 
inder in a turbulent flow are presented. The analyses 
are formulated with the turbulent boundary layer equa- 
tions, the Reynolds stress transport equatlons and the 
k - c two-equatlon turbulence model lng. The analyses 
are used to calculate the tlme-averaged turbulence dou- 
bl e correlations, the mean flow properties, the surface 
heat transfer rate and the skin friction with an iso- 
tropic turbulence in the freestream. The analytical 
results are described and compared with the existing 

E; experimental measurements. Depending o n  the free- 
N stream turbulence propertles, the turbulence kinetic 
A energy can increase or decrease as the flow moves 

toward the surface. However, the turbulence klnetl c 
energy induces large Reynolds normal stresses at the 
boundary layer edge. The Reynolds normal stresses 
change the boundary layer proflles o f  the tlme-averaged 
double correlations o f  the veloclty and temperature 
fluctuations, the surface heat transfer rate and the 
skln friction. The free-stream turbulence dlsslpatlon 
rate can affect the stagnation-point heat transfer rate 
but the influence o f  the free-stream temperature fluc- 
tuation on the heat transfer rate is insignificant. 

INTRODUCTION 

The predictions o f  the stagnatlon-point flow prop- 
erties due to a clrcular cylinder In a turbulent flow 
are of practical importance in engineering appl lcations. 
In the initial stage o f  the gas turbine blade design, 
the blade leading edge flow fleld is usually simulated 
with the results o f  the stagnatlon-point flow studies. 
Estimatlon o f  the blade leading edge surface heat 
transfer 1s an example. Much o f  the exlsting lltera- 
ture is focused o n  the study of the stagnatlon-polnt 
heat transfer rates. However, the Influence o f  the 
free-stream turbulence o n  the mean velocity, the mean 
temperature and the turbulence douole correlatlons near 

the stagnatlon point is crltical t o  the predlction o f  
the boundary layer flow development along the blade 
surface. Very limited results o f  the turbulence corre- 
lations and the mean flow propertles wlthln the stagna- 
tion-polnt flow were reported. This paper presents 
turbulence transport analyses o f  the veloclty and the 
temperature f 1 uctuations, the surface heat transfer 
rate and the skln friction withln the stagnation-point 
flow o f  a clrcular cylinder in a turbulent freestream. 
The objective o f  thls study Is to establish analytl- 
cally the stagnation-polnt boundary layer profiles o f  
the mean velocity, the mean temperature and the tlme- 
averaged turbulence double correlatlons o f  the velocity 
and temperature fluctuations as functions o f  the turbu- 
lence intensity, the turbulence length scale (turbu- 
lence dissipation rate) and the Reynolds number o f  the 
freestream. 

As in any turbulent flow analysis, modeling o f  the 
turbulence variation in the stagnation-point flow is a 
dlfflcult task. The eddy vlscosity concept was used In 
a turbulent boundary layer theory (Smith and Kuethe, 
1966) t o  analyze the surface heat transfer rate and the 
skin frlctlon o f  the stagnation-polnt flow field. In 
order to Include the effect o f  the free-stream turbu- 
lence. the eddy viscosity was assumed t o  be propor- 
tional t o  the free-stream turbulence Intensity. 
Following the progress o f  the turbulence modellng tech- 
nique, Tracl and Wilcox (1975) and Strahle (1985) ana- 
lyzed the boundary layer edge turbulence conditions. 
They used the two-equatlon turbulence models t o  
descrlbe the turbulence klnetlc energy variation along 
the stagnatlon-point streamline. Hljlkata et al. 
(1982) added an equation for the anisotropic turbulence 
t o  the k - c turbulence modellng and numerically 
solved the Navier-Stokes equations for the Reynolds 
stress distrlbutlons along the stagnation-point stream- 
line. It 1s generally agreed that a turbulence trans- 
port analysis using the Reynolds stress transport 
equations 1s a better approach t o  study the Interaction 
between the turbulence and the mean flow straln. In a 
prevlous study (Wang and Yeh, 1987), Donaldson's turbu- 
lence modellng (Donaldson et al.. 1972) and the k - c 
two-equation turbulence modeling (Launder and Spalding. 



1974) were implemented wlth the boundary layer flow 
equations to analyze the influence o f  the fFee-stream 
turbulence on the surface heat transfer rate, the 
stagnation-point boundary layer profiles o f  the mean 
velocity, the mean temperature, and the time-averaged 
turbulence double correlations. The theoretlcal anal y- 
ses o f  the previous study are used in this paper. How- 
ever, the existlng analyses are improved t o  model the 
vari at ion o f  the tlme-averaged turbulence double corre- 
1 at ions along the stagnation-poi nt stream1 lne and the 
boundary layer edge. The length scale for the turbu- 
lence closure assumptions are related analytlcal ly t o  
the free-stream turbulence propertles. The improved 
analyses are a1 s o  used to investigate the influence 
of the free-s tream temperature f luctuation o n  the 
stagnation-point heat transfer rate. 

with the assumption o f  an isotropic turbulence in 
the freestream, the analyses are used t o  calculate 
numerically the time-averaged turbulence double corre- 
lations and the mean flow propertles wl thln the bound- 
ary layer around the stagnatlon polnt. The surface 
heat transfer rate and the skln frlctlon are also cal- 
culated. These computatlonal results are compared wlth 
the measurements o f  existing experlments to valldate 
the present analyses. 

NOMENCLATURE 

a mean velocl t y  parameter 

cf skln frlctlon factor 

Ci emplrlcal constants, 1 - 1 t o  4 

c,, empirical constant 

D cylinder diameter 

E dlmenslonless turbulence dlsslpatlon rate 

F dimensionless mean flow velocity component 

G transformed velocity o f  V 

g turbulence longitudinal correlation 

H dlmenslonless mean temperature 

Ki dimenslonless turbulence klnetlc energy, 1 - 1 
t o  3 

k turbulence kinetlc energy 

Q spatial distance 

Nu Nusselt number 

Pr laminar Prandtl number, 0.7 

R sum of dimensionless Reynolds normal stresses 

Re Reynolds number 

Rx dimensionless Reynolds normal stress along x 
dlrectlon 

Ry dimensionless Reynolds normal stress along y 
direction 

Rz dimenslonless Reynolds normal stress along z 
dlrectlon 

T mean temperature 

Tu free-stream turbulence !ntenslty 

temperature fluctuatlon 

mean velocity components 

velocity fluctuations 

physical coordinate system 

dimensionless length scale 

turbulence dlssipation rate 

transformed coordlnate along y direction 

dimenslonless turbulence correlation 

A turbulence modeling length scale 

X turbulence longitudlnal mlcrolength scale 

p.v absolute and kinematic viscosity 

E transformed coordinate along x direction 

'P azimuth angle 

Subscripts 

e boundary layer edge condition 

F free-stream condition 

oe boundary layer edge conditlon at initial station 

W surface condition 

o condltlon at Inltlal statlon 

1 condition at location 1 

2 condltlon at location 2 o f  boundary layer edge 

Superscript 

- time-averaged quantl ty 

THEORETICAL FORMULATION 

The theoretlcal model o f  the flow field is shown 
schematically in Flg. 1 .  The stagnatlon polnt 0 is 
taken as the coordinate-system orlgln wlth x and y 
coordinates parallel t o  and normal t o  the cylinder sur- 
face. respectively and z coordlnate along the cylin- 
der axls. The dlameter o f  the cyllnder is D and its 
axis is perpendlcular t o  the free-stream mean velocity 
VF. The mean flow 1s assumed t o  be steady, incompress- 
ible, and two-dimensional. The mean velocity compo- 
nents are U and V along the x and y directions. 
The turbulent velocity fluctuations along the x, y. 
and z dlrectlons are denoted by u, v, and w. The 
free-stream Reynolds number is defined as Re = VFD/V, 
where v 1s the kinematic viscosity. The free-stream 
turbulence 1s characterized by Its turbulence lntensity 

TU = (;f)'lZ/VF and its turbulence dissipation rate 

S,T dimensionless Reynolds shear stress 



cF. The f ree -s t ream mean temperature  1s TF. The c y l -  

i n d e r  s u r f a c e  1s a t  a  cons tan t  temperature  Tw. 
The f o l l o w i n g  hypotheses a r e  used i n  deve lop ing  

the t h e o r e t l c a l  f o r m u l a t i o n .  A boundary l a y e r  f l ow  i s  
assumed t o  e x l s t  a l o n g  t h e  su r face  around the  s tag-  
n a t i o n  p o l n t .  The mean v e l o c l t y  i n  t h e  e x t e r n a l  f l o w  
i s  rep resen ted  by  t h e  r e s u l t  o f  t h e  l n v i s c l d  f l o w  ana l -  
y s i s  around a  c l r c u l a r  c y l l n d e r .  The t u r b u l e n c e  1s 
d i s t o r t e d  as t h e  f l o w  moves toward t h e  s t a g n a t l o n  p o l n t  
and t h e  t u r b u l e n c e  c o n d i t i o n s ,  d i f f e r e n t  f r om those  i n  
t h e  f reest ream,  a r e  imposed a long  t h e  boundary l a y e r  
edge. The t u r b u l e n c e  boundary l a y e r  edge cond l  t l o n s  
induce t u r b u l e n c e  momentum and thermal  f l u x e s  wl  t h i n  
t h e  boundary l a y e r .  These t u r b u l e n c e  f l u x e s  i n f l u e n c e  
the  boundary l a y e r  mean f l o w  p r o p e r t l e s ,  t h e  s u r f a c e  
hea t  t r a n s f e r  r a t e  and t h e  s k i n  f r i c t i o n .  Based on  t h e  
above hypotheses, t h e  f o l  l o w i n g  t h e o r e t l c a l  models a r e  
proposed t o  l n v e s t l g a t e  t h e  momentum and thermal  l n t e r -  
a c t i o n  w i t h i n  t h e  s t a g n a t l o n - p o l n t  f l o w  f i e l d .  

Boundary Layer  F low Anal vs 1  s  
S i m i l a r  t o  t h e  ana lyses I n  t h e  p r e v l o u s  s tudy  

(Wang and Yeh, 1987),  t h e  mean f l o w  p r o p e r t l e s  w l t h l n  
t he  boundary l a y e r  a r e  d e s c r i b e d  by  t he  two-dfmenslonal  
boundary l a y e r  equa t i ons .  The t u r b u l e n c e  f l u x  terms i n  
momentum and e n t h a l p y  equa t l ons  a r e  modeled w i t h  t h e  
t ime-averaged t u r b u l e n c e  t r a n s p o r t  equa t l ons .  The mean 
f l o w  p r o p e r t l e s  and t h e  t u r b u l e n c e  doub le  correlations 
a r e  nond lmens lona l i zed  and they  a r e  d e f i n e d  as 

The p h y s i c a l  c o o r d i n a t e s  x  and y  a r e  a l s o  
t rans formed I n t o  t h e  d lmens lon less  c o o r d i n a t e  system 
and n  by u s l n g  t h e  f o l l o w l n g  r e l a t l o n s :  

v f - J  d x  and 4 - -  

o ( 2 C ) 0 - 5  

I t  1s f u r t h e r  assumed t h a t  t h e  t u r b u l e n c e  does 
n o t  l n f  luence t h e  mean v e l o c l  t y  w i t h i n  t h e  e x t e r n a l  
f l o w  r e g i o n  and I t s  mean v e l o c l t y  i s  rep resen ted  w l t h  
t h e  two-dlmenslonal  l n v l s c l d  f l o w  s o l u t i o n  due t o  a  
c l r c u l a r  c y l l n d e r  i n  a  u n i f o r m  f rees t ream.  The mean 
ve 1 oc 1  t y  components a r e  

U - ax and V - -ay ( 2 )  

w l t h  a  - ~ V F I D .  

There fo re ,  t h e  gove rn lng  equa t l ons  f o r  t h e  mean 
f l o w  and t h e  t u r b u l e n c e  become 

C o n t l n u i  t y  equa t l on ,  

where G - h+ ( 2 ~ ) " ~  !!- ue ax 'e 

Momentum equa t l on ,  

En tha l  py  equa t l on ,  

Turbu lence t r a n s p o r t  equa t i ons ,  

as 2  
2 s ~  aUe + 3 > a (ARo-5 $1 + 2 a s + G - - - 2 E - - -  2EF x an U, ar an an 

0.5 2v2 
+ ( 2 ~ ) ~ ~ ~  Ry $ + 2 4 -  L- - - 

A2U3 

and 

ao ao aTe Ue t3 ("0.5 $ 2EF -+ G -- - 2 t  % -  + 3 7 a< an T, ar a 11 

a20 + -+ (26) 0.5 , 3 
an 

2  Y an 

where R - Rx + R + RZ. 
Y 



The above governing equations were derlved In the 
previous work (Wang and Yeh, 1987) by followlng the 
theoretlcal analyses by Donaldson et al. (1972) and 
Beckwlth and Bushnell (1966). A length scale A was 
used In the closure assumptlons for the tlme-averaged 
higher-order turbulence correlations. In thls study, 
the following linear relations are assumed for the 
length scale within the boundary layer, 

A = y ,  for 0 y 5 y p  1 ( 1 1 )  

A = *  + ( y - y ) d  for y p ~ y ~ y e  
P P (ie - :p) I 

where yp is a very small dlstance (1 0.02 ye) from 
the surface. The subscript p denotes the pivot-point 
locations. 

Along the stagnation-point stream1 ine, the upstream 
1 imi t q 1  o f  the external flow region Is defined by 
matching the mean flow velocity. i.e., V 1  = VF at 
q = q l .  The downstream llmlt q2 1s deflned by matching 

the turbulence condi tlons at the boundary layer edge. 
The boundary layer edge condltlons o f  the turbu- 

lence double correlatlons are analyzed with the turbu- 
lence transport equations. For thls purpose, the 
following conditlons 

- - 0 ,  and - 
aq aq 

(12) 

are assumed at the locations near the boundary layer 
edge. 

Nonslip condltlons 

S - 0, and 0 = 0 (13) 

are imposed along the cyllnder surface q = 0 Based 
on the above boundary condltlons. Eqs. (3) t o  (10) are 
used in this study to model the mean flow properties 
and the turbulence double correlations. 

Staqnatlon-Point Streamllne Turbulence 
The turbulence double correlations along the 

stasnation-oolnt streamllne within the external flow 
region are modeled wl th Donaldson's turbulence model- 
ing technique. Wlth the mean flow velocity assumption, 
Eq .  (2). the turbulence transport equation becomes 

K1. 5 
+ - - 0 (16) 36 

2 5 

G +  2 3 G- dq @KO.5 8 + q $- + >) - 0 (17) 
d rl 

and 

Where K1, K2, Kg, r, 8, and A are the dlmensionless 
turbulence double correlatlons and length scale. They 
are defined as 

The free-stream turbulence properties are the 
turbulence condltlons at q1. Therefore, at ql. 

The turbulence conditlons at q2 were descrlbed 
in Eq. (11). However, the Reynolds normal stress 
gradients at q2 are replaced by thelr correspondlng 
Reynolds normal stresses. The followlng analysls is 
used t o  determine these normal stress components. 

Applying the assumptlons in Eq. (12) to the 
turbulence transport Eqs. (6) t o  (10) results in the 
followlng expressions for the gradients o f  the tur- 
bulence correlatlons along the 6 dlrection 



and 

I t  i s  assumed t h a t ,  w l t h l n  t h e  boundary l a y e r  
t h i c k n e s s  i n  t h e  v i c l n l t y  o f  t h e  s t a g n a t l o n  p o l n t ,  t h e  
Reynolds normal s t r e s s e s  a r e  independent  o f  v.  
There fo re ,  

a r e  f ound  a t  * 0 .  
S u b s t i t u t i n g  t h e  above r e l a t l o n s  i n t o  Eqs. (20)  

t o  (22)  and r e a r r a n g l n g  t h e  equa t l ons  l eads  t o  t h e  
f o l  l o w l n g  exp ress ions  

and 

f o r  t he  Reynolds normal s t r e s s e s  a t  vo = 0 and 

q = q2. TO be c o n s i s t a n t  w i t h  t h e  d e f i n i t l o n s  o f  t h e  

v a r i a b l e s  I n  Eqs. (14) t o  (18 ) .  t h e  above r e l a t i o n s  a r e  
r e w r i t t e n  as 

and 

Equat ions  (29)  t o  (31) ,  d ~ / d q  = 0 ,  and d e l d q  = 0 
a r e  t h e  f i n a l  fo rms o f  t h e  t u r b u l e n c e  boundary cond i -  
t l o n s  a t  q2. W i th  t h e  t u r b u l e n c e  boundary c o n d i t i o n s  
a t  q, and q2, Eqs. (14)  t o  (18) a r e  used t o  model 
t h e  t u r b u l e n c e  doub le  c o r r e l a t i o n s  a t  l o c a t i o n s  between 
q, and q,. A c o n s t a n t  Aoe 1s a l s o  assumed i n  t h i s  

r e g i o n .   his l e n g t h  s c a l e  i s  determined b y  t h e  r e q u i r e -  
ment t h a t  

The k  - c two-equat ion  t u r b u l e n c e  mode l i ng  i s  
used t o  d e f l n e  KO,. Based o n  t h e  p r e v i o u s  a n a l y s i s  
(Wang and Yeh, 1987), t h e  k and c equa t i ons  a r e  
w r i t t e n  as 

w i t h  

2k and E = 3 . K = - v a  v a  

The boundary c o n d l t l o n s  a r e  

and 

The e m p l r i c a l  c o n s t a n t s  a r e  c l  = 1.44, c2 = 1.92, 
c3  = 1.00, c 4  - 1.30. and cp  = 0.09. 

The above boundary v a l u e  p rob lem d e f i n e s  t h e  
t u r b u l e n c e  k i n e t l c  energy  K i n  q1 2 q 2 q2 a l o n g  

t h e  s tagna t l on -po i  n t  stream1 i ne. The p r e v l o u s  work 
(Wang and Yeh, 1987) a l s o  l n d l c a t e d  t h a t  t h e  boundary 
l a y e r  edge was l o c a t e d  a t  n2 = 5. Once t h e  tu rbu -  

l ence  k i n e t i c  energy  Koe i s  ob ta lned ,  K l  ,oe. K2,oet 



K3,0e, and Aoe can be found by solving Eqs. (29) 
to (32). 

The prevlous analysls (Wang and Yeh. 1987) is also 
used to model the inltlal proflles o f  the turbulence in 
q > 0 > 0. The turbulence correlatlon gradient terms 
i 6 -[-dl rectlon are a1 s o  assumed to be 1 ndependent o f  
q and they are represented by Eqs. (20) t o  (24). Due 
to symmetry In the mean flow, aF/aE = 0 and aH/aE 0 0 
are true along the stagnation-point stream1 ine. Sub- 
sti tuting these mean flow streamwise gradlents Into 
Eqs. (3) to (10) results in a set o f  ordinary differ- 
ential equatlons whlch describe the varlations o f  the 
mean flow propertles and the turbulence double corre- 
lations in q2 2 0 2 0. Equatlons (12) and (13) 

express the boundary condltlons at 0 = 0 and q2 
- 

Eoundary Layer Edge Turbulence 
Equatlons ( 3 )  to (10) are also used t o  model the 

turbulence double correlatlons wlthln the boundary 
layer flow around the stagnation polnt. The lnltlal 
oroflles o f  the mean flow ~ r o o e r t l e s  and the turbu- 
ience double correlatlons within the boundary layer 
thickness along the stagnation-point streamllne were 
deflned from the analysls In the previous sectlons. 
The surface boundary condltlons were also described by 
Eq. (13). The boundary layer edge mean flow propertles 
are F = 1 and H - 1 .  Thus, the boundary layer edge 
turbulence condltlons are required t o  form a complete 
set o f  the mean flow and turbulence boundary condltlons 
for Eqs. (3) t o  (10). Analysls o f  the boundary layer 
edge turbulence condltlons 1s descrlbed In the 
following. 

The K - c two-equation turbulence model ing is 
used again to predict the turbulence klnetlc energy 
along the boundary layer edge. Following the previous 
analysis (Wang and Yeh, 1987), the k and c equa- 
tions are wrltten as 

2k and E - K = -  va va 2 '  

The analysls along the stagnatlon-point streamllne 
provides the K and E lnltlal condltlons at (C2,q2). 
Equatlons (35) and (36) are solved by numerical ltera- 
tion for the boundary layer edge turbulence kl net1 c 
energy wlthin the small reglon 10'. Equations (20) 
to (24) are also integrated numerically t o  calculate the 
downstream boundary layer edge turbulence klnetlc energy 
(or the correspondlng Reynolds normal stresses). The 
length scale he 1s not necessarlly constant along the 
boundary layer edge. Through numerlcal Iteration. this 
local length scale he is found such that the sum o f  
the Reynolds normal stresses converges t o  the local 
turbulence klnetlc energy obtained from eqs. ( 3 5 )  
and (36). The local Reynolds normal stresses are the 
boundary layer edge turbulence condl tlons. 

NUMERICAL COMPUTATION 

Most o f  the numerlcal computatlonal procedures 
used in this study were descrlbed In the prevlous work 

(Wang and Yeh, 1987). These exlsting numerlcal compu- 
tational procedures were performed to verify the 
present theoretlcal formulation. Thls verification is 
also based on exlsting experiments. Several sets o f  
the experlmental data on the effect o f  the free-stream 
turbulence on the heat transfer rate from a heated 
cylinder placed normal t o  alrstream were reported by 
Smith and Kuethe (1966). Lowery and Vachon (1975). and 
Zukauskas and Zl ugzda (1985). Honeycomb structure, 
damplng screens or turbulence inducing grids at various 
locations upstream o f  the test cyllnder provided varia- 
tions in the free-stream turbulence conditlons. The 
measurements o f  the two-point turbulence longitudlnal 
double correlatlons in the free stream were also 
reported by Lowery and Vachon (1975). The two-point 
turbulence correlatlons provide informatlon regarding 
the free-stream turbulence dissipation rate. There- 
fore, their test conditions and results are first used 
to validate the present theoretlcal formulation. 
Assuming the free-stream turbulence is isotropic, the 
free-stream turbulence ki net! c energy and turbulence 
dissipation rate are described (Hinze, 1975) by 

- - 
3 4  30vv 2 

kF = 7- and cF = - (37) 
1; 

The longitudinal two-polnt turbulence correlatlon 
g, the spatial distance Q, and the turbulence longi- 
tudinal mlcrolength scale XF are related by the 
following relations for small Q 

The turbulence longitudlnal mlcrolength scales are 
obtained by curve-fl ttlng the experfmental data with 
Eq. (38). Based on the free-stream mean velocl ty, the 
free-stream turbulence Intensity. and the turbulence 
long1 tudlnal microlength scale. the present analysl s 
i s  used t o  calculate numerically the turbulence double 
correlatlons and the mean flow propertles withln the 
stagnatlon-point flow field. The surface heat trans- 
fer rate and the skin frlctlon are then determined 
from the mean veloclty and the mean temperature 
prof i 1 es. 

Summary o f  the computatlonal sequences assoclated 
with the present theoretlcal formulation are presented 
here. The computatlonal sequences are: 

( 1 )  The k - c two-equatlon turbulence modeling. 
Eqs. (33) and (34), were solved for the turbulence 
klnetlc energy K in 0, 2 n 2 q2. The turbulence 
klnetlc energy at n2 was substituted into Eqs. (29) 
to (31) t o  solve for the turbulence klnetlc energy 
Kl,oe* K2,0e* and K3,0e by numerical lteratlon in 
terms o f  the length scale A. . The length scale be 
was chosen such that the resu!tlng turbulence double 
correlatlons satisfied Eq. (32). 

(2) Turbulence klnetlc energy in o 1  2 0 2 q2 and 
the length scale Aoe were used t o  linearize the-flnite 
difference equations corresponding t o  Eqs. (14) t o  (16). 
The finlte difference equations were obtained by uslng 
central finlte difference approximation. Slnce the 
Reynolds normal stresses were specified at q > q 2 q2, 
these flnlte dlfference equations were solvedlwrth the 
method of successlve substitution. These Reynolds nor- 
mal stress dlstrlbutlons were used t o  calculate r and 



0 In q 1  , Q 2 q 2  from the flnlte dlfference equa- lence microlength scale are shown In Fig. 2. Some o f  

tions corresponding to Eqs. (17) and (18). The free- the present computatlonal results are described in the 

stream condltlon r = 0 and an arbitrary boundary followlng sections and these results are also compared 

condl tlon 0 = eF were imposed at q 1  In order t o  with avallable experimental measurements. 

study the effect o f  the correlation o f  the free-stream Turbulence 
veloclty and temperature fluctuations on the surface The variations o f  the dlmenslonless Reynolds nor- 
heat transfer rate. These flnite dlfference equations mal stresses along the stagnation-polnt streamline are 
were solved by uslng the method o f  the matrix inver- shown In Figs. 3(a) and (b). Rapid changes In the 
sion. Variable grld dlmension was used in numerical normal stresses occur near q l .  For most cases, the 
computation. Two hundred grid points were used. The normal stress components K1 and K-j decrease and K2 
grid was tlghtened near o 1  and q2 to ensure the Increases along the stagnation-point streamline within 
boundary condl tlons. the external flow reglon. Within the boundary layer, 

(3) The turbulence double correlatlons at (t2,q2) the Reynolds normal stresses decrease continuously in 

were substl tuted lnto Eqs. (20) to (24) to determine the direction toward the surface. Large K2 and small 

the €-direction gradlents. The mean flow conditions K1 and K-j were predlcted at locations close to the 

were calculated at Q = 0.01' locatlon. Introducing surface. Fi ure 3(b) also shows that, with Tu = 0.028, 

the 6-direction gradlents lnto Eqs. (3) to (10) led 
9 Re - 2 . 5 2 ~ 1 0  , and XF/D = 0.0079, the normal stresses 

to a set o f  ordlnary dlfferential equatlons with the amplify along the stagnatlon-polnt streamline wlthin the 

boundary conditlons speclfled at q - 0 and q2. 
external flow and the maximum normal stresses occur at 
the boundary layer edge. 

These equatlons were then solved numerlcally for the - The proflles o f  the dlmenslonless shear stress 
mean flow propertles and the turbulence correlations. -uv/va and the dlmensionless mean velocity U/Ue 
It was also found that the cholce o f  +4 = 0') other withln the boundary layer thlckness along the 

than 0.01" dld not significantly change the iesults 
stagnatlon-polnt streamllne are shown In Flgs. 4(a) 

o f  the numerlcal computatlons. Thls computatlonal and (b). Wlth the prescribed free-stream turbulence 

step and step 2 calculated the turbulent flow proper- long! tudlnal mlcrolength scales, these results show 

ties along the stagnatlon-polnt streamllne. that large shear stress was predlcted withln the 

( 4 )  Based on the Reynolds normal stresses at boundary layer for the case with large Tu or Re. 

(E2,q2), Eqs. (35) and (36) were solved numerlcally Increaslng Tu o r  Re increases U/Ue wlthin the 
region close t o  the surface and decreases U/Ue at 

for the turbulence klneti c energy along the boundary locations near the boundary layer edge. The exlstlng 
l aye; edge. A fourth-order Runge-Kutta numerical measurements (Kestln and Richards n, 1969) of U/Ue 
method was used to integrate Eqs. (20) t o  (24) for the wlth Tu = 0.05 and Re = 2 . 3 0 ~ 1 0  8 were also plotted 
downstream turbulence double correlations. Very small in Fig. 4(a) t o  compare with the present analytical 
step size in (A< correspondlng t o  AQ = 0.001') was results o f  U/Ue. Following the test ondltlons of 
used. The numerlcal lntegratlon at any location 6 Lowery and Vachon (1975). Re = 1.11~10 5 and 
was performed iteratlvely In terms of the length scale XF/D - 0.0086 were used in the present numerlcal 
A .  The iteration procedure was termlnated when the calculatlon and the present an lysls predlcted a 
sum of the Reynolds normal stresses converged t o  the smaller U/Ue ln the region r? ear the surface and a 
turbulence klnetlc energy prevlously obtained from larger U/Ue at locations near the boundary layer 
Eqs. (35) and (36). Slnce r - 0. and 8 - 0. were edge. - 0.5 
calculated at (€2,~2), Eqs. (23) and (24) showed that The dlmenslonless turbulence correlation -vt/kF TF 
' O' and O' * l S o  Occurred the downstream and mean temperature TITF along the stagnation-point boundary layer edge. 

(5) Flnally, the propertles o f  the mean flow and streamllne are shown I n F l g s .  5(a) and (b). The tur- 
the turbulence double correlatlons wlthfn the boundary bulence correlation _vt decays rapidly withln the 
layer flow around the stagnatlon polnt (Q 5 10') were external flow and -vt = 0 occurs at the boundary 
calculated from Eqs. (3) t o  (10) by using an exlstlng layer edge. This turbulence correlatlon appears again 
downstream marchlng numerical computational scheme. The within the boundary layer. It lncreases t o  a maximum 
Nusselt number Nu and the skln frictlon factor cf value near the surface and then decreases t o  the non- 
were then calculated from the mean veloclty and the slip surface condltlon. Wlth the prescrlbed turbulence 
mean temperature proflles. They are deflned as longltudlnal microlength scale, Increasingthe free- 

stream turbulence lntenslty changes the -vt and T 

NU - -D($) (TW - TF) I profiles withln the boundary layer and increases the 
mean temperature gradient at the surface. Therefore, 

Y-0 the turbulent freestream Induces a larger surface heat 
and transfer rate than that with a laminar free-stream 

condi tlon. 

cf a p($) /(; PA) Analytical results o f  the Reynolds normal stresses 
Y-0 and the length scales for the turbulence closure 

assumptlons along the boundary layer edge are shown in 
The mean veloclty and mean temperature gradlents at Flgs. 6(a) and (b). The Reynolds normal stresses 

the surface were calculated numerlcally from the mean remain constant near the stagnation point and then 
velocity and mean temperature proflles whlch were prevl- increase continuously at the downstream locatlons. 
ously obtained from the boundary layer flow solutlons. The turbulence 1s anisotropic and the component K z , ~  

is the largest among the Reynolds normal stresses. 
RESULTS AND DISCUSSIONS Constant length scale Ae was predicted for the cases 

wlth large Tu o r  large Re. The length scale 
The numerl cal computational procedures were per- lncreases sllghtly at the downstream locatlons for the 

formed for several cases wlth dlfferent free-stream case wlth a small Tu. In the analysis o f  the boundary 
turbulence condltlons. Examples o f  the freestream tur- layer edge turbulence, the turbulence klnetlc energy 
bulence longitudlnal double correlations and the turbu- was determlned by solvlng Eqs. (33) and (34 ) .  The 
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d i f f u s i o n  terms a r e  r e t a i n e d  I n  these equa t l ons .  Exam- 
1 7 a t i o n s  o f  t he  p r e s e n t  compu ta t l ona l  r e s u l t s  l n d l -  
c a t e  t h a t  t he  p r o d u c t l o n  and t h e  d i f f u s l o n  terms I n  
Eqs. (33) and ( 3 4 )  a r e  t h e  domlnant terms i n  t he  t u rbu -  
lence development.  The d l f f u s l o n  te rm i s  v e r y  smal l  
except  a t  t he  l o c a t l o n s  v e r y  near  t h e  s t a g n a t l o n  p o i n t .  
There fore .  the  p resen t  compu ta t i ona l  r e s u l t s  f r o m  
Eqs. (33) and (34 )  a r e  c o n s i s t e n t  w l t h  t h e  boundary 
l a y e r  f l o w  assumptlon. 

The compu ta t l ona l  r e s u l t s  o f  t h e  Reynolds normal 
s t resses  w l t h l n  t h e  boundary l a y e r  a t  v - O', 5', and 
10' a r e  shown I n  F l g s .  7 (a)  and ( b ) .  These r e s u l t s  
i n d i c a t e  t h a t  l a r g e  Reynolds normal s t r e s s e s  occu r  a t  
t he  boundary l a y e r  edge and t h e  normal s t r e s s e s  
decrease c o n t l  nuous l y  a long  t h e  direction toward t h e  
su r face .  The components K1 and K  l nc rease  as t h e  
f l o w  moves downstream. W l t h l n  a  sma l l  r e g i o n  nea r  t h e  
su r face ,  t h e  K2 component decreases a t  t h e  l o c a t l o n s  
near t h e  s t a g n a t l o n  p o i n t  and i t  inc reases  aga ln  a t  
t he  downstream l o c a t i o n s .  These compu ta t l ona l  r e s u l t s  
o f  t h e  normal s t r e s s  p r o f l l e s  a r e  d l f f e r e n t  f r o m  t h e  
e x i s t l n g  measurements of  t h e  normal s t r e s s  p r o f !  l e s  
w i t h l n  a f l a t  p l a t e  t u r b u l e n t  boundary l a y e r  
( K l e b a n o f f ,  1955).  

The Reynolds shear s t r e s s  p r o f l l e s  w l t h l n  t h e  
boundary l a y e r  a t  = 0° ,  5'. and 10' were p l o t t e d  I n  
F i g s .  8 (a)  and ( b ) .  These p r o f l l e s  show t h a t  t h e  shear 
; t ress  i nc reases  f r o m  t h e  z e r o  va lue  a t  t h e  boundary 
l a y e r  edge t o  a maximum v a l u e  a t  n = 1 and then 
decreases t o  t h e  boundary v a l u e  a t  t h e  su r face .  The 
shear s t r e s s  a1 so l nc reases  s i g n i f i c a n t l y  wl t h i n  t h e  
boundary l a y e r  a t  t h e  downstream l o c a t i o n s .  

The a n a l y t l c a l  r e s u l t s  o f  t h e  p r o f l l e s  o f  t h e  

dimens i o n l e s s  t lme-averaged c o r r e l a t l o n  - ~ l k ; " ~ ~  

w i t h l n  t h e  boundary l a y e r  a t  Q = 0'. 5', and 10' a r e  
shown i n  F i g s .  9 (a)  and (b ) .  These p r o f i l e s  a r e  s l m l -  
l a r  t o  t h e  shear s t r e s s  p r o f l l e s  I n  F l g s .  8 (a)  and (b ) .  
The t u r b u l e n c e  c o r r e l a t i o n  a l s o  i nc reases  as t h e  f l o w  
moves downstream. W i th  a  l a r g e  Tu i n t h e  f r e e  s t ream 
( F i g .  9 (a ) ) ,  sma l l  v a r i a t i o n s  i n  t h e  - v t  p r o f l l e s  
occu r  w l t h l n  t h e  downstream boundary l a y e r .  However, 
t h e  p r o f l l e s  l n  F l g .  9 (b)  show t h a t ,  w l t h  a  smal l  Tu 
I n  t he  f r e e  stream, t h e  - v t  c o r r e l a t i o n  l nc reases  
w i t h l n  t h e  boundary l a y e r  a t  t h e  downstream l o c a t i o n s .  

S ince k  a T U ~ ,  these p r o f l l e s  a l s o  l n d l c a t e  t h a t  a  
l a r g e  Tu o r  a  l a r g e  Re i n  f ie f r e e  s t ream can 
induce a  l a r g e  l e v e l  o f  t h e  - v t  c o r r e l a t l o n  w l t h i n  
t he  boundary l a y e r .  

Su r face  Heat T r a n s f e r  and S k l n  F r i c t l o n  
The p r e s e n t  a n a l y t l c a l  r e s u l t s  o f  t h e  N u s s e l t  

number and t h e  s k l n  f r l c t l o n  f a c t o r  w l t h l n  10' o f  t h e  
s t a g n a t l o n  p o l n t  a r e  shown I n  F l g s .  lO(a),and ( b ) .  
These r e s u l t s  a r e  compared w i t h  t h e  stagnation-point 
N u s s e l t  number f r o m  t h e  e x i s t i n g  exper lment  (Lowery 
and Vachon. 1975) and t h e  s k l n  f r l c t l o n  f a c t o r  f r o m  
the  l am ina r  boundary l a y e r  f l ow  a n a l y s l s  ( S c h l l c h t i n g ,  
1968).  The p r e s e n t  a n a l y t i c a l  r e s u l t s  of  t h e  
s t a g n a t i o n - p o l n t  N u s s e l t  number a r e  i n  good agreement 
w i t h  t h e  exper lment ,  w l t h  Tu 5 0.055. For  t h e  case 
o f  Tu - 0.110. t h e  p r e s e n t  ana l yses  p r e d l c t  a  l ower  
1 eve1 o f  t h e  s tagna t i on -po l  n t  Nussel  t number t han  t h e  
measurement. S lnce s i m i l a r  l e v e l  o f  t h e  N u s s e l t  number 
was a l s o  measured by O ' B r l a n  and Vanfossen (1985), d i f -  
f e r e n t  l e n g t h  s c a l e  may be r e q u i r e d  i n  t h e  ana lyses t o  
c a l c u l a t e  these expe r lmen ta l  s t a g n a t l o n - p o l n t  N u s s e l t  
numbers a t  Tu = 0.110. The p r e s e n t  a n a l y t l c a l  r e s u l t s  
a l s o  show t h a t  t h e  N u s s e l t  number l nc reases  s l i g h t l y  a t  
l o c a t l o n s  near  t h e  s t a g n a t l o n  p o i n t  and t h e n  remains  
c o n s t a n t  a t  downstream l o c a t i o n s .  However, t h e  s k l n  
f r i c t i o n  f a c t o r  l nc reases  c o n t i n u o u s l y  a t  t h e  down- 
s t ream l o c a t l o n s .  These sur face phenomena a r e  c o n s l s t -  

e n t  w l t h  t h e  v a r l a t i o n s  o f  t h e  boundary l a y e r  t u r b u l e n c e  
p r o f l l e s  ( F l q ~ .  4  and 5). Al though  t h e  t u r b u l e n c e  co r -  
r e l a t i o n s  -uv and - v t  have decreased t o  z e r o  a t  t h e  
boundary l a y e r  edge, Reynolds normal s t r e s s e s  occu r  
w i t h l n  t h e  boundary l a y e r .  These normal s t r e s s e s  l n t e r -  
a c t  w l t h  t h e  mean v e l o c i t y  and t h e j e a n  temperature  t o  
produce t u r b u l e n c e  c o r r e l a t i o n s  -uv and - v t  w i t h i n  
t he  boundary l a y e r .  The re fo re ,  depending on the  f r e e -  
s t ream v e l o c l  t y  t u rbu lence ,  t h e  p r e s e n t  a n a l y s l s  pre-  
d i c t s  l a r g e r  s u r f a c e  h e a t  t r a n s f e r  r a t e  and s k i n  
f r l c t l o n  t han  those w i t h  l am ina r  f l o w  c o n d i t l o n s .  

To show t h e  e f f e c t  o f  t h e  f r ee -s t ream t u r b u l e n c e  
l o n g i t u d i n a l  m i c r o l e n g t h  s c a l e  on  t h e  s u r f a c e  h e a t  
t r a n s f e r  r a t e ,  some comp t a t i o n a l  r e s u l t s  f o r  t h e  ! cases w i t h  Re = 2 . 5 2 ~ 1 0  , Tu = 0.028, and d l f f e r e n t  
XFID = 0.0053 and 0.0079 a r e  compared I n  F i g s .  l l ( a )  
t o  (d ) .  W i th  a  sma l l  XFID (- 0.0053) l n  t h e  f r e e -  
s t ream t u r b u l e n c e ,  sma l l  amp1 l f l c a t i o n  i n  K2 and 
a t t e n u a t i o n s  i n  K1 and K j  were predicted a l o n g  t h e  
s t a g n a t i o n - p o l n t  s t r e a m l i n e  ( F l g .  l l ( a ) ) .  W i th  a  l a r g e  
XFID (1 0.0079), t h e  Reynolds normal s t r e s s e s  a m p l l f l e d  
a long  t h e  s t a g n a t l o n - p o i n t  s t r e a m l i n e  I n  t h e  e x t e r n a l  
f l ow  and t h e s e l o r m a 1  s t r e s s e s  Induced l a r g e  t u r b u l e n c e  
c o r r e l a t i o n  - v t  w i t h i n  t h e  boundary l a y e r  and mean 
temperature  g r a d i e n t  a t  t h e  s u r f a c e  ( F l g .  l l ( b ) ) .  

The v a r l a t i o n s  o f  t h e  t u r b u l e n c e  k i n e t i c  energy  
a long  t h e  s t a g n a t i o n - p o l n t  stream1 i n e  a r e  a1 so shown 
I n  F i g .  1  l ( a ) .  Dependlng on t h e  f ree -s t ream t u r b u l e n c e  
m i c r o l e n g t h  sca le .  t h e  t u r b u l e n c e  k l n e t l c  energy  can 
l n c r e a s e  o r  decrease as t h e  f l o w  moves toward  t h e  s tag-  
n a t i o n  p o l n t .  W i th  a  sma l l  XFID, t h e  f r e e - s t r e a m  t u r -  
bu lence  has a  l a r g e  t u r b u l e n c e  d i s s l p a t i o n  r a t e .  Th i s  
l a r g e  d l s s i p a t l o n  r a t e  1s t h e  domlnant f a c t o r  l n  t h e  
development o f  t h e  t u r b u l e n c e  and t h e  t u r b u l e n c e  k i n e t i c  
energy  1s reduced.  A  s m a l l e r  Ke. as i t  i s  compared 
w i t h  KF, occu rs  a l o n g  t h e  boundary l a y e r  edge and t h l s  
smal l  t u r b u l e n c e  k l n e t l c  energy  Induces a  low l e v e l  o f  
t h e  t u r b u l e n c e  c o r r e l a t l o n  - v t  w l t h i n  t h e  boundary 
l a y e r .  The re fo re ,  sma l l  mean tempera tu re  g r a d l e n t  and 
hea t  t r a n s f e r  r a t e  occu r  a t  t h e  s u r f a c e  (F igs .  l l ( b )  
and (c ) ) .  Fo r  t h e  case w i t h  a  l a r g e  f ree -s t ream tu rbu -  
l ence  m l c r o l e n g t h  s c a l e ,  t h e  p r o d u c t l o n  t e r m  1s t h e  
domlnant f a c t o r  I n  t h e  t u r b u l e n c e  development and t h e  
t u r b u l e n c e  k l n e t l c  energy  1s Increased.  The re fo re ,  a  
l a r g e  t u r b u l e n c e  k i n e t i c  energy  occu rs  a t  t h e  boundary 
l a y e r  edge and t h l  s  t u r b u l e n c e  k l n e t l  c  energy-induces 
a  h i g h  l e v e l  o f  t h e  t u r b u l e n c e  c o r r e l a t l o n  - v t  w l t h l n  
t h e  boundary l a y e r .  The re fo re ,  l a r g e  mean tempera tu re  
g r a d l e n t  and hea t  t r a n s f e r  r a t e  o c c u r  a t  t h e  s u r f a c e  
( F l g s .  l l ( b )  and ( c ) ) .  W i th  XF/D - 0.0079 l n  t h e  
f r e e - s t r e a m  t u r b u l e n c e ,  t h e  p r e s e n t  a n a l y s l s  p r e d i c t e d  
t h e  s t a g n a t l o n - p o i n t  F r o e s s l i n g  number r e p o r t e d  by  
Lowery and Vachon (1975).  

Sml th  and Kuethe (1966) and Zukauskas and Zlugzda 
(1985) a l s o  per formed t h e  exper lments  o f  t h e  s t a g n a t i o n -  
p o i n t  s u r f a c e  h e a t  t r a n s f e r  r a t e s  due t o  c i r c u l a r  
c y l i n d e r s  I n  t u r b u l e n t  f r ees t ream.  These e x i s t l n g  
expe r lmen ta l  r e s u l t s  have been used by  many resea rche rs  
t o  v e r i f y  t h e f r  ana l yses  o f  t h e  s t a g n a t l o n - p o l n t  f l o w .  
The p r e s e n t  a n a l y s l s  was a l s o  used t o  p r e d i c t  t hese  
e x i s t l n g  measurements o f  t h e  s t a g n a t l o n - p o l n t  hea t  
t r a n s f e r  r a t e s .  S lnce  d e t a i l s  o f  t h e  f r ee -s t ream t u r -  
bu lence l e n g t h  sca les  were n o t  r e p o r t e d  i n  these 
s t u d l e s ,  t h e  p r e s e n t  a n a l y s l s  c o u l d  n o t  be used t o  
c a l c u l a t e  t h e  t u r b u l e n c e  k l n e t l c  energy  a l o n g  t h e  
s t a g n a t i o n - p o i n t  s t r e a m l l n e  w l t h l n  t h e  e x t e r n a l  f l o w .  
However. o v e r a l l  h e a t  t r a n s f e r  r e s u l t s  c o u l d  be 
a t t emp ted .  The assumpt ion t h a t  t h e  boundary l a y e r  edge 
t u r b u l e n c e  k l n e t l c  energy  1s p r o p o r t l o n a l  t o  t h e  f r e e -  
s t ream t u r b u l e n c e  k l n e t l c  energy  was made t o  p e r f o r m  
t h e  boundary l a y e r  f l o w  a n a l y s l s .  The compu ta t l ona l  
r e s u l t s .  based on  t h r e e  d l f f e r e n t  K e / K ~  r a t i o s ,  o f  
t h e  s t a g n a t l o n - p o l n t  hea t  t r a n s f e r  r a t e s  a r e  compared 
wl t h  t h e  v a r l o u s  measurements I n  F i g .  l l ( d ) .  These 



r e s u l t s  a r e  presen ed i n  terms f t h e  c o r r e l a t l o n  
parameters TuRe0.S and NuRe-8.5. H l  t h  K e / K ~  - 1. 
t he  p resen t  a n a l y t i c a l  r e s u l t s  agree w l t h  t h e  e x p e r l -  
ments and the  s u r f a c e  hea t  t r a n s f e r  c o r r e l a t i o n  
r e p o r t e d  by Smi th  and Kuethe (1966).  A s m a l l e r  Ke, as 
i t  i s  compared w l t h  KF, was r e q u i r e d  i n  t h e  p r e s e n t  
ana l  y s l  s  t o  p r e d i c t  t h e  ex1 s t 1  ng measurements o f  Lowery 
and Vachon (1975) and Zukauskas and Z lugz a  (1985),  8 e s p e c i a l l y  f o r  t h e  cases w l t h  l a r g e  TuRe - 5 .  W i th  a  
h i g h  t u r b u l e n c e  i n t e n s i t y  i n  t h e  f rees t ream.  t h e  tu rbu -  
l ence  1s most 1 i k e l y  t o  be a n l s o t r o p l c  and i s  domlnated 
by t h e  t u r b u l e n c e  a l o n g  t h e  VF d l r e c t l o n .  The f ree-  
s t ream t u r b u l e n c e  has a  lower  t u r b u l e n c e  k l n e t i c  energy  
than t h a t  o f  an l s o t r o p i c  t u r b u l e n c e  and I t h a s  a  l a r g e  

2  
t u r b u l e n c e  d i s s i p a t i o n  r a t e  due t o  l a r g e  vF. W i th  a  

l a r g e  f r e e - s t r e a m  t u r b u l e n c e  d l  s s i p a t l o n  r a t e ,  t h e  t u r -  
bu lence k i n e t i c  energy  i s  reduced as t h e  f l o w  moves 
a l o n g  t h e  s t a g n a t l o n - p o l n t  s t r e a m l l n e .  A  sma l l  t u r b u -  
l e n c e  k i n e t i c  energy  occu rs  a t  t h e  boundary l a y e r  edge 
and t h i  s  t u r b u l e n c e  k l n e t l  c  energy  induces a  l ow  sur -  
f a c e  hea t  t r a n s f e r  r a t e .  The re fo re ,  Ke < KF i s  
r e q u l r e d  i n  t h e  p r e s e n t  boundary l a y e r  f l o w  a n a l y s l s  t o  
p r e d l c t  t h e  exper iment  w l t h  a  l a r g e  va lue  o f  T U R ~ O . ~  
i n  t h e  f rees t ream.  I t  I s  a l s o  i n t e r e s t l n g  t o  see t h a t  
t he  p resen t  a n a l y s i s  can p r e d l c t  t h e  expe r imen ta l  
s  t agna t i on -po l  n t  F roess l  l n g  number (Zukauskas and 
Ziugzda, 1985) wh ich  i s  o u t  o f  t h e  range o f  t h e  e x l s t -  
i n g  c o r r e l a t l o n s  by  Smi th  and Kuethe (1966) and Lowery 
and Vachon (1975) .  Th l s  r e s u l t  i s  significant s l n c e  
t h e  exper lment  by Zukauskas and Zlugzda (1985) was 
p r e s s u r l z e d .  The f r e e s t r e a m  Reynolds number was l a r g e  
and the  boundary l a y e r  t h i c k n e s s  ove r  t h e  c y l i n d e r  sur -  
f ace  was v e r y  t h i n  i n  t h e i r  t e s t s .  

The a n a l y s i s  o f  t h e  l e n g t h  s c a l e  f o r  t h e  t u r b u l e n c e  
c l o s u r e  assumptions 1s ano the r  aspec t  o f  t h e  t u r b u l e n c e  
model ing .  I n  gene ra l ,  two d l f f e r e n t  l e n g t h  sca les  a r e  
r e q u i r e d .  The l e n g t h  sca les  a r e  r e l a t e d  t o  each o t h e r  
t h rough  a d d i t l o n a l  e m p l r i c a l  cons tan ts  and a  t u r b u l e n c e  
Reynolds number (Donaldson e t  a l . ,  1972). T h l s  t y p e  of  
a n a l y s l s  on t h e  l e n g t h  s c a l e  was n o t  pursued i n  t h i s  
s tudy .  Based on t h e  d i s c u s s i o n  o f  t h e  l e n g t h  sca les  i n  
t he  work by Donaldson e t  a l .  (1972),  s imp le  r e l a t i o n s ,  
Eq. ( I \ ) ,  f o r  a  s i n g l e  l e n g t h  s c a l e  was used I n  t h e  
p r e s e n t  a n a l y s i s .  However, t h e  e f f e c t  o f  t h e  f r ee -  
s t ream t u r b u l e n c e  on t h e  l e n g t h  s c a l e  was cons ide red  
through t h e  a n a l y s i s  o f  t h e  boundary l a y e r  edge tu rbu -  
lence c o n d i t i o n s .  Equa t i on  ( 1  1) enab led t h e  p r e s e n t  
a n a l y s l s  t o  p r e d i c t  s a t i s f a c t o r i l y  t h e  e x i s t i n g  meas- 
urements o f  t h e  s t a g n a t i o n - p o l n t  h e a t  t r a n s f e r , r a t e s .  

CONCLUSIONS 

Boundary l a y e r  f l o w  and t u r b u l e n c e  t r a n s p o r t  
ana lyses were f o r m u l a t e d  t o  s tudy  t h e  development of  
t he  t ime-averaged doub le  c o r r e l a t l o n s  o f  t h e  v e l o c l t y  
and temperature  f l u c t u a t i o n s  and t h e  mean f l o w  p ro -  
p e r t i e s  I n  t h e  s t a g n a t i o n - p o l n t  f l o w  o f  a  c l r c u l a r  
c y l i n d e r  i n  a  t u r b u l e n t  f r ees t ream.  Steady and 
incompress i  b l e  t u r b u l e n t  boundary l a y e r  f l o w  equa- 
t i o n s ,  t he  k  - c two-equat ion  t u r b u l e n c e  mode l i ng  
and t h e  Reynolds s t r e s s  t r a n s p o r t  equa t l ons  were used 
t o  f o r m u l a t e  t he  t h e o r e t l c a l  models. The boundary 
l a y e r  edge t u r b u l e n c e  c o n d l t l o n s  and t h e  l e n g t h  s c a l e  
f o r  t he  t u r b u l e n c e  c l o s u r e  assumptions were a1 so 
o b t a i n e d  a n a l y t i c a l l y  by  ma tch lng  t h e  t u r b u l e n c e  
boundary c o n d l t i o n s .  W i th  t h e  assumption o f  an i s o -  
t r o p i c  f r ee -s t ream t u r b u l e n c e ,  t h e  ana lyses were used 
t o  c a l c u l a t e  numerically t h e  s u r f a c e  hea t  t r a n s f e r  
r a t e ,  t he  s k i n  f r l c t l o n  and t h e  boundary l a y e r  p r o f i l e s  
o f  t h e  mean v e l o c i t y  and t h e  mean temperature  i n  t h e  
s t a g n a t i o n - p o i n t  f l o w .  The p r e s e n t  a n a l y t i c a l  r e s u l t s  
were then compared w i t h  t h e  e x l s t i n g  exper lments  t o  
v a l i d a t e  t he  t h e o r e t l c a l  models i n  t h e  a n a l y s i s .  

The r e s u l t s  o f  t h i s  s tudy  i n d i c a t e  t h a t :  

1 .  The t ime-averaged doub le  c o r r e l a t l o n  o f  t h e  
v e l o c i t y  and temperature  f l u c t u a t i o n s  decays r a p i d l y  
a long  t h e  s tagna t i on -po i  n t  stream1 l n e  w l  t h l n  t h e  
e x t e r n a l  f l o w  r e g i o n .  The t u r b u l e n c e  c o r r e l a t l o n  o f  
t h e  v e l o c i t y  and temperature  f 1  u c t u a t i o n s  1  s  v e r y  sma l l  
a t  t h e  boundary l a y e r  edge. The re fo re ,  t he  f r ee -s t ream 
temperature  f l u c t u a t l o n  does n o t  appear t o  p e n e t r a t e  
I n t o  t h e  boundary l a y e r  and has no  e f f e c t  on  t h e  sur -  
f a c e  hea t  t r a n s f e r  r a t e .  

2 .  Wi th  t u r b u l e n c e  i n  t h e  f r e e  stream. t h e  
Reynolds normal s t r e s s e s  may i n c r e a s e  o r  decrease as 
t h e  f l o w  moves toward t h e  s u r f a c e  a l o n g  t h e  s t a g n a t i o n -  
p o i n t  s t r e a m l i n e .  However, l a r g e  Reynolds normal 
s t r e s s e s  u s u a l l y  o c c u r  a t  t h e  boundary l a y e r  edge. 
These Reynolds normal s t r e s s e s  i nduce  the shear s t r e s s  
-uv and t h e  t u r b u l e n c e  the rma l  f l u x  - v t  w i t h l n  t h e  
boundary l a y e r .  These t u r b u l e n c e  f l u x e s  change t h e  
boundary l a y e r  mean v e l o c l t y  and mean temperature  p ro -  
f i l e s  and, thus ,  t h e  s u r f a c e  h e a t  t r a n s f e r  r a t e  and t h e  
s k i n  f r l c t l o n .  I n c l u d i n g  t h e  e f f e c t  o f  t h e  f r ee -s t ream 
t u r b u l e n c e ,  t h e  p r e s e n t  a n a l y s i s  p r e d i c t s  l a r g e r  l e v e l s  
o f  t h e  s u r f a c e  hea t  t r a n s f e r  r a t e  and t h e  s k i n  f r l c t l o n  
t h a n  those w l t h  l am ina r  f r e e - s t r e a m  c o n d l t l o n s .  

3. The f ree -s t ream t u r b u l e n c e  d l  s s l p a t i o n  r a t e  can 
i n f l u e n c e  t h e  s t a g n a t i o n - p o i n t  h e a t  t r a n s f e r  r a t e .  
When t h e  f ree -s t ream t u r b u l e n c e  d i s s i p a t i o n  r a t e  i s  
l a r g e ,  t h e  t u r b u l e n c e  k i n e t l c  energy  i s  reduced as t h e  
f l o w  moves toward t h e  boundary l a y e r  edge. Due t o  t h e  
smal l  t u r b u l e n c e  k i n e t i c  energy  a t  t h e  boundary l a y e r  
edge, a  sma l l  s u r f a c e  h e a t  t r a n s f e r  r a t e  occu rs  beneath 
t h e  s t a g n a t l o n - p o i n t  f l o w .  The f ree -s t ream t u r b u l e n c e  
d l s s i p a t l o n  r a t e  i s  f ound  t o  be a  f a c t o r  I n  t h e  d i f f e r -  
ence o f  t h e  s t a g n a t l o n - p o i n t  h e a t  t r a n s f e r  r a t e s  
r e p o r t e d  i n  t h e  e x l s t l n g  s t u d i e s .  

4. W i th  t h e  p r e s c r l  bed i s o t r o p i c  f r ee -s t ream t u r -  
bu lence c o n d l t l o n s ,  t h e  p r e s e n t  a n a l y s l s  c a l c u l a t e s  t h e  
e x i s t i n g  expe r imen ta l  measurements o f  t h e  s tagna t l on -  
p o l n t  h e a t  t r a n s f e r  r a t e  when t h e  f ree -s t ream Reynolds 
number 1s i n  t h e  o r d e r  o f  105 and t h e  f ree -s t ream t u r -  
bu lence l n t e n s l t y  i s  510 p e r c e n t .  The p r e s e n t  a n a l y s l s  
can be used t o  c a l c u l a t e  t h e  t u r b u l e n c e  and mean f l o w  
p r o p e r t i e s  when t h e  f ree -s t ream t u r b u l e n c e  i s  an i so -  
t r o p i c .  However. 1  t r e q u i r e s  t h e  f ree -s t ream Reynolds 
normal s t r e s s e s  and t h e  f r e e - s t r e a m  t u r b u l e n c e  d i s s i p a -  
t i o n  r a t e .  

REFERENCES 

Beckwi th ,  I .E . ,  and B u s h n e l l ,  D.M., 1968, " D e t a i l e d  
D e s c r i p t i o n  and R e s u l t s  o f  a  Method f o r  Computlng Mean 
and F l u c t u a t i n g  Q u a n t l t l e s  i n  T u r b u l e n t  Boundary 
Layers , "  NASA TN D-4815. 

Donaldson, C.D., Su l  l l v a n ,  R.D., and Rosenbaum. H., 
1972, "A T h e o r e t t c a l  S tudy o f  t h e  Genera t i on  o f  
A tmospher ic -C lear  A i r  Turbulence,"  AIAA Jou rna l ,  
Vo l .  10, NO. 2, pp. 162-170. 

H l j l k a t a ,  K., Yoshlda, H., and M o r i ,  Y., 1982, 
" T h e o r e t i c a l  and Exper imenta l  S tudy o f  Turbu lence 
E f f e c t s  on  Heat T r a n s f e r  Around t h e  S t a a n a t i o n  P o i n t  
o f  a  C y l l n d e r , "  Heat T r a n s f e r  1982, ~ o l :  3, U. G r l g u l l ,  
e t  a l ,  eds., Hemisphere P u b l l s h i n g  Corp.. Washlngton, 
D.C.. DD. 165-170. 

~ i n z e :  J.O., 1975, Turbu lence,  2nd e d i  t l o n ,  McGraw- 
H i l l ,  New York.  

K e s t i n ,  J. ,  and Rlchardson,  P.D., 1969, "The E f f e c t s  
o f  Free-Stream Turbu lence and o f  Sound Upon Heat 
T r a n s f e r . "  ARL-69-0062, Wr lgh t -Pa t te rson  AFB, Dayton, 
OH. ( A v a i l .  NTIS. AD-691497). 

K l e b a n o f f ,  P.S., 1955, " C h a r a c t e r i s t i c s  of  Turbu lence 
i n  a  Boundary Layer  w i t h  Zero  Pressure  Grad ien t , "  NACA 
Rept.  1247. 



L a u n d e r ,  B .E . ,  and S p a l d i n g ,  D.B., 1974 ,  "The 
N u m e r i c a l  C o m p u t a t i o n  o f  T u r b u l e n t  F l o w s , "  Compute r  
Methods  i n  A o p l i e d  M e c h a n i c s  and  E n g i n e e r i n g ,  V o l .  3 ,  
No. 2 ,  p p .  269-289. 

Lowery ,  G.W., and  Vachon,  R . I . ,  1975 ,  "The E f f e c t  o f  
T u r b u l e n c e  o n  H e a t  T r a n s f e r  f r o m  H e a t e d  C y l i n d e r s , "  
I n t e r n a t i o n a l  J o u r n a l  o f  H e a t  and  Mass ~ r a n s f e r  , 
VOI.  l a .  NO. 1 1 .  DD.  1229-1242.  . , ,  

~ ' B r i e n ,  J . E . ,  and ~ a n f o s s e n ,  G . J . ,  1985.  "The 
I n f l u e n c e  o f  J e t - G r i d  T u r b u l e n c e  o n  H e a t  T r a n s f e r  From 
t h e  S t a g n a t i o n  R e g i o n  o f  a  C y l i n d e r  i n  C r o s s f l o w , "  ASME 
Paper  85-HT-58. (NASA TM-87011). 

S c h l i c h t i n g ,  H . ,  1968 ,  B o u n d a r y  L a y e r  T h e o r y ,  6 t h  
e d . ,  M c G r a w - H i l l .  New Y o r k ,  pp.  158-159.  

S m i t h .  M.C.. and  K u e t h e .  A.M.. 1966.  " E f f e c t s  o f  

S t r a h l e .  W.C., 1985 ,  " S t a g n a t i o n  P o i n t  F l o w s  w i t h  
F r e e s t r e a m  T u r b u l e n c e  - The M a t c h l n g  C o n d i t i o n , "  A& 
J o u r n a l ,  V o l .  2 3 .  No. 11 .  pp.  1822-1824.  

T r a c i ,  R.M., and  W i l c o x ,  D.C., 1975,  " F r e e s t r e a m  
T u r b u l e n c e  E f f e c t s  o n  S t a g n a t i o n  P o i n t  H e a t  T r a n s f e r , "  
AIAA J o u r n a l ,  V o l .  13 ,  No. 7 ,  p p .  890-896.  

Wang, C.R., a n d  Yeh,  F .C . ,  1987,  " A p p l i c a t i o n  o f  
T u r b u l e n c e  M o d e l i n g  t o  P r e d i c t  S u r f a c e  H e a t  T r a n s f e r  
i n  S t a g n a t i o n  F l o w  R e g i o n  o f  C i r c u l a r  C y l i n d e r , "  NASA 
TP-2758. (ASME HTD-Vol. 8 7 ,  p p .  35 -48 . )  

Zukauskas .  A . .  a n d  Z i u g z d a .  J.. 1985.  H e a t  T r a n s f e r  
o f  a C y l i n d e r  i n  C r o s s f l o w ,  H e m i s p h e r e  P u b l i s h i n g  
C o r p . ,  W a s h i n g t o n ,  D.C. 

.... . 

l u r b u l e n c e  o n  ' l a m i n a r  s k i n  ~ r i c f i o n - a n d  H e a t  T r a n s f e r . "  
P h y s i c s  o f  F l u i d s ,  V o l .  9, No. 12 ,  p p .  2337-2344.  

TURBULENT 
FREE STREAM 

+,RC!.TU., 

EXTERNAL FLOW / I \ 
,-BOUNDARY ' LAYER EDGE 

FIGURE 1. - SCHEMATIC OF FLOW FIELD 
OF INTEREST. 



Tu h 

0 0.013, 0.0053 
A 0.028. 0.0079 - EQUATION (38) --- LOWERY AND VACHON 

- \ '  
\ ' 0  
\ 
h 

\ 
\ 

\ - \ 
\ 

'4 
\ 

,-0.013 \ \ 
/ 

' ,-0.028 't o\ 
\ \ 

- h 
\ 
'0 

-,-h,/~ \ 
4 \ 

I I 
.01 .02 .03 .04 -05 

,% , 
SPAT I AL DISTANCE, &? /D 
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LENGTH SCALE, REYNOLDS NUMBER, R e  = 2.52 x lo5. 
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(B)  R e  = 2.52 x lo5. 
FIGURE 3. - VARIATIONS OF REYNOLDS NORMAL STRESSES ALONG 

STAGNATION-PO I NT STREAMLINE . 
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F IGURE 4. - VARIATIONS OF MEAN VELOCITY AND REYNOLDS SHEAR 
STRESS W I T H I N  BOUNDARY LAYER ALONG THE STAGNATION-POINT 
STREANL I NE . 
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FIGURE 5. - VARIATIONS OF MEAN TEMPERATURE AND THE TUR- 

BULENCE CORRELATION WITHIN BOUNDARY LAYER ALONG STAG- 
NATION-POINT STREAMLINE. 
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(B) Re = 2.52 x lo5.  
FIGURE 6. - VARIATIONS OF REYNOLDS NORMAL STRESSES AND LENGTH SCALE FOR 

TURBULENCE CLOSURE ASSUMPTION ALONG BOUNDARY LAYER EDGE. 
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FIGURE 7. - REYNOLDS NORMAL STRESS PROFILES WITHIN BOUND- 

ARY LAYER AT DOWNSTREAM LOCATIONS. 
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FIGURE 9. - PROFILES OF TURBULENCE CORRELATION - 3 
WITHIN BOUNDARY LAYER AT DOWNSTREAM LOCATIONS. 
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