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Abstract-Experimental Stanton number results are presented for the turbulent incompressible flat plate 
boundary layer with a variety of thermal boundary conditions-constant wall temperature, constant wall 
heat flux, and linear wall temperature variations. These experiments have extended the range of such heat 
transfer data to a Reynolds number, Rex, of 10 000 000. The thermal boundary condition is found to have 
a sign&ant influence on the behavior of the Stanton number. The experimental results are compared with 
the various heat transfer theories-analogies with skin friction, solutions of the integral boundary layer 

equations, and finite difference solutions of the Reynolds averaged boundary layer equations. 

INTRODUCTION 

TURBULENT incompressible flat plate boundary layer 
flow is one of the fundamental problems of convective 
heat transfer and is of great academic and practical 
interest. Therefore, it is, next to pipe flow, the most 
studied and best understood turbulent flow and heat 
transfer problem. However, there is still a dearth of 
heat transfer data. To our knowledge, all of the data 
is limited to values of Rex < 3.5 x lo6 (with the excep- 
tion of axial flow on a cylinder by Survila and 
Stasiulevicius [I], as reported by Kader and Yaglom 
[2]). Also, the only systematic experimental study of 
the effect of the thermal boundary condition on heat 
transfer in the turbulent boundary layer known to the 
authors is the one by Reynolds et al. [3]. 

The experiments reported in this paper were 
designed to investigate the effects of the thermal 
boundary condition on heat transfer in the turbulent 
boundary layer for Rex + 107. All of the data is for 
air flow with constant free stream velocity and tem- 
perature over a smooth 2.4 m long flat plate. Cases 
are reported for constant temperature and constant 
heat flux wall boundary conditions with free stream 
velocities of 12, 27, 42, and 67 m s-l. Linear wall 
temperature variations are reported for free stream 
velocities of 27 and 67 m s- ‘. 

The 67 m s- ’ (Mach number = 0.20) cases are on 
the upper fringe of incompressible flows. While the 
assumption of a constant air density is still a fairly 
good approximation, viscous dissipation must be con- 
sidered for the heat transfer problem. This is discussed 
in some detail below. In the following section the 
theory of heat transfer in the turbulent boundary 
layer is briefly reviewed, the experimental facility is 
described and the results are presented, discussed, and 
compared with the theories. 

THEORY 

The theoretical treatment of heat transfer in the 
turbulent incompressible flat plate boundary layer 
flow is mature and well documented [4,5]. Here the 
theory is divided into three subtopics-analogies, 
solutions to the integral boundary layer equations, 
and numerical solutions of the time averaged bound- 
ary layer equations. 

Analogies 
Reynolds’ analogy [6] was one of the first theor- 

etical treatments of turbulent heat transfer. For the 
case of constant free stream velocity and temperature, 
constant wall temperature, and Pr = 1, the similarity 
between the x-momentum equation and the energy 
equation yields 

St = c,/2. (1) 

The restrictions on equation (1) prohibit its wide 
application. Particularly troublesome is the require- 
ment that Pr = 1. The two most famous extensions of 
the analogy for Pr of the order of 1 or greater are 
those of Von Karman [7j and Colbum [8]. 

Von Karman derived his analogy by integrating the 
thermal and velocity laws-of-the-wall in a three-layer 
model to yield 

{Pr-l+ln[1+5(Pr-1)/6]}. 

(2) 

Kays and Crawford [5] have shown that equation (2) 
can be approximated very well for gases (0.5 < 
Pr< l)by 

StPrQ.4 = c,/2. (3) 
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NOMENCLATURE 

area of one test plate 
piecewise linear wall temperature 
parameter, equation (7) 
finite step in wall temperature, equation 

(7) 
specific heat at constant pressure 
specific heat of dry air 
specific heat of water vapor 
skin friction coefficient, 2r,/pui 
kernel function in equation (10) 
kernel function in equation (6) 
total enthalpy, cPt + u*/2 
Prandtl mixing length 
slope in piecewise linear wall 
temperature variation, equation (7) 
barometric pressure 
Prandtl number 
turbulent Prandtl number 
conduction heat loss 
radiation heat loss 
heat flux at the wall 
recovery factor 
Reynolds number, U.&V 
local Stanton number based on total 
temperature 
Stanton number for constant wall 
temperature 
temperature 
turbulent heat flux factor 
total temperature, t + u2/2c, 
temperature of the side rail 
wet bulb temperature 

U 

dV’ 

$A), 
V 

W 
X 

Y 

Y+ 

x-component of time mean velocity 
Reynolds shear stress factor 
uncertainty in St (95% confidence level) 
conductance, qc = (UA)&t, - trail) 
y-component of time mean velocity 
electric power to each plate 
stream-wise direction 
normal direction 
non-dimensional y ; 

Y+ = YKoJwr/w. 

Greek symbols 

i&r, b) 

thermal diffusivity 
incomplete beta function, equation (9) 

l-(x) gamma function, T(x+ 1) = x! 
6 boundary layer thickness ; defined 

based on u/u, = 0.99 
E radiative emissivity 

p viscosity 

/Jl eddy viscosity 
V kinematic viscosity, p/p 

Vt eddy kinematic viscosity, h/p 

5 unheated starting length and dummy 
integration parameter 

P density 
r shear stress. 

Subscripts 
r recovery 
W values evaluated at the wall 
cc values evaluated in the free stream. 

Colburn based his analogy completely on dimen- [5]. The procedure is to use the solution of the integral 
sional analysis and empirical considerations. His 
analogy is 

St Pro.66 = CJ2. (4) 

Although equation (4) was first determined by Col- 
burn purely from empirical considerations, it has been 
deduced from turbulent scaling laws for Pr > 1 [9, lo]. 

Other analogies can be derived from the velocity 
and temperature laws-of-the-wall (Kader and Yaglom 
[2] for example). All of these analogies are still limited 
to the constant wall temperature boundary condition. 
However, this limitation is often not stressed and the 
analogies are often compared with constant heat flux 
experiments. 

Integral analysis 
For the integral analysis, we assume constant free 

stream velocity and temperature and a constant prop- 
erty fluid flow over a flat plate. For the arbitrary wall 
temperature or heat flux, we follow the procedure of 
Reynolds et al. [3] as presented by Kays and Crawford 

boundary layer equations for the step wall tem- 
perature with an unheated starting length as the kernel 
function in a superposition integral. Using the l/7 
power law approximation of the velocity and tem- 
perature profiles, Reynolds et al. established that for 
an unheated starting length, 5, the local heat transfer 
coefficient can be expressed as 

h(l;x) = pu,c,St,(x)[l-(~/x)9”o]-“9 (5) 

where St,(x) is the constant wall temperature Stanton 
number given by the analogy of choice from equations 
(1) to (4). The heat flux for a variable wall tempera- 
ture, t,(x), is 

where A(t,,.i- t,) is the z’th finite step in wall tem- 
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perature, N the number of steps, and t, are the 
locations of the steps. 

For a piecewise linear wall temperature with a finite 
number of steps 

application of equation (6) with equation (5) yields 

of interest, the mixing length model and the turbulent 
Prandtl number concept are adequate. The models are 

au 
-zhtay &!fau I I a~ ay 

v at _t’Z)i=t- 
Pr, 8~ 

lOxSt*(x) M 
sf(x) = 9(tw - tm) j_, c ~~~~~(8/9,10/9) 

+~,~,4[l-(5i/x)g~“]-“9 (8) 
W 

where /?,(8/9,10/9) is the incomplete beta function 
with rj = 1 - (aj/x)“‘* 

#I&b) = *of-l(l_Z)*-‘dz. 
I 

(9) 

The inverse problem where the wall heat flux is 
specified can be formulated as 

where 

s/10 

9(“x) = r(1/9)r(8/9)pu,c,St,(x)x 

x [1-(Qx)9”0]-8’9 

or in terms of the local Stanton nmber 

1 9110 
------= 
St(x) r(l~9)r(8/9)~sf~(x) R(x) 

x oX[l-(~/x)9”o]-*‘9q~(~)d~. (II) 
i 

Numerical solutions 
The numerical solution of the time averaged bound- 

ary layer equations for turbulent fiat plate flows is by 
now routine [4]. The time averaged boundary layer 
equations for the flow of a constant property fluid 
over a flat plate (constant free stream velocity and 
temperature) are usually reduced to 

c?+“=o 
ax ay 

au au a2u a y 
u,,+v,=v~--;j;uv 

at at a5 a T7 
U7&+v;?;;=uay,--$v 

(13) 

+J&z)($). (14) 

Before equations (12)-( 14) can be solved, models for 
the Reynolds stress, -z/v’, and the turbulent heat 
flux, -t’v’, must be formats. For the conditions 

where 

I = 0.4yfl -exp (-y+/26)] ; 1-z 0.096 

I = 0.09s ; otherwise 

Prt = 0.9. 

The boundary conditions for equations (12)-( 14) are 

x=0: u=u,, t=t, 

y-o: u = v = 0, t = tw(x) (or qm = q:(x)) 

y-+00: u=l&, co’ t=t (17) 

The momentum and energy equations of the bound- 
ary layer are transformed into ~mpu~tion~ space 
and solved with a marching implicit 8nitedifference 
algorithm. The method is described in detail by 
Gatlin [ll]. For all computations in this paper, the 
BLACOMP code as verified by Gatlin is used. 

~e~~t~~ of the Stanton nuder 
The Stanton number can be defined based on the 

free stream total temperature, recovery temperature, 
or static temperature. The Stanton number data in 
this paper is reduced based on a definition using the 
total temperature 

The question arises as to what is the best interpret- 
ation of the Stanton number in the analogies? The 
usual development is to treat the analogies as applied 
to low speed flow where the distinction between total, 
recovery, and static temperature is negligible. 
However, for the data presented in this paper, the 67 
m s-’ cases are on the fringe of low speed flows 
and the distinction between total, recovery, and static 
temperature makes a measurable difference in the 
Stanton number. At 67 m s- ’ the diierence in total 
and static temperature is about 2°C which is IO-13% 
of the nominal 20-l 5°C temperature difference across 
the boundary layer in the present experiments. 

As shown in ref. [12], the definition of Stanton 
number based on the total temperature is consistent 
with Reynolds’ analogy. The total enthaipy field, 
H = cpt+u2f2, and the velocity field, u, are similar 
and St = C,!2 if the following conditions are met : 

(1) %a = constant ; 
(2) Pr = Pr, = 1 ; 
(3) (I& -I&) = constant ; 
(4) the bouncky unctions are similar 
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FIG. 1. Schematic of the turbulent heat transfer test facility (THTTF). 

u(y-+co)=u,; H(y-tco)=H,=constant 

u(0) = 0; H(0) = H, = constant. 

Therefore, it is consistent with Reynolds’ analogy to 
define the Stanton number based on total enthalpy or 
temperature. In the following, the Stanton numbers 
for all of the analogies are taken to be defined based 
on total temperature. An alternate would be St based 
on boundary layer recovery temperature. At the 
modest velocities in the experiments reported here, 
there is very little difference in the total and boundary 
layer recovery temperatures. 

EXPERIMENTAL APPARATUS 

The experiments were performed in the turbulent 
heat transfer test facility (THTI’F) which is shown 
schematically in Fig. 1. A complete description of the 
facility and its qualification is presented in ref. [ 131. 
This facility is a closed loop air tunnel with a free 
stream velocity range of 667 m s- ‘. The temperature 
of the circulating air is controlled with an air to water 
heat exchanger and a cooling water loop. Following 
the heat exchanger the air flow is conditioned by a 
system of honeycomb and screens so that the flow 
entering the test section is uniform and has a tur- 
bulence intensity less than 1% in all cases. The average 
measured turbulence intensity was 0.58% at 12 m s-r 
and 0.42% at 42 m s- ‘, as compared with the reported 
2-3% of Reynolds et al. [3] and 0.7% of Kearney et 
al. [14]. 

The 2.4 m long test section consists of 24 electrically 
heated flat plates which are abutted together to form a 
continuous flat surface. The measured average surface 
roughness is less than 0.5 nm and the step between 
any two plates is less than 0.0125 mm. The thermal 
boundary condition is set by controlling the power 
input to each plate. The heating system is under active 
computer control and any desired set of thermal 
boundary conditions can be maintained within the 
limits of the power supply. For example, the plate 

temperature can be maintained at any temperature, 
f O.l”C, between 50°C and 2°C above the free stream 
air temperature which is typically 30°C. To minimize 
the conduction losses, the side rails which support the 
plates are heated to approximately the same tem- 
perature as the plates. 

The top wall can be adjusted to maintain a constant 
free stream velocity. An inclined water manometer 
with a resolution of 0.06 mm is used to measure the 
pressure gradient during top wall adjustment. Static 
pressure taps are located in the side wall adjacent to 
each plate. The pressure tap located at the second 
plate is used as a reference, and the pressure difference 
between it and each other tap is minimized. For 
example, the maximum pressure difference for the 
42 m SK’ case was 0.30 mm of water. 

The boundary layer is tripped at the exit of the 19 : 1 
area ratio inlet nozzle with a 1 mm x 12 mm wooden 
strip. This trip location is immediately in front of the 
heated surface. 

Stanton number &termination 
The data reduction expression for the exper- 

imentally determined Stanton number is 

(19) 

The power, W, supplied to each plate heater is mea- 
sured with a precision wattmeter. The radiation heat 
loss, qr, is estimated using a gray body enclosure 
model where the emissivity of the nickel plated alumi- 
num is estimated as E = 0.11. The conductive heat 
loss, qc, is determined using an experimentally deter- 
mined plate to side rail conductance, (UA),,. The 
conduction losses are minimized by actively heating 
the side rails. The plate area, A, is determined from 
the length and width dimensions. The density and 
specific heat are determined from property data for 
moist air using the measured values of barometric 
pressure and wet and dry bulb temperatures in the 
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Table 1. Estimated bias limits at 95% 
confidence 

0.9% 
0.14”C 
O.l”C 
0.4”C 
06°C 
45% 
45% 
0.09 
ImmHg 
0.03% 
0.4% 
0.5% 
0.5% 

tutmel. The free stream velocity is measured using a 
pitot probe and specially calibrated precision pressure 
transducers. The free stream and plate temperatures 
are measured using specially calibrated thermistors. 
The free stream total temperature, T,, is computed 
using a recovery factor for the free stream thermistor 
probe of R = 0.86 [15]. The experimentally deter- 
mined Stanton number is then a function of the 13 
measured variables and reference parameters 

&a, km ‘& f+w, G,R). (20) 

The uncertainty in the experimentally determined 
Stanton number was estimated based on the ANSI/ 
ASME Standard on Measurement Uncertainty [16]. 
precision errors associated with all measured variables 
used to determine the Stanton number were found to 
be negligible compared with the ~~~n~ng bias 
errors. The bias limits in the measured variables and 
the input parameters were estimated, and the uncer- 
tainty in the Stanton number was computed using the 
procedures outlined in the standard. Since all of the 
thermistors were calibrated against the same 
standard, some elemental contributions to the ther- 
mistor bias limits were correlated. This was taken into 
account in the ~~~inty analysis. The bias limit 
estimates (at 95% Confidence) for the individual 
measurements are given in Table I. Table 2 gives 
typical values for Stanton number uncertainty under 
representative conditions for constant wall tem- 
perature. Complete listings of the uncertainties can be 
found in refs. 112,131. 

An additional source of uncertainty for the cases 

Table 2. Stanton number uncertainties for typical cases 
(constant wall temperature; at plate 15) 

u, (m s-l) 67.2 42.9 27.9 12.4 
v,,/st (%) 3.1 1.7 1.7 3.7 
St 0.00145 0.00156 0.00166 0.00196 
W(w) 61.37 61.50 45.04 24.40 
4r 0 0.41 0.597 0.597 0.605 
9.0 -0.614 0.638 -0.234 0.092 
tw (“0 44.0 47.8 44.0 44.0 
T, Cc) 32.5 31.1 26.5 26.2 

without a constant wall tem~mture is the plate to 
plate conductance. The plates are trimmed to touch on 
a lip of about 1.6 mm thickness. Based on calibration 
experiments the plate to plate conductance was found 
to be 1.25 W “C- ‘. For the linear wall temperature 
variations, the net effect of plate to plate conductance 
is small because about the same heat enters each plate 
from the high temperature side as leaves from the low 
tem~rat~e side. The exception to this are the points 
where the linear variation changes slope. These points 
are all noted when the data is presented. The constant 
heat flux cases do not have linear wall temperature 
variation. This effect was investigated for all constant 
heat flux cases. It was observed that beyond the eighth 
plate the wall temperature variations were very small 
and the plate to plate conduction was negligible. For 
the fust eight plates an additional 1% should be added 
to the Stanton number uncert~nty for the constant 
heat flux cases. For example, the uncertainty in St at 
plate 8 for u, = 12 m s- ’ increased from Us, = 3.6 to 
4.6%. Therefore, the plate to plate conduction has a 
very small effect on the Stanton number. 

Skin friction meawrement 
The skin friction coefficient, C,, was dete~ned 

using a 3 mm diameter Preston tube. The ~libration 
equations given by Pate1 [17] were used to determine 
C, from the Preston tube pressure measurement. The 
uncertainty in the C, measurements is estimated to be 
less than f6% at 95% confidence. All C, measure- 
ments were made in an isothermal boundary layer. 

RESULTS AND DISCUSSION 

Stanton number data were taken for both constant 
wall temperature and constant heat flux boundary 
conditions for nominal free stream velocities of 12, 
27,42, and 67 m s- ‘. The experiments were conducted 
so that the constant heat flux cases had approximately 
the same wall temperature far from the boundary 
layer origin as the corresponding constant wall tem- 
perature cases. These data are compared with the 
analogies, the integral solutions, and the numerical 
solutions of the boundary layer equations. However, 
the primary comparison is the comparison of the data 
sets with each other. In addition, Stanton number 
data are presented for a linear wall temperature dis- 
tribution with free stream velocities of 27 and 67 m 
s- ‘. Comparisons are made between these data and 
the integral solutions and numerical solutions. Tabu- 
lar data for all cases can be found in refs. [ 12,131. 

For the experimental results and all of the com- 
putations, the origin of the momentum boundary 
layer was taken to be the nozzle exit, and the origin 
of the thermal boundary layer was taken to be the start 
of the heated surface. These points were coincident 
for all the cases reported in this paper. The authors 
decided not to include any virtual origin estimates in 
the data pre~ntation or computations. The exper- 
imental data and all of the computations were based 
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, number results for constant wall temperature (open symbols) and constant wall heat 
(solid symbols). 

flux 

on constant properties which were evaluated at the 
free stream static temperature. 

Constant q: us constant tw 
Figure 2 presents a plot of St vs Rex for the two 

boundary conditions. The solid symbols are the 
results for the constant heat flux boundary condition 
and the open symbols are for the constant wall tem- 
perature boundary condition. The solid curve is the 
analogy of equation (3), St Pro.4 = G/2, where the skin 
friction coefficient is determined using the Schultz- 
Grunow [18] correlation 

Cr/2 = O.l85~og,,(Re,)] -2.s84 (21) 

The figure shows that the analogy fits the constant 
wall temperature data very well for the Reynolds num- 
ber range 100 000-10 000 000. At the maximum devi- 
ation the correlation is about 5% too high. The dashed 
curve is based on the integral solution, equation (1 l), 
for the case of constant qc 

St = r(1/g)r(8/g) St = 1 &qJSt 

fl,(l/9,10/9) ’ . ” (22) 

In the far boundary layer, equation (22) agrees almost 
exactly with the data. For Reynolds numbers between 
3 000 000 and 10 000 000, the constant wall heat flux 
data are consistently 4-5% greater than the constant 
wall temperature data. However, near the origin of 
the boundary layer the constant wall heat flux data 
are 10-l 5% above the constant wall temperature data. 

The two boundary conditions are compared more 
directly in Fig. 3. The ratio of constant wall heat 
flux to constant wall temperature Stanton numbers 
is plotted directly. The dashed curve represents the 
integral solution, equation (22), and the solid lines 
represent the numerical solutions of the boundary 

layer equations. For Reynolds numbers greater than 
3 000 000, the data agree very closely with equation 
(22). But, for the low Reynolds numbers, the data 
indicate a ratio of 1.10-1.15 instead of 1.04. The 
numerical solutions agree with the data for all of the 
Reynolds numbers. The numerical solutions indicate 
a slight unit Reynolds number effect which is perhaps 
suggested by the data but not proven. 

The integral solution is based on the very approxi- 
mate l/7 power law velocity and temperature profiles. 
Therefore, it should be viewed as an asymptotic case 
where the boundary layer has had a chance to develop 
well. The degree of success demonstrated here should 
be considered as an indication of the power of the 
integral solution. 

As stated above, Reynolds’ analogies strictly apply 
only for the constant wall temperature boundary con- 
dition. However, they are also considered to apply 
approximately for the constant heat flux boundary 
condition. Constant wall heat flux data are often 
reported in terms of the Reynolds analogy factor, 
2St/C, (for example, Subramanian and Antonia [19], 
and Simonich and Bradshaw [20]). In Fig. 4 the data 
are presented in analogy coordinates, 2St/C,, directly. 
Again the solid symbols are the constant qk results 
and the open symbols are the constant t, results. The 
skin friction coefficients are the values measured with 
a Preston tube. The dashed lines are, as indicated, the 
Colbum analogy, Pr-“.66, and the approximation of 
Von Karman’s analogy, Pr-“.4. The solid lines rep- 
resent the results from the numerical solutions. The 
analogy factors for the constant t, data are more or 
less constant’for the whole Reynolds number range. 
The data scatter about the value of about 1.2 which 
is approximately halfway between the two analogies. 
The numerical solutions for the constant t, case are 
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in very good agreement with the data; they are prac- 
tically constant at 2St/Cr = 1.18-I .2 and show only a 
small unit Reynolds number effect. The analogy fac- 
tors for the constant qt boundary condition show a 
Reynolds number dependence. The ratio decreases 
from about 1.4 at low Reynolds numbers to about 1.24 
at higher Reynolds numbers. The numerical solutions 
are in good agreement with the data, and show a small 
unit Reynolds number effect. Simonich and Bradshaw 
[20], and Subramanian and Antonia [19] present 
limited heat transfer data for turbuknt boundary layers 
with constant q!& boundary conditions. Simonich and 
Brad&w found that 2SfjCr varied between 1.3 at low 
Reynolds numbers to 1.2 at Re, = 3 500000. Subra- 
manian and Antonia found 2St/Cf to vary from 1.5 

at low Rex to 1.4 at Rex = 3 000 000. These results are 
in substantial agreement with the present results. 

Linear wall temperatures 
Experiments were conducted using a linear wall tem- 

perature boundary condition at free stream velocities 
of 27 and 67 m s- I. The measured wall titrate 
are shown in Fig. 5. The first five plates were heated 
to 50°C and the temperature was allowed to drop by 
O.S”C for each of the following plates. Bach plate is 
101.6 mm wide in the flow direction. The results from 
these experiments are compared with the integral sol- 
utions and the numerical solutions. The integral sol- 
utions are &en by equations (7) and (8). Also, in light 
of the discussion on Stanton number and free stream 

FIG. 4. Comparison of the Reynolds analogy factor with the analogies and with the numerical solutions ; 
open symbols are constant tv and solid symbots are constant & 
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total temperature, the total temperature, T,, is used 
in equations (7) and (8). 

Figures 6 and 7 show the data and comparisons 
with the integral and numerical solutions for the case 
with linear wall temperature variation for stream velo- 
cities of 27 and 67 m s-r, respectively. The dashed 
curve represents the integral solution and the solid 
curve the numerical solution. The solid symbols rep- 
resent the data for the plates with a discontinuity in 
wall temperature slope. The data in these figures are 
presented in terms of the ratio of local Stanton num- 
ber to constant wall temperature Stanton number, 
St/St,. This is the natural form of the integral sol- 
utions and allows direct comparison without the cor- 
rupting influence of one of the correlations for St,. 
The numerical computations were made at the same 

free stream conditions for both St and St,, so that the 
unit Reynolds number is the same for each condition. 
The figures show that the two solutions are in sub- 
stantial agreement with the data. The numerical sol- 
utions predict a slightly more rapid decrease in the 
Stanton number than the integral solution. 

SUMMARY 

Experimental results are presented and compared 
with the theories for a variety of thermal boundary 
conditions-constant wall temperature, constant wall 
heat flux, and a linear wall temperature variation. The 
Stanton number data extend the Reynolds number 
range from the 3 500000 of Reynolds ef al. [3] to 
10000 000. The constant wall temperature Stanton 

1.1 - 

0.8 - 
- Numerical Solution 

0.7 - 
- - Integral Solution 

0.2 - 

0.0 0.5 1.0 1.1 2.0 2.s 

X (ml 

FIG. 6. Stanton number results for the linear wall temperature variation with u, = 27.6 m s- ‘, T, = 27.5% 
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FIG. I. 
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- Numerical Solution 

0.1 _ - - Integral Solution 

0.6 - 

0.6 
0.0 0.6 1.0 1.6 2.0 2.6 

X (ml 
Stanton number results for the linear wall temperature variation with u, = 67.2 m s- ‘, T, = 

number data are found to be in reasonable agreement 
with the Von Karman analogy over the entire Rey- 
nolds number range when the skin friction coefficient 
is taken from the Schultz-Grunow correlation. A 
measurable difference of 5-15% is found between 
Stanton number for the constant wall temperature and 
constant wall heat flux. The Reynolds analogy factor, 
2St/C,, is more or less constant at about 1.2 for the 
constant wall temperature cases ; however, the con- 
stant heat flux data show a Reynolds number depen- 
dence for 2St/Cr. Both the integral solutions and the 
numerical solutions are found to be in substantial 
agreement with the linear wall temperature variation 
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EFFETS DES CONDITIONS AUX LIMITES THERMIQUES SUR LE TRANSFERT DE 
CHALEUR DANS UNE COUCHE LIMITE TURBULENTE ET INCOMPRESSIBLE SUR 

PLAQUE PLANE 

R&HH&-Q~ presente des rbsultats experimentaux pour le nombre de Stanton en couche limite turbulente 
et incompressible sur plaque plane avec une variete de conditions aux limites thermiques: temperature 
constante a la paroi, flux thermique parietal constant et variation lineaire de temperature parietale. Ces 
experiences s’etendent jusqu’a un nombre de Reynolds Re, de 10 000 000. La condition aux limites ther- 
mique a une influence significative sur le nombre de Stanton. Les resultats experimentaux sont compares 
avec differentes theories d’analogie avec le frottement pat&al, des solutions des equations integrales de 
couche limite, et des solutions aux differences finies des equations aux d&iv&es partielles moyennes de 

couche limite. 

EINFLUSS DER THERMISCHEN RANDBEDINGUNGEN AUF DEN 
WARMETRANSPORT IN DER TURBULENTEN, INKOMPRESSIBLEN GRENZSCHICHT AN 

EINER PLATTE 

BaaaHng-Es werden experimentell ermittelte Stanton-Zahlen fur die turbulente inkompressible 
Grenzschicht an einer Platte fiir einige thermische Randbedingungen-isotherme Wand, konstante Warme- 
stromdichte und linearer Temperaturverlauf in der Wand-vorgestellt. Bei diesen Experimenten wurden 
Reynolds-Zahlen bis 10000000 erreicht. Die therm&he Randbedingung hat dabei einen wesentlichen 
EinfluB auf das Verhalten der Stanton-Zahl. Die experimentellen Ergebnisse werden mit verschiedenen 
Theorien zum Wlrmetransport verglichen-Analogie zum Druckverlust, Liisung der integralen Grenz- 
schichtgleichungen und L6sung der nach Reynolds gemittelten Grenzschichtgleichungen mittels des Finite- 

Differenzen-Verfahrens. 

BJIWIIHHE l-PAHHYHHX YCJIOBRa HA TElIJIOl-IEPEHOC B TYPIGYJIEHTHOM 
HECIKMMAEMOM IIOI-PAHknHOM CJIOE HA mOCKOn l-IJIACTHHE 

AEonUU-r@e~CraBJleHbi 3KCnepliMeHTaJrbHbre pe3ynbTaTbl Iura ¶iCna CT3H’rOHa B Cnylrae Typ6y- 
nerrrHor0 rrecx~hra ehroro norpa~~~~oro cnon Ha nn~cxoti nnanarre c paamma~ r-pa- 
yCnOBllHMH~lmcTO~O~ lHhHrepawti c?eEOK, nOcTOHHHbrM TcIIJIOBbBi nOTOLOIU Ha CfeHHaX H 
WHdhlO H!3MeHrHOrHetiCH TeMHepBD’pOH cl%?riOK. %HepHMeHTbr PacHrHpHJrH XHBII83OHW pa3yJrbTaTOB 
HHH ramsx yuroeti uepermca rerura no ‘IBcna PetionbHca 10’. H&eno, wo T~H~OHO~ rpaawrme 
ycnoene o~a3bmaer 3Ha ~~re~brme anapHlle Ha xapaxrep 9~cna Cr3rroHa. 3rcnepHbfeHr~Hbre 
JmHHbre CpaBHHBarOTcH C pe!3ynbTaraMH._pasnHHHbrX Teoprdt TeHilOnepeHOca B nOlpaHH¶rOM CJIOe, C 
pemeHlirlMH HHTerpalrbHbM YpaSHeHHH nOrpaHH¶HOrO CnOH H nOHeYHO-pa3HomrrJMR peHteHHHMH ypaB- 

HeAal norprullmaoro cnox, ycpe~etnibrx no Peihionbncy. 


