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Abstract-The solution of a three-dimensional water boundary layer along a heated horizontal longitudinal 
hollow cylinder is given. Since the thickness of the boundary layer in the region distance O(a) from the leading 
edge is thin compared with the radius of the cylinder, the terms of transverse curvature effect can be neglected 
and the solution is valid for both outer and inner flow provided the induced pressure gradient of inner flow is 
being neglected. The effects of water variable viscosity on the heat transfer and shear stress distribution are 
discussed. It has been found that the variable viscosity effect can enhance the heat-transfer rate and can 
stabilize the boundary-layer flow. On the other hand, the secondary boundary layer induced by the buoyancy 

forces degrades the heat transfer and destabilizes the boundary layer over the top half of the cylinder. 

NOMENCLATURE e, = Gr/Re’, equation (2); 

a, radius of the cylinder ; ‘1, 1 Y/ JZX, Blasius similarity variable, 

b, c, constants, equation (5); equation (9); 

.f; nondimensional stream function, 0, nondimensional temperature, equation (2); 

equations (9) (10) and (11) ; V, kinematic viscosity; 

F, similarity nondimensional stream function, 4, circumferential coordinate ; 
equations (14)and (15); z IX> x-directional shear stress ; 

93 similarity nondimensional temperature, z r,,12 circumferential shear stress. 
equations (1O)and (11); 

s> gravitational acceleration, Subscripts 

equation (2) = 32.2 ft s 2 ; 0, zeroth-order solution: 

G, similarity nondimensional temperature 00, zeroth order of zeroth-order solution ; 
independent of 4, equations (14) and (15); 01, first order of zeroth-order solution; 

Gr, Grashof number, equation (2); 

n, index, equation (17); 

N> N,, N,, viscosity ratios, 
equations (2) and (6); 
Nusselt number, equation (21): 
Prandtl number, equation (2); 
nondimensional coordinate normal to 
the wall ; 
radial coordinate ; 
Reynolds number, equation (2); 
temperature ; 
axial velocity ; 
circumferential velocity ; 
radial velocity ; 
axial coordinate. 

Greek symbols 

coefficient for variable viscosity; 
thermal expansion 
coefficient = 0.8 x 10e4 [‘F- ’ ; 

B> coefficient in wedge flow, Fig. 6; 

i’, thermal diffusivity; 

1, 
10, 
11, 
2, 
IV’, 

2 

first-order solution ; 
zeroth order of first-order solution; 

first order of first-order solution; 
first order cross-flow solution; 

surface ; 
free stream ; 
forced convection. 

Superscripts 
_ 

dimensional quantities ; 

X, 
derivative with respect to r~ ; 
local quantities at location x. 

1. INTRODUCTION 

LAMINAR flow control, as the means to achieve low- 
drag performance, requires the careful manipulation of 
boundary-layer velocity profiles. Body shaping, pres- 
sure gradient, and suction are classic methods for 
such boundary-layer control [l]. For submersible 
applications the temperature-dependent viscosity of 
water provides the mechanism by which appropriate 
velocity profiles can be maintained by wall heating. 
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These velocity profiles, as in the other methods, 
inhibit the amplification of two-dimensional 
Tollmein-Schlichting instability waves and thus re- 
tard boundary-layer transition until body shape and 
adverse pressure gradient force the separation of the 
laminar boundary layer. Suction and heating have 

similar effects on boundary-layer stability and tran- 
sition, but the theoretical potential of suction for even 
further drag reduction by delaying laminar separation 

is greater [2]. 
Historically, each method of boundary-layer con- 

trol has had limitations, corresponding to the growth 
of disturbances associated with free-stream turbul- 
ence, surface roughness or waviness, noise. loss of 
suction effectiveness, or three-dimensionality. Surface 
heating shares these possible limits on performance 
and has some limits which are unique to it alone. 

Temperature gradients in the boundary layer of a 
heated horizontal body result in buoyancy forces that 
induce small, steady, cross-flow velocities. These in 
turn distort the basic laminar axisymmetric velocity 
profiles into three-dimensional ones, which are less 
stable. Yao and Catton [3] earlier examined the 
development of this steady, slightly three-dimensional 
laminar boundary layer on a heated longitudinal 
horizontal cylinder for the case of constant fluid 
properties. Their results indicate that the buoyancy 
can enhance the heat transfer and stabilize the boun- 
dary layer over the lower half of the cylinder, but it 
degrades heat transfer and destabilizes the flow over 
the upper half of the cylinder. Since the boundary layer 
is very thin compared with the curvature of the 
cylinder, the transverse curvature effect can be neglec- 
ted. Also, the results can be applied to the entrance 

flow in a circular pipe. 
The present paper extends that work to the realistic 

case of water, including the variable viscosity effect. 

Similarly, the results can be applied to the pipe flow 
near the entrance. In this way the domain where 
buoyancy effects may counterbalance the stabilizing 
variable viscosity effect may be established later. 

The physical model chosen is a semi-infinite cylinder 
of radius a (or in a horizontal pipe with radius u), 
which is aligned with its axis parallel to a uniform flow 
and normal to the direction of gravity. The uniform 
flow is assumed to have a velocity u, and temperature 
Ty,. The surface of the cylinder is heated to a constant 

temperature T,( TM, > T, ). For water flow in the range 

of 40 F (4.4-C) and 100 F (37.8 C), the principal 
departure from constant property flow is due to 
viscosity variation. The thermal conductivity and 

specific heat do not vary appreciably in this range, and 
the most important phenomena, because of the gra- 
dient of viscosity, are quite well represented by the 
model in which k and cp are constant, and the variation 

of viscosity with temperature is preserved. Since the 
density variation is small, the Boussinesq approxi- 
mation is adopted, which treats the density as a 
constant in the equations of motion except for the 

buoyancy force term. The buoyancy cross flow is small 
in the region distance O(n) from the leading edge of the 

cylinder and can be treated as a second-order effect. 
Further downstream, a distance of order (1‘ RelGr"', 
the initially small buoyancy cross flow becomes one of 
the dominant velocity components and can no longer 
be treated as a second-order effect. For example, the 
analysis should provide an accurate approximation 

to the buoyancy effect in the region 0 < .*_ < u/,/s = 

(u r I~(BSA~)~J4. 
The ratio of the cross-flow component to the free- 

stream velocity is /Ig AT%/ut sin 4. 

2. ANALYSIS 

The governing equations of the flow with fluid of 
variable viscosity on a heated, longitudinal, horizontal 
cylinder are the Boussinesq boundary-layer equations. 
In cylindrical coordinates, as shown in Fig. 1, they are 

ucc 
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- 

- 

- 

FIG. I Physical model and coordinates. 
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Equations (t) are also valid for the entrance flow in 
a heated pipe. 

The dimensionless variables that are introduced to 
nondimensionalize equations (1) are 

u=L, 
v 

v=--, &+JRe 
u, u, n, 

(the velocities) 
I 

0 =.T-Tm 
K-L 

(the temperature) 

r;=x 
(r-a)JRe 

a’ 
Y= 

a 

(the coordinates) 

Pee!!_%! 
” 

(the Reynolds number) (2) 

Gr = &a’(T,- C.1 
V2 

(the Grashof number) 
I 

pr = L;” 

;r 
E=T 

Re 

(the Prandtl number) 
I 

&I / 

The radius of the cylinder, u, has been selected as the 
longitudinal characteristic length in order to study the 
detailed development of the mechanism of the induced 
cross flow caused by heating along the upstream part 
of the horizontal cylinder. The coordinate normal to 
the wall has been stretched to reflect the fact that the 
thickness of the boundary layer in the region of X 
- O(a) is inversely proportional to the square root of 
the Reynolds number. 

We note that the quantity E can be expressed simply 
as &( T, - T,, )a/& and can be interpreted as the ratio 
of the potential energy increment to the kinetic energy 
of the flow. For the flow close to the leading edge ofthe 
cylinder (or close to the entrance of a pipe), the 
magnitude of E determines the importance of the 
thermally driven cross flow. As we move further 
downstream, the governing parameter will be the 
Grashof number instead of E. There the buoyancy can 
be neglected only when the Grashof number is small. 
For our case, where the Grashof number is not small 
but GrfRe’ is small, the buoyancy effect can be treated 
as a secondary effect in the region near the leading edge 
of the cylinder (or near the entrance of the pipe). The 
magnitude of the cross flow develops and eventually 
becomes important which can trigger the flow tran- 
sition and the flow separation further downstream. It is 
worth noting that the value of& also determines the size 
of the early region where the cross flow is a second- 
order effect when Gr > 1 and Gr/Re2 < 1. In terms of 
the dimensionless parameters in equation (2), equa- 
tions (I) become 

ap +-&B.cos# vi 

ae ae ae i a2e 
u__- +v__ +w_ = __~ 
ax a@ 2r Pr ar 

f3e) 

after neglecting smaller-order terms. The terms that 
represent the transverse curvature effect have been 
neglected simply because the boundary layer is thin 
compared with the radius of the cylinder when the 
Reynolds number is not small. Equation (3~) indicates 
that the pressure gradient normal to the wail is 
negligible to the lowest order, and the pressure gra- 
dients parallel to the wall can be evaluated from the 
inviscid solution at the edge of the boundary layer. For 
a uniform free stream, these pressure gradients vanish. 

It is necessary to specify the viscosity ratio, NI 
before the solutions of equations (3) can be presented. 
It has been shown by Gazley* that a good approxi- 
mation for the kinematic viscosity of water in the range 
of temperature between 4.4 and 37.8”C is 

10-4 

” = 0.3471 +0.0244? 

where T is in “C and v is in m’s_i. This suggests a 
viscosity-temperature model of the form 

1 
/i=b+cT. (5) 

For such a model, 

l I& -=__= l+crAT*B 
N I* 

(6) 

where AT = T,- T,, and cr = c/(b+cT,). For water 
in the temperature range between 4.4 and 37.8% 0: 
5 0.0272 (“C)-I. It has also been shown by Gazley 
that the Prandtl number of water in the range of 
temperature 4.4 and 37.8”C can be approximated by 

Pr = 
455 

32+ 1.8T, 

where T, is in “C. The illustrative calculations de- 
scribed below were performed using a value of Pr = 8. 

The solution of equation (3) with the 
viscosity-temperature model, equation (6), can be 
expanded into a series in E, if E is small, so that 

24 = Ug +&tli + . . . @at 

u = &Cl f . . @b) 

w= w,+sw,+ . . . (8c) 

B= e,+Eel+ ,.. (84 

N = N,+EN,+ . . . (fJe) 

*Personal communication from Carl Gazley, Jr., The Rand 
Corporation, 1976. 
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where 
1 

N, =: -~- 
1 +aATB, 

(Xf) 

-rAT 

N1 = (1 +crA?‘&# 
-------------~, = -A(r),)~@l. (8g) 

Substitution of the expansion given by equations (8) 
into equations (3), and the collection of terms of equal 
order will result in the ~rturbation equations. The 
perturbation equations of lowest order are 

(co): (,~*~~~+~~~~ = 0 (Pa) 

8;; $ Pr,f;tlb = 0 (9b) 
where the prime denotes a derivative with respect to q, 
with 4 = r/jZx being the Blasius similarity variabie. 
The stream function,fb is defined by 

ii0 = f; PC) 

N’o = &wm WI 

The second-order perturbation equations are 

(al): (Nofp)‘+fb.f;‘-4&f; t- 5fd’f; 

+f$$ = (d’y.j;)’ (l@d) 
, 

(N,f,“)‘+f&’ - 2ji.f‘; + sin 4.19, = 0 (lob) 
^ 

~s”+.t~s’-4~~s+5,,hf:r+HbCf2 = 0. (1Oc) 
ati 

The stream fun~tions~~ andfz and the temperature g 
are defined by 

n1 = (2X)2f;‘(% cb) 

t’l = (2X)fi(% #) 

M,r = (2x)3’2 rlf“_5f _iifi (11) 
I ’ al#J 

Hl = (2xYg(a, 4). J 
The boundary conditions associated with equations 
(9) are 

and the ones associated with equations (10) are 

fi=.f-.h=$=O, g=Oatq=O 

f; = f; = 0, g=Oasy-+cx, 1 
(13) 

f; = 0 at 4 = 0,x.J 

Equations (IO) are separable in terms of v and # with 
dependent variables of the form 

fi(% cb) = F,(q) cos # 

f;fvl, 4) = F,(V) sin 4 

i 

(14) 

ytt?. rb) = G(Y) cos 4. 

;G”+j;G’-4j;G = -Bo(5F1+F2) (1%~) 

The associated boundary conditions for equations (10) 
are 

F,(O) = F;(O) = F;(X) = 0 

F2(0) = F;(O) = F’,( %) = 0 (16) 

G(0) = G(X) = 0 

The solutions depend on temperature only through the 
factor LY AC\T and are integrated numerically for CY. AT’ 
= O,OS, 1.0. If T, = 13 C, this corresponds to AT = 0, 
18.3 / 36.7,. 

3. NUMERICAL RESULTS 

The physical quantities of velocity and temperature 
can be expressed in terms of the functions defined in 
equations (8) (9) and (11). They are: 

U =.f;i-E(2X)2F;.COSd)+ . . . (17a) 

c = e(2X)~F11sin~+ . . . (17b) 

w = -!_ (Y& -So) 
(2X)‘!Z 

fE(2.Y)3’2(ylF;-5F1-F1).COS#+ I.. (1X) 

t! = B,+~(2x)~~G~c0s~+ . . . (17d) 

The local shear stress at the cylinder can be com- 
puted from the axial and cross-flow velocity com- 
ponents : 

Introducing the series expansion (17), this can be 
written as 

for the axial shear and 

for the circumferential component, where ,fc denotes 
the value for forced convection with variable viscosity. 

The local Nusselt number can be written as 

Table 1 shows the values of the quantities F’;(O)ifd’(O), 
G’(0)/~o(O), and F;(O). 

Table 1. Enhancement parameters for heat transfer and wall 
shear stress 

Substituting equations (14) into equations (10) gives J G’(o),%(o) F’;(o)/&,(o) F’;Wfd’(O) 

(N,F;)‘+f,F; -4&F’, +5&‘Fr cr=o 0.0698 i 0.04905 0.88385 
+.f{F2 = (A.G.&‘)’ (Isa) ciA?tT= 0.5 0.06559 0.04897 0.80439 

(N,F;)‘+,fiF;-z&F; = -0, (15b) CZAT 1.0 = 0.06296 0.04899 0.75967 
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< 37112). The cross flow is accelerated by buoyancy 
from the lower stagnation point (4 = 0) to its max- 
imum value at C$ = n/2 and then decelerated to its 
upper stagnation point (d, = n). The decrease of 
viscosity by heating enhances the magnitude of the 
cross flow (F;) and shifts the point of maximum 
velocity toward the wall as shown in Fig. 4. Therefore, 
the cross-flow velocity gradient at the wall is magnified 
appreciably by a slight variation of the fiuid viscosity. 
The induced axial velocity profile F; becomes fuller in 
the wall region, as wall temperature increases. The key 
differences between the cross-flow velocity Fz and the 
co-induced axial velocity F; is that the maximum 

value of F; increases from 0.118 to 0.107 as a AT 
increases from 0 to 1, while the maximum value of F; 
decreases from 0.02 1 to 0.015 over the same range. 

FIG. 2. Stream function and velocity profiies without cross 
flow. 

i 

0 

J 5O 

FIG. 3. F, and F’, functions. 

.02 

Fl’ 

t 
.Ol 

FIG. 4. F, and F; functicns. 

From Figs. 2-4 we observe that the reduction of 
water viscosity caused by heating modifies the axial 
fiow : The axial flow is accelerated by the induced cross 
flow over the lower half of the cylinder ( -x/2 < 4 
< n/2) and decelerated over the upper half (71/2 < &J 

FIG. 5. Temperature distribution. 

-0.0-i 
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-0.02 

-0.01 
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3 

From Fig. 5 it can be seen that the effect .of heating 
on the buoyancy correction G is negligible in the 
region near the wall, but the maximum value of G 

decreases slightly as CXAT increases. Since the maxi- 
mum value of G is only 0.03, the cross-flow effect on 

the temperature field is negligible in this region. 

However, the primary distribution of the temperature 
gradient, B& varies about 10% in the range between CL 
= OandcAT= I. 

4. BUOYANCY VERSUS VARIABLE VISCOSITY 

The primary importance of cross flow is the stability 
of the resulting three-dimensional boundary layer, and 

this will be considered in subsequent research. How- 
ever, it is still of some interest to compare the 
magnitudes of the buoyancy effect with the variable 
viscosity effect, in order to further delineate the region 
where buoyancy effects on shear stress, heat transfer 
and separation may safely be neglected. 

While the solutions of equations {P) and (15) 
correspond to the most general case of arbitrarily large 
viscosity variation, explicit estimates of the region 
where buoyancy effects on heat transfer and axial 
velocity profiles start to be important can be obtained 
by a further approximation. 
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If the viscosity variation is small, because of small heating will increase the axial velocity gradient on the 
values of c( AT, the effect of variable viscosity can be wall and consequently will tend to stabilize the 
separated out from the first-order equations (9a) and boundary layer [2, 31. For a horizontal cylinder, the 
(9b) by a linearization procedure. When c( = 0, the cross flow will be induced by wall heating as a by- 
solution of equation (9a) corresponds to the Blasius product, which will decrease the axial velocity gradient 
solution. The expansion procedure becomes on the wall. In general, the stability ofa boundary layer 

fo =foo+(aAT).fo~+ . 
can be related to this velocity gradient on the wall as 

0, = H,,+(aAT)~0,,+ 
(21) has been demonstrated by Wazzan and Gazley, Jr. [4] 

and shown in Fig. 6. Based on this observation, the 

10Zo 0.1 0.2 0.3 0.4 0.5 0.6 0 

FIG. 6. Critical Reynolds number vs wall velocity gradient 

Substitution of equations (17) into equations (9a) and 
(9b), or collecting terms of equal order, gives the 
equations of the zeroth order 

.fd;; +.f&Jdb = 0 (22a) 

Wb) ;n60+j;&~ = 0 

and the equations of the first order 

f;;’ + &XI +fdbfb,) = (&X&J 

&II;;1 +f00&1 +fol&l = 0. 

The associated boundary conditions 

@a) 

Pb) 

ho(O) =&J(O) = 0, f&l(~) = 1 
Q,,(O) = 1, QOO(” ) = O 
.fbI(0) =jU1(0) =jil(m) = 0 

(24) 

0,,(O) = OrJl(Z) = 0. 1 

The solution of equation (22a) is the Blasius solution ; 
the solution of equation (22b) is the forced-convection 
energy equation. The functions f0 1 and B. 1 represent 
the effect of the variable viscosity on the forced 
convection. The numerical values of B0 1 andf’ 1 can be 
obtained by integrating equation (23) numerically. 
Strictly speaking, the above approach is valid only for 
small values of a AT. However, comparison with the 
solution of equation (9) shows that this linearization is 
accurate in the range 0 < a AT < 0.5. 

The decrease of the water viscosity caused by 

cross flow seems to introduce a destabilizing effect on 
the boundary layer. Also, the inflection point of the 
cross-flow velocity profile could be unstable. The 
conditions leading to flow transition can only be 
defined by extensive stability analysis. Before we can 
exercise such a complicated three-dimensional stabi- 
lity analysis, we will apply a simple criterion, the 
variation of axial velocity grdient on the wall, to study 
the tendency of stabilizing or destabilizing the boun- 

dary layer by heating. 

The purpose of the study in this section is to provide 
some insight into the balancing effects of variable 
viscosity and cross flow. Thus the discussion is limited 
to the case of small values of c( AT in order to supply a 
simple criterion to define a region and its functional 
dependence that heating is a practical way to stabilize 
the boundary layer. 

The double expansion of velocity and temperature 
in terms of E and rl AT can be written: 

u =.f&+(aAT)j;, 

+c(~x)~[F’~,,+(cxAT)F’~~] cosd+ (25a) 

0 = &,,,+(aAT)&,, 

+E(~.Y)~[G,+(xAT)G,] COST+ (25b) 

where 

F, = F,,+(ctAT)F,,+ . . . 

G = G,+(aAT)G,+ I 
(26) 

and F,, and G, are the first-order-solution, cross- 
flow-induced quantities, with a constant property 
assumption. The equations governing F,, and G, are 
equations (15) with N, = 1 and A = 0. 
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The local shear stress, equation (18), can be further 

expanded. It becomes 

Go 
+ dw2,f;o(o, -,COSC$+ ..t (27) 

where jti denotes the case of forced convection with 
constant viscosity. Since the wall viscosities are the 
same, equation (27) can be viewed as the ratio of the 
velocity gradients at the wall. Values of~~~(O)~~~~~(O) 
and F~*(O)~~~*(O) are given in Table 2, and~~*(O)~~~~(O) 
is about twenty times bigger than F;,(O)[f&(O). This 

Table 2. Ratios of heat flux and shear stress 

0.89169 0.04905 0.17791 0.0698 1 

indicates that the variable viscosity effect overwhelms 

the buoyancy effect over the most forward part of the 
cylinder. However, the magnitude of the cross-flow 
effect increases as _ ,x2 downstream. The variable- 
viscosity effect is eventually balanced by the buoyancy 
effect far away from the leading edge. Equation (27) 
clearly points out the location where the effect of 
stabilizing the boundary layer by heating will be 
balanced by the destabilizing buoyancy effect over the 
upper half of the cylinder (n/2 < r$ < 3rr/2). This 
location can be found from equation (27) by equating 
the second and the third terms on the RHS, which 

yields 

Equation (28) is plotted in Fig. 7, which shows that the 

region of stabilizing the boundary layer by heating 
shrinks as x increases. It should be noted that the 
expansions (22) are valid only up to s + 0( I/,/E) and 
then the originally small cross flow becomes one of the 
dominant velocity components beyond s 2 O(i/Jc) 
when Gr is not small. Equation (28), however, indicates 
that the merit of the heating to stabilize the boundary 
layer starts to fade away at s % O(xAT/&)‘,’ and 
disappears before the magnitude of the cross flow 
becomes appreciable, if a AT is small. 

Similarly, the relative importance of heat transfer 
due to buoyancy and variable viscosity can be ob- 
tained by further expanding equation (21) 

NM. 
-.L %1(O) 
(NM., lx<. 

= 1 +(ctAT)-- 
(KJofO) 

+E(~.+~~x~sc$+ ._. (29) 
00 

Boundary of zero first-adcr stress 

FIG. 7. Boundary where the variable viscosity effect balances 
the cross flow-effect. 

if (x AT) is small. Values of ~~~(O)/~~~(O) and 
Gb(O)/(&(O) are listed in Table 2. Equation (29) shows 
that the cross flow enhances the heat transfer on the 
lower half of the cylinder and degrades it on the upper 
half of the cylinder. The boundary where the variable 
viscosity effect is bafanced by the buoyancy can be 
obtained similarly as the way to get equation (28). It is 

1 
.---cr 
&os#l) 

(30) 

,The explicit expression of equations (28) and (30) in 
terms of physical quantities can be written as 

(31) 

Equation (31) reveals that the size of the stabilized 
region by heating is proportional to the free stream 
speed, is inversely proportional to the square root of 
the cylinder diameter, and is independent of AT. 
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LES EFFETS DE LA GRAVITATION ET DE LA VISCOSITE VARIABLE SUR UNE 
COUCHE LIMITE LAMINAIRE D’EAU LE LONG D’UN CYLINDRE HORIZONTAL ET 

ET CHAUFFE 

R&urn&On donne la solution d’une couche limite tridimensionnelle d’eau le long d’un cylindre Creux. 

horizontal et chaud. Puisque l’kpaisseur de la couche limite dans la rkgion de distance 0 (a) B partir du 

bord d’attaque est mince en comparaison du rayon du cylindre, les termes de l’effet de courbure 

transversale peuvent &re negligks et la solution est valide ri la fois pour les tcoulements interne et externe 

tant que le gradient de pression induit de l’tcoulement interne peut &tre ntgligi. Les effets de la 
viscositt variable de l’eau sur le transfert thermique et la tension de frottement sont discutts. On trouve 
que l’effet de viscositk variable accroit le transfert thermique et peut stabiliser I’Ccoulement de couche 
limite. Par contre. la couche limite secondaire induite par les forces de gravitt diminue le transfert 

thermique et dkstabilise la couche limite sur la moitit supkrieure du cylindre. 

DER EINFLUD DES AUFTRIEBS UND DER VARIABLEN VISKOSITAT 
AUF EINE LAMINARE WASSER-GRENZSCHICHT LaNGS EINES 

BEHEIZTEN HORIZONTALEN ZYLINDERS 

Zusammenfassung-Die Lb;sung fiir eine dreidimensionale Wasser-Grenzschicht kings eines beheizten 
horizontalen Hohlzylinders wird angegeben. Da die Dicke der Grenzschicht im Bereich O(a) von der 
AnstrGmseite her klein ist beziiglich des Zylinder-Radiusses, kann der Einflul3 der Querkriimmung 
VernachlLssigt werden, und die LGsung wird sowohl fiir die Bukre-wie die innere StrGmung unter der 
Voraussetzung giiltig, dal3 der Druckgradient der inneren StrSmung vernachlgssigt wird. Der Einflufl der 
verdnderlichen Viskosittit des Wassers auf den Wlrmeiibergang und die Schubspannungsverteilung wird 
diskutiert. Es ergab sich, dafi die vertinderliche ViskositBt den WSrmetibergang verbessern und die 
GrenzschichtstrGmung stabilisieren kann. Die SekundCr-Grenzschicht, die durch die Auftriebskrifte 
hervorgerufen wird, verringert andererseits den WCrmeCbergang und destabilisiert die Grenzschicht iiber 

der oberen Hglfte des Zylinders. 

BJIMIIHME CBOSOflHOti KOHBEKUMM M nEPEMEHHOR BII3KOCTM HA 
JIAMEIHAPHbIti IIOTPAHMYHbIti CJIOR IJPM nPOAOJIbHOM OGTEKAHMM BOAOR 

HAl-PETOr TOPM30HTAJIbHOI-0 LIMJIMHjJPA 

AmoTaqHn - ~~HB~AHTC~ pelueHkie AJR TpexMepHoro norpaHarHor0 cnon npki npoAonbHoM 

06TeKaHMM BOAOfi HarpeTOrO rOp1130HTaflbHOrO nOnOr LlWlHHApa. nOCKOJlbKy TOJlllIMHa nOrpa- 

HAYHOrO CJIOR a o6nacTH, OTCTORUICfi Ha PaCCTORHMA O(a) OT nCpCAHei? KpOMKM, MajIa n0 CpaBHCHHIO 

C paAAyCOM UHflMHApa, BJIHRHHCM WEHOB, yWTbIBaI0UWX nOflepeYHyEO KpHBR3Hy, MOmHO ripe- 

He6peYb, H rorAa pemeHMe 6yAeT CnpaBeAnaablM KaK Ann BHeILIHerO, TaK A AAn BHyTpeHHCrO 

06TeKaHAn npki yCJIOBAH npCHe6peNZHM5i rpaAHeHTOM AaBJleHclR, BOSHKKaEOUICM B nOl’OKe BHyTpU 

UWtkiHApa. PaCCMaTpHBaCTCn BnHRHMe nCpCMCHHOfi BIISKOCTII BOAbI Ha HHTeHCWBHOCTb nepeHOCa 

Tenna M pacnpeAeneHkie KacaTenbnblX HanpnmenkGi. FIoKa3aH0, YTO nepeMeHnaR Bfl3KocTb MoW(eT 

HHTCHCH@HUHpOBaTb nCpCHOC TenJla H CTa6FiJIR3MpOBaTb TeYCHAe B nOrpaHWiHOM CJIOC. c ApyrOii 

CTOpOHbT, BTOpAYHblti nOrpaHHYHblti C,,Ofi, BO3HMKa.lorUMfi M3-3a CBO6OAHOKOHBeKTMBHOrO BOCXOAll- 

WeI- ABIZ)l(CHHR XIIAKOCTM, yXyDUlaeT TeWIOO6MeH M BHOCHT BO3MymeHHfl B nOrpaHHYHblfi CJlOfi 

B BepXHCfi YaCTM UnnMHApa. 


