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Abstract-The heat transfer at the stagnation point of a body in laminar, incompressible, three-dimensional 
flow is studied using second-order boundary-layer theory. The body is assumed to have two different 
principal curvatures at the stagnation point. The intluene of the Prandtl number on the Nusselt number, in 
particular on the second-order terms resulting from longitudinal and transverse curvatures of the body 
surface, is shown. The conditions under which the contributions to the Nusselt number due to the transverse 
curvature effect and the longitudinal curvature effect cancel each other are demonstrated. Numerical results 
for a broad range of the Prandtl number (0.2 < Pr < 12) are given. The two limiting cases of very small and 
very large Prandtl numbers are considered using a perturbation analysis. Asymptotic expansions arc 
obtained for both limiting cases; for very large Prandtl numbers, the method of matched asymptotic 
expansions is used to obtain the Nusselt number including both curvature effects. In the limiting case of very 
small Prandtl numbers, the first-order term for the Nusselt number, which is the result of Prandtt’s boundary- 
layer theory, tends to zero as Prandtf numbers tend to zero. In contrast to this, the second-order cont~bution 
to the Nusselt number due to curvature approaches a finite, positive or negative value as Prandtl numbers 
tend to zero. Therefore, the second-order boundary-layer effect due to surface curvature gains sifinificance in 

this case, and plays a key role for the heat transfer at stagnation points 

NOMENCLATURE 

abbreviation, see equation (22); 
abbreviation, see equations (33) 
and (34); 
potential-flow parameter for three- 
dimensional stagnation points ; 
specific heat of fluid; 

displacement thickness at stagnation 
point; 

D,, Dz, D3, linear differential operators, see 
equation (15); 

first- and second-order stream functions 
for stagnation-point flow ; 
first- and second-order stream 
functions for stagnation-point flow; 
dimensionless first-order temperature; 

principal curvatures at stagnation 
point, ;ee Fig. 1; 
Nusselt number; 
Prandtl number, Pr = pc,/l; 

Reynolds number ; 
Stanton number; 

temperature ; 
temperature of oncoming flow ; 
velocity components in the x, y and 
z-directions ; 
velocity of oncoming flow; 
velocity gradients at stagnation point 
for the first-order potential flow; 
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velocity gradients at stagnation point 
for the second-order potential flow; 
orthogonal coordinates, origin at 
stagnation point, see Fig. 1. 

Greek symbols 

perturbation parameters; 
stretched normal variable, see 
equation (30); 
stretched normal variable, see 
equation (11); 

~mensionless second-order 
temperature; 

ratio of the two principle 
curvatures at stagnation point ; 
thermal conductivity of fluid ; 
viscosity of fluid ; 
abbreviation, related to the 
displacement thickness, see equations 
(16)and (18); 
constant in equation (24); 
density of fluid ; 
wall shear stresses in the x- and 
z-directions ; 
integral, see equation (17). 

displacement effect, proportional 
to U,, and Wz,, respectively; 
lon~tudinal curvature ; 
transverse curvature ; 
wall ; 
stagnation point. 
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l.INTRODLJCT1ON 

SECOND-ORDER boundary-layer theory provides an 
extension of Prandtl’s classical boundary-layer theory 
to moderate values of the Reynolds number. In 

incompressible Row, two effects become important 
when the Reynolds number is no longer large: (1) the 
displacemell~ of the inviscid outer flow due to the 

presence of the boundary layer can not be neglected 

and (2) the curvature of the body surface must be taken 
into account. Other second-order effects appear when 

compressible flow is considered, see Van Dyke [I]. 
Much work has been done on higher-order boundary- 
layer theory and a review was recently given by 

Gersten and Gross [Z]. 
Although ciassical boundary-layer theory was used 

for a broad range of technical problems involving heat 
transfer, the influence of the second-order effects on 
surface heat transfer has not been investigated exten- 
sively. Initial studies by Gersten and Gross [3] and 

Gersten [4] showed the influence of displacement and 
curvature effects together with the Prandtl number 
and wall mass transfer on the surface heat transfer. 
Their work is limited to incompressible stagnation- 
point flows for plane and axisymmetric bodies. The 
second-order effects for these particular flows were first 

considered by Van Dyke [5,6]. 
Gersten and Gross [3] found that the surface 

curvature effect for the case of plane stagnation-point 
flow, where only longitudinal curvature is present, 
reduces the heat transfer for all values of the Prandtl 
number. For the case of axisymmetric stagnation- 
point flow, where both Iongitudinal and transverse 
curvature are present, Gersten [4] showed that the 
curvature effect leads to an increase in heat transfer for 
Prandtl numbers smaller than 11.352. When the 
Prandtl number is greater than 11.352, the curvature 
effect produces a decrease in the heat transfer. 
Gersten’s work has been the first to show a change in 
the direction of the surface curvature effect with the 
Prandtl number when transverse curvature is present. 
We will consider in this work the following questions : 

FE. 1. Geometry and coordinate system. 

(1) Under what conditions does the surface curvature 

increase or decrease the heat transfer when compared 
to the results of Prandtl’s boundary-layer theory, and 
(2) under what conditions do the longitudinal and 
transverse curvature effects cancel each other? 

We consider these problems for the relatively simple 

case of the three-dimensional stagnation-point flow 
with two principle curvatures (see Fig. l), which will be 
interpreted here as longitudinal and transverse curva- 
ture. In particular, the question of how these two 
curvatures and the variation of the Prandtl number 
influence the heat transfer at the stagnation point will 
be studied. A consequence of this will be to establish 
the link between the investigations of plane [3] and 
axisymmetric [4] stagnation-point flows. In addition, 

this work provides an extension of the previous studies 
by Papenfuss [7-IO] which deal with the second-order 
boundary-layer effects at three-dimensional stag- 
nation points. That work, however, did not attempt to 
deal with a detailed discussion of the surface curvature 
effect on the heat transfer. 

LBASIC EQUATIONS 

We consider the geometry of a general body in an incompressible flow as shown in Fig. 1. The ratio of the two 
principle curvatures at the stagnation point of the body is given by 

The parameter IZ may vary between- x, and + rc ; negative values denote geometrical saddle points. An 
orthogonal coordinate system is used, which consists of the lines of principal curvature at the body surface and 
the normals to the surface of the body. 

To obtain the second-order boundary-layer equations for the three-dimensional flow from the Navier-Stokes 

equations, the method of matched asymptotic expansions has to be used. The solution of the problem described 
above can be expressed as an asymptotic expansion in the perturbation parameter E 

/ c ,,, @ 
$1 = (Re)_ ‘:z = -- 

( J 

-- I : 2 

Kd 
(2) 

in the region far from the wall (outer solution) and an asymptotic expansion for the region near the wall (inner 
solution). Outer and inner solutions are of the form 

Cp= &+EC#Q+C2f$~+.... (3) 
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A stretched normal coordinate is used for the inner solution 

The inner and outer solutions have to be matched properly in an overlapping domain of validity where the 
stretched “inner” variable q becomes very large, and the physical (“outer”) variable _Y becomes very small. The 
approach is analogous to that described by Van Dyke [5] for the two-dimensional and axisymmetric flow. 

The leading term of the outer expansion is the solution of the potential equation for the body. The second term 
of the outer expansion results from the displacement of the streamlines due to the presence of the boundary layer. 
This term is also obtained by the solution of the potential equation, with boundary conditions determined by 
matching with the first-order inner solution. This first-order inner solution (representing the leading term of the 
inner expansion) is identical with the solution of the Prandtl boundary-layer equations. 

The second term of the inner expansion represents the solution of the so-called second-order boundary-layer 
equations, which are obtained by substituting expansions of the form shown in equation (3) into the 
Navier-Stokesequations and separating out terms oforder E. Theseequations take into account the effects due to 
surface curvature and boundary-layer displacement. In contrast to the first-order boundary-layer equations, the 
second-order boundary-layer equations are linear, so that the two second-order effects can be determined 
separately. A presentation of the first- and second-order boundary-layer equations will be omitted here for 
brevity; the details can be found in [9] or [lo]. 

We will now, for simplicity, assume that the body has two planes of symmetry. Further, we restrict ourselves to 
flow symmetry. That is, the principal axes of flow at the stagnation point coincide with the directions of principal 
curvature of the body. Relaxation of these assumptions would result in additional second-order boundary-layer 
effects which are not considered here. For small distances from the stagnation point, the outer expansion of the 
velocities tangential to the wall is, to second-order, 

The parameter c will be used in the subsequent analysis 

w,, (dU/dxk,,,=, 
’ = -ET = (dW,‘dz),,,,=, 

(6) 

which characterizes the deviation of the first-order potential flow at the stagnation point from the two- 
dimensional case (c = 0) and from the axisymmetric case (c = 1). In the present work, we restrict ourselves to 
values of the parameter c between 0 and 1. Possible negative values of c are not considered here; see Libby [II]. 
This restriction does not contradict the assumption made for the ratio of the two curvatures at the stagnation 
point. There exists no coupling between the parameter K (which depends only on the geometry at the stagnation 
point) and the parameter c (which depends on the potential flow around the entire body). 

Near the stagnation point, the velocity components in the x, J, and z-directions and the temperature of the 
boundary-layer flow may be expressed as follows: 

17) 

(9) 

(10) 
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Dashes denote differentiation with respect to the stretched inner variable 
I li2 

q = I(xOytiL)- = ~,0J~(~i,,Re)‘~2. 
E 

(11) 

The subscripts I and t refer to the longitudinal and transverse curvature effect, respectively. The subscripts d and D 
refer to the displacement effect, proportional to Ii, 1 and W, !, respectively. In the following approach we consider 
only the curvature effect, the displacement effect has not been taken into account in the present work. 

If we introduce equations (7)-(10) into the first- and second-order boundary-layer equations in [9] or [lo], we 
obtain the following set of ordinary differential equations 

f”‘+ (S+cg)f’“- (f’l- 1) = 0 

i 

0 
D,[F,,GJ = -rlj”“+rj(l -c)+w-cl+c (1 -f’g’)dq 

0 
D,[F,,G,] = -qf”‘+f”‘+(f+cg)f’-2~ 

(12) 

g”‘+ (f+cg)g”-c(g’2 - 1) = 0 

D,[F,, G,] = - qg”‘+ g”+ (f+ cg)g’-2cg 

I 

)I 
D,[F,,G,] = -qg”‘-v(l-c)+w-I+ (1 -f“g’)dq. 

0 : 

h”+Pr(f+cg)h’ = 0 

&[&I = h{Pr[11(f+cg)-(F,+cG,)] -1; 

1 
&I?,1 = ~~P~C~(S+cg)-(~,+cG,)l-1;. 

The boundary conditions are 
?j =o: V/-+X. 

f= f’=g=g’rh=O f’=g’=h=l 

F, = F; = G, = G; = Bi = 0 F;‘=G;‘= -l,G;‘=F;‘=l 

F, = F; = G, = G; = 0, = 0 8, = Q, = 0. 

(13) 

(14) 

In equations (12)-( 14) the following abbreviations have been used : 

D,[F, G] = F”‘+(ffcg)F”-2f’F’+(F+cG)f” 

D,[F, G] = G”‘+ (f+cg)G”-2cg’G’+ (F+cG)g” 

> &[Q] = W+Pr(S+cg)e’. 

w = lim [(4-f)+c(rl-g)] 
PI - z 

. s 

I. 
;/= (1 -f’s’)dv. 

0 

(15) 

(16) 

(17) 

The quantity w is connected with the displacement thickness D* at the stagnation point by the expression 

D* =LW_ 
Ju,, I+c’ (18) 

From the solutions of the system of equations (12)-( 14), we can determine the wall-shear stresses in the x- and z- 
direction and the Nusselt number, including the second-order terms due only to longitudinal and transverse 
curvature 

(19) 

(20) 

with 

1 
Nu = 

&OK--T,) 
(21) 
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The wall gradients, appearing in equation (20), may be derived from equations (14) by integration 

1 1, 
-, A(q) = -Pr 

s 
(f+cg)dq (22) 

0 

o;,, 7 -=-.I I eAtnr) 
111, 

” [Prq(f+cg)-1 -Pr(F,+cG,)]he-A”‘d~ 
0 

(23) 

We obtain an analogous expression for O;,, if we replace the subscript 1 in equation (23) everywhere by the 
subscript t.Numerical values for the wall gradientsfl, gz, F;‘,,,, G;‘,, F:,,,, and G::, of the solutions of the systems (12) 
and (13) have been obtained for a range of the parameter c varying between 0 and 1. These values and the 
quantities CIJ and 1 are given in Tables 1 and 2. 

Table 1. Values for the wall gradientsf:. and y:: and for w 
and z Table 2. Values for the wall gradients F/,, G;‘,, F;, and G;, 

__-~ 

‘ fi d w x c F;: GW FL? G;; 

0.00 1.23259 0.57047 0.64790 1.21837 0.00 - 1.91326 -0.16018 0.54663 - 0.66976 
0.25 1.24761 0.80514 0.83734 1.05418 0.25 - 1.84703 0.13269 0.50908 - 1.18103 
0.50 1.26687 0.998 11 0.96449 0.94898 0.50 - 1.77224 0.26776 0.4662 1 - 1.42029 
0.75 1.28863 1.16432 1.06019 0.87400 0.75 - 1.69945 0.34148 0.42486 - 1.55145 
1 .OO 1.31194 1.31194 1.13780 0.81658 1.00 - 1.63196 0.38676 0.38676 - 1.63196 

The intention of this work is to present numerical solutions to the system of equations (12)-(14) for a broad 
range of the Prandtl number and several values of the parameter c. The results for the wall gradients hk, 0;,, and 
f3;, are given in Table 3 and in Fig. 1. 

Table 3. Wall gradients to determine the Nusseh number from equation (20) for the three-dimensional stagnation-point flow 

Pr 
-- 

0.2 
0.4 
0.7 
1.0 
2.0 
4.0 
7.0 

10.0 
11.0 
11.35 
12.0 

N;, 

0.296357 -0.053232 0.460715 0.323563 0.037555 
0.395765 -0.088104 0.475010 0.429802 0.005808 
0.495866 -0.128114 0.489863 0.536212 -0.030194 
0.570465 -0.160182 0.501092 0.615277 -0.058776 
0.743721 -0.239436 0.527363 0.798471 -0.128645 
0.961871 - 0.344659 0.5~1 1.028742 - 0.220323 
1.178375 - 0.452095 0.593122 1.257134 -0.313203 
1.338797 -0.532755 0.617240 1.426340 -0.382648 
1.384967 - 0.556082 0.624167 1.475038 -0.402698 
1.40046 1 -0.563919 0.626491 1.491380 -0.409432 
1.428408 -0.578067 0.630681 1.520857 -0.421584 

Qi, ek 

0.364766 
0.372593 
0.380155 
0.385588 
0.397602 
0.411754 
0.425037 
0.434537 
0.437229 
0.438129 
0.439748 

--~ 

0.351182 0.107165 0.292742 
0.465474 0.082362 0.292027 
0.579670 0.054070 0.290231 
0.664396 0.031552 0.288389 
0.860449 -0.023595 0.282980 
1.106614 -0.096056 0.274734 
1.350641 -0.169521 0.265617 
1.531393 - 0.224467 0.258482 
1.583410 -0.240333 0.256384 
1.600866 -0.245662 0.255677 
1.632351 -0.255279 0.254395 

c = 0.75 c=l 

0.2 0.378044 0.159433 
0.4 0.500674 0.141040 
0.7 0.623085 0.119813 
1.0 0.713852 0.102819 
2.0 0.923773 0.060993 
4.0 1.187224 0.005776 
7.0 1.448323 -0.050375 

10.0 1.641701 -0.092441 
11.0 1.697349 -0.104597 
11.35 1.716024 -0.108680 
12.0 1.749706 -0.116049 

0.239538 
0.231790 
0.222274 
0.214421 
0.194585 
0.167763 
0.140066 
0.119139 
0.113071 
0.111030 
0.107345 

0.403840 0.199378 0.199378 
0.534739 0.186236 0.186236 
0.665378 0.170789 0.170789 
0.76223 1 0.158309 0.158309 
0.986202 0.127349 0.127349 
1.267254 0.086173 0.086173 
1.545780 0.044100 0.044100 
1.752059 0.012495 0.012495 
1.811419 0.003353 0.003353 
1.831339 0.000280 0.~280 
1.867269 -0.005265 - 0.005265 

3. ASYMPTOTIC EXPANSIONS FOR SMALL PRANDTL NUMBERS 

In the case of very small Prandtl numbers, the thickness of the momentum boundary layer is small in 
comparison to the thermal boundary layer. This means, that asymptotic expansions of the functionsf+cg, 
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f, + cGl and F, + CC, for large rl may be used in equations (22) and (23). These asymptotic expansions are 

The constants 12, and Q, depend on c. Since they do not enter the asymptotic solution for &and H;, to the order 
presented below, a presentation of the specific values has been omitted. 

To obtain the asymptotic expansions for the equations (22) and (23) for very small Prandtl numbers. a 

perturbation analysis can be developed with 

C, = ,/Pr (25) 

as a perturbation parameter. The asymptotic solutions are: 

2(l+c) ’ 2 
h’, = ~~ I I Pr”’ 

?l 7[ 

o;, = L +cl A)[ .~11:)]1’2cwPr”‘+O(Pr) 
3(1 +c)n: 

(27) 

o;,,. = ! o;,.. 653) 
( 

For c = 0 and c = 1 the results reduce to those given by Gersten and Gross [3] and Gersten [4]. It is worth 

mentioning that the result for h’,, and c = 0 has already been presented by Merk [lo]. 

4. ASYMPTOTIC EXPANSIONS FOR LARGE PRANDTL NUMBERS 

In the case of very large Prandtl numbers, Pr + x_, the thickness of the thermal boundary layer is very small in 

comparison to that of the momentum boundary layer. In this limiting case, the highest derivatives in the system of 
equation (14) vanish, leading to a singular perturbation problem. This problem can be solved by matching outer 
and inner solutions, which have to be expanded using the perturbation parameter 

For Pr + cc we obtain an outer solution from equation (14) for the first-order temperature h(q), which satisfies 
the boundary condition h(m) = 1; i.e. the trivial solution. 

The inner solution, which has to link the outer solution and the prescribed boundary condition at the wall, is 

ob,tained by introducing a new stretched variable 

< = II = @.)I 3, (30) 
i:? 

For the functionsf‘and g, which appear in equation (14) we may use a Taylor-series, expanded for small ‘1; see 

also Merk [13]. After appropriate analysis, which also has to be applied to the second-order temperatures H, and 
8,, the following asymptotic expansions for the wall gradients are obtained 

h, 
w 

= 3(f;:+cg;)L’Spr,,3 1 UW) 1 fc” 
61’3r(1,‘3) 2 l-2(1,3) E + o(Pr-“3) 

(31 I 

1 
o;, = 

F;:, + cG;:, B, 3 
L3 ______ 

61’3F(1/3) (,f; + cg;)2’3 (f;:+cg’:)z +z(,j;:+cg:)+Z ) 
(32) 

B, = w - q + cg::.. (33) 

The equation for @, is analogous to equation (32), if we replace the subscript I by the subscript t. Further, in this 
case, the expression for B, is 

B, = c(w-i() +f;:. (34) 

The two terms in equation (3 1) have already been reported by Merk [13] and Evans [14] for c = 0. For c = 0 and 
c = 1, equation (32) agrees with those given by Gersten and Gross [3] and Gersten [4]. 
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2.5 1 f II, 1 I I,, 
(a) 

Gv - 

Pr 

FIG. 2. Wall gradients to determine the Nusselt number from equation (20) for the three-dimensional 
stagnation-point flow. ---, asymptotic expansion. 

5. DISCUSSION 

Figures 2(a-c) show the first-order term for the 
Nusselt number, h’,, and the second-order terms due to 

longitudinal and transverse curvature, S;,,, and S:,, 
respectively. The results are shown as functions of the 
Prandtl number in a range from 0.01 to 100 for various 
values of the parameter c. Both the numerical solutions 
as well as the asymptotic expansions for low and high 
Prandtl numbers are shown. The following con- 
clusions can be made : 

(1) The first order results, shown in Fig. 2(a), demon- 
strate the well-known effect of increasing Nusselt 
number with increasing Prandtl number for all 

values of c. For very small Prandtl numbers the first- 
order term for the Nusselt number approaches zero. 
The asymptotic expansion for large Prandtl numbers 
can not be shown for c = 0, because, in the scale of Fig. 
2(a), it can not be distinguished from the exact results 

down to a Prandtl number of 0.1. 
(2) The second-order contribution to the Nusselt 

number due to longitudinal curvature O;, is shown in 
Fig. 2(b). For small Prandtl numbers, this contribution 
approaches finite positive values, except for c = 0, 
where &, tends to zero. For all values c > 0, & crosses 
the abscissa at certain critical Prandtl numbers. For 
Prandtl numbers larger than these critical values, the 
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-0.6 

- 1.2’- /-I 
- 1.4 - 

- 1.6 , , 
0 0.25 0.5 0.75 1.0 

c 

FIG 3. Combinations of the parameters K and c, for which FE. 4. Combinations of the parameters K and c. for which 
the second-order term for the Nusselt number due to the second-order term for the Nusselt number due IO 

curvature vanishes. curvature vanishes. 

contribution of the longitudinal curvature to the 
Nusselt number is negative. Only for c = 0 is this 
contribution negative for all Prandtl numbers. For 
large Prandtl numbers, O;, tends to minus infinity. 

(3) The second-order ~ont~bution to the Nusselt 
number due to transverse curvature &,, is shown in 
Fig. 2(c). For small Prandtl numbers, this contribution 
approaches finite positive values. For 0 < c < 0.375, 

the transverse curvature effect on the Nusselt number 
increases with increasing Prandtl numbers, whereas 
for 0.375 < c < 1 this effect decreases with increasing 
Prandtl numbers (except for very low Prandtl num- 

bers). 

(4) According to equation (20), the total curvature 
effect, including longitudinal as well as transverse 
curvature, is proportional to & + K&,. This sum can 
be positive or negative, depending on the values of c, Pr 

and K. The following example may illustrate this fact. 
We consider two convex bodies with K = 10 in a Row 
with Pr = 40. The potential flow around two bodies 

may result in c-values of 0.5 and 0.75, respectively. 
From the asymptotic expansions for large Prandtl 
numbers, we obtain the following results: 

c = 0.5: S;,+ &I;, = 1.732 

c = 0.75: e;,+Kt3;, = -0.197. 

(5) Combinations of K, c and Pr can be determined 
such that the total contribution of curvature is equal to 
zero, i.e. the contribution due to transverse curvature 
cancels that due to lon~tudinal curvature. In this case, 
we obtain 

K’ 
K = ---. 

8’ tw 

15 --- -~~~~ ..- :jj: jj:.:::..,, ..,. :.:: :::::. ::~ :.:.:: j;::::;:::::’ .;/:,j :::. 
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Figure 3 shows this particular value of ti as a function 
of c with the Prandtl number as parameter. The curves 
begin at finite positive values on the K-axis and all 
terminate at L’ = 1 and K = - 1. For Pr = I 1.352, the 

c-curve has a discontinuity (kink) at c = 1, K = 1. 
For Pr > 11.352 the behavior of the curves changes 

completely. As is shown in Fig. 4, the results jump from 
+ J, to- x at a certain value c*, depending on the 

Prandtl number. The curves for Pr ---t IL and Pr = 40 
are based on the asymptotic expansion (32). 

It is worth mentioning that attempts to solve the 

system of equations (12)-( 14) numerically would be 
very difficult for PI- >> 12. For these values of the 

Prandtl number, the scale of the thermal boundary 
layer is so small in comparison to the momentum 
boundary layer, that the number of mesh points has to 
be extremely high to achieve meaningful results. 
Consequently, a perturbation analysis as in the present 
work is required to overcome this difficulty. 

Two shaded areas can be seen in Fig. 4. The upper 

area contains those combinations of K and (’ (e.g. I< 
= 10, c = 0.1) for which the effect due to transverse 
curvature is not sufficient to cancel the effect due to 
longitudinal curvature. Regardless of the value of the 
Prandtl number, the overall curvature effect then 
yields a positive contribution to the Nusselt number. 
On the other hand, the lower shaded area contains 
those combinations of K and c (e.g. K = - IO, c = 0.1 I 
for which the curvature effect reduces the Nusselt 
number, regardless of the Prandtl number. The de- 
pendence of the critical value c* on the Prandtl 
number is shown in Fig. 5. 

From the results for the Nusselt number, the 
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FIG. 5. Critical values of the parameter c as a function of the Prandtl number. 

dimensionless heat transfer, expressed as the Stanton number, can be determined: 

St=Nu. 
RePr 

A ~culia~ty occurs when we introduce theexpansions for Pr -+ 0 into equations (20) and (35): 

St = -jL{ j ~~)“z-f@+O(Pr) (6 

This asymptotic expansion is only valid if the second- 
order term is an order of magnitude smaller than the 
first-order term. Since the second-order term is 
multiplied by &Pr)“*, E must approach zero faster 
than (Pr)“‘. In other words, we must require that 

lim -_..Z-- -+ 0. 
Pr-+O (W1/2 

(371 

It follows from equation (36) that the heat transfer 
tends to zero for Pr -+ 0. 

1. 

2. 

3. 

4. 
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INFLUENCE DU NOMBRE DE PRANDTL SUR LE TRANSFERT THERMIQUE AC POINT 
D’ARRET POlJR LJNE SURFACE TRIDIMENSIONNELLE 

R&sum&-Le transfert thermique au point d’arrdt d’un corps pour un Ccoulement laminaire, incompressible 
et tridimensionnel est Ctudie en utilisant la thCorie au second ordre de la couche limite. On suppose que 
le corps B deux courbures principales diffkrentes au point d’arrEt. On montre l’influence du nombre de 
Prandtl sur le nombre de Nusselt, en particulier stir lcs termes de second ordre rtsultat des courbures 
longitudinale et transversale sur la surface du corps. On pririse Its conditions pour lesyuelles les con- 
tributions de l’effet des courhures s’annulent. On donne dcs rbultats n~lrn~riqlles pour un large domaine 
de nombre de Prandtl CO,2 < Pr < 17). Les deux cas limites des trt:s petits et des tr& grands nombres de 
Prandtl sont consid&& h tracers I’anaiyse de perturbation. On obtient dcs dt-veloppements asymptotiques 
pour cesdeux cas; pour les tr& grands nombrcs de Prandtl. la methode des dCveloppements asymptotiques 
est utilis& pour obtcnir le nombre de Nusselt en incluant les cffets de la courbure. Dnns Ic cas des tr& 
petits nombres de Prandtl. le terme du premier ordrc pout Ic nombre de Nussclt (qui est Ic rCsultat de la 
thtorie de la couche limite selon Prandtl) tend vers z&o quand le nomhre de Prandtl s’approche de ztro: 
par contrc la contribution de second ordre au nombre de Nusselt par I’cffet de courhure tend vcrs une 
valeur finie, positive ou nkgativc lorsque Ic nomhre de Prandtl tend vers r&o. Par suite, l’effct dG 1 la 
courbure de surface est siynififatif dam cc cas et jouc un rdlc iI~~~~-t~~nt dans te transfert thcrmique au 

point d’arr&. 

DER EINFLUSS DER PRANDTL-ZAHL AUF DEN WARMEUBERGANG ZWEITER 
ORDNUNG INFOLGE DER 0BERFL;iCHENKRisMMUNG IM STAUPUNKT 

Zusammenfassung-Der Wlrmeiibergang im Staupunkt eines Kiirpers wird unter Beriicksichtigung 
der Glieder hiiherer Ordnung der Grenzschichtgleich~tngen fiir laminare, inkompressible und drei- 
dimensionale Stramung untersucht. Fiir den K&per werden zwei verschiedene Kr~mmungen im 
Staupunkt angenommen. Der EinfluS der Pr-Zahl auf die Nti-Zahl, speziell auf die Glieder zweiter 
Ordnung als Folge der Lzngs- und Querkriimmung der KiirperoberflZche wird dargestellt. Es wird 
gezeigt, unter welchen Bedingungen sich die Einfliisse von Ltigs- und Querkriimmung auf die 
Nu-Zahl gegenseitig aufheben. Fiir einen weiten Bereich der Pr-Zahl (0, 2 5 Pr 6 1, 2) werden 
Zahlenergebnisse mitgeteilt. Die Grenzfille der sehr kleinen und sehr go&n Pr-Zahl werden im 
Rahmen einer Sttiranalyse betrachtet. Fiir beide Fiille erhLlt man asymptotische Grenzwerte: Fiir sehr 
grol3e Pr-Zahlen liefert die Reihcnentwicklung die von beiden Kriimmungen beeinflufitc Nu-Zahl. Fiir 
Grenzfall der sehr kleinen Pr-Zahl geht der Term erster Ordnung Fiir die Nu-Zahl, der sich aus dcr 
Grenzschichttheorie Prandtls ergibt, gegen Null. Im Gegensatz hierzu nimmt das Glied zweiter 
Ordnung, welches die Kr~mmung b~r~cksichtigt, einen endlichen positiven oder negativen Wert an, 
wenn die Pr-Zahl gegen Null geht. Der Grenzschichteffekt zweiter Ordnung gewinnt in diesem Fall 

an Bedeutung und nimmt eine Schliisselrolle beim WIrmeiibergang im Staupunkt ein. 

BJIMIIHIJE YMCJIA I’IPAH&I-JI~~ HA TEI’IJI006MEH BTOPOI-0 IIOPIIQKA, 
OSYCJIOBJIEHHOE KPMBM3HOti I-lOBEPXHOCTM B TPEXMEPHOti 

KPMTMqECKOfi TOYKE 

AIiISOTaUHfi-C floh~o~b~ TeopHEl nOrpaH~qHOr0 CnoK sropofo IiopirDKa H3ysaeTcII Te~noo6Me~ 

B KpEiTW%eCK& TO'IKe TeJla B naM~HapHOM, TpeXMepHOM IlOTOKe HeC~UMaeMO~ XGiLIROCTII. npe& 

IIOnaraeTCK, YTO Ten0 B KpEiTWJeCKOfi TOYKe IihlfXT LIBe pa3JIKYHbie rJIaBHbIe KpilB113HbI. nOKa3aHO 

BnKKHBeYKCRanpaHnTnRHaraCnO ~yCCeJIbTa,B'IaCTHOCTH,HLiBKnaJIbI BTOpOrOnOp%,i2Ka, 06ycno- 
BJIeHHbIe llpO4OJlbHOfi W noIIepe9HOfi KpMEWi3HaMH IIOEIepXHOCTH Tena. PaCCMaTpHBaWWl yCJIOBW7, 

IlpEiKOTOpblXBKnaLIbI B'iMCnO HyCCe~bT~,O6yCflOBneHHbIe~O~epeYHOB~~pOAOnbHOBKpM~~3HaM~, 

B3aHMHO yHR'iTOXWOTCR. npFiBOlU?TCK YBCneHHble pe3yJlbTaTbI anR LUHpOKOrO LUGilTa3OHa 'WfCna 

npaHATJWl (0.2_<p& 12). c rIOMOUbK) TeOpAA BO3MyUeHHfi aHiUIH3RpyIOtCR ABa IIpeaeJlbHbIX 

cnyqan MamIX w 6OnbUIEfX recen rlparmmn. Ann 060HX Ilpe~eJlbHbiXcnyYaeB nonyreHblaCHMnTO- 

T~qecK~epa3no~eH~~;~p~ 6onbuitlx wicilax FIpaHntnrr mm nonyqeaaa YEcen HyccenbTa,cyreTOM 
060~~ BKnalIOB Kpmm3Hb1, ucnonb3yeTcrr MeTOLl Cpa~~BaeMbIx aCmnrOT. B ~pe~enbH0~ cnyvae 
Manbfx mcen RpaHnTnss BKnail nepeoro nopanKa B wic,~o HyCCeRbTa, o~pe~e~KeMor0 Teopsieii 

IiOl-paHWiHOI'0 CJIOII npaHaTn% CTpeMIiTCR K HynKl BMeCTe C YMCJZOM npaHATn% B OTJIWiEie OT 
3TOr0, BKJIaA BTOpOrO nOpnJ$Ka B YMCJIO Hyccenbra, 06yCJlO&7eHHbI& KpUBM3HOti npn6nuxaercfl 

KKOHeYHOMy~OnOXKUTenbHOMy~fl~OTpllUaTeflbHOMy3H~YeH~to,~OMepe TO~OK~KWCJ~O~~~H~TJIR 

CTpeMHTCR K HyJIm. BCJIeNTBRe 3TOi.O 3@[t)eKT nOrpaHWlHOI'0 CJlOR BTOpOrO nOpStaKa,O6yCJIOBJIeH- 

HbIi% KPUBMSHO~, I'IOBepXHOCTSi, npHo6peTaeT BarnHoe 3Havewie H mpaet oc~olefiyro ponb B 

Tennoo6MeHe B KpMTM'feCKMX TOYKPX. 


