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Flow and heat transfer to a circular cylinder with 
a hot impinging air jet 

S. H. KANGt and R. GREIF 

Department of Mechanical Engineering, University of California at Berkeley, 
Berkeley, CA 94720, U.S.A. 

Abstract-A study has been made of the flow and heat transfer to a circular cylinder from a hot impinging 
air jet. The problem is of fundamental interest and also has important applications ; e.g. in respect to the 
outside vapor deposition process. Numerical solutions of the governing conservation equations have been 
obtained utilizing a non-orthogonal curvilinear coordinate grid. The effects of the Reynolds and Grashof 
numbers on the flow and heat transfer, as well as those of the wall temperature, the jet width, and the 
distance between the nozzle and the cylinder have beeen investigated and correlation curves are presented. 
The flow is stable and symmetric over the range of parameters studied. The interaction of the buoyant 
impinging jet with the cylinder as well as with the surroundings makes the flow and heat transfer to the 
cylinder quite different from that for uniform flow. The effects of buoyancy, diffusion and cooling of the 
jet ahead of the cylinder. the development of the wall jet, and the recirculating bubble all affect the flow 
and heat transfer. The average Nusselt number increases with increasing Reynolds and Grashof numbers 
and narrow banded correlation curves are obtained by introducing an effective Reynolds number, which 
includes a buoyancy contribution. The width of the jet and the distance between the nozzle and the cylinder 

have a strong effect on the heat transfer. 

1. INTRODUCTION 

THE MANUFACTURE of high quality wave guides has 
been successfully carried out utilizing particle depo- 
sition techniques. Three vapor deposition processes 
have been widely used to manufacture the optical fiber 
preforms; namely, modified chemical vapor depo- 
sition (MCVD), outside vapor deposition (OVD) and 
vapor phase axial deposition (VAD). In the OVD 
process, the torch is composed of concentric rings 
through which SiCl,, CH,, 02, and N, gases flow. The 
torch traverses and heats the surface of a horizontal 
cylindrical target. As the SiCI,/O, stream reacts in 
the presence of either hydrogen or methane, silica 
particies are formed by direct oxidation or hydrolysis 
reactions. Silica particles deposit on the cylinder due 
to thermophoresis. In the manufacture of the preform, 
the silica deposition rate on the target is an essential 
factor in the efficiency of the process. The complex 
effects resulting from the torch flow and heat transfer, 
combustion, silica particle formation and deposition 
etc.. tnake control and optimization of the OVD 
process considerably difficult. Homsy et nl. [I] and 
Batchelor and Shen [2] analysed the thermophoretic 
deposition of particles in a uniform flow past a cyl- 
inder based on the Blasius series solution. Garg and 
Jayardj 13, 41 calculated thermophoretic deposition 

over a cylinder in numerical studies specifying the 
pressure gradient of the external flow. Alam et u!. IS] 
have investigated the thermophoretic deposition 
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associated with a plane jet impinging on a flat plate. 
These studies have utilized boundary layer assump- 
tions with simple external flows. However, exper- 
imental results [6, 71 have shown that the circum- 
ferential variation of the flow and heat transfer, as 
well as the interaction between the torch and the 
boule, have strong effects on the particle deposition. 
Accordingly, it is anticipated that an analysis of the 
phenomena utilizing the governing elliptic conser- 
vation equations is appropriate and in this work a 

study has been made of a buoyant jet impinging on a 
circular cylinder. 

Studies have previously been carried out for an 
external uniform flow past a horizontal circular cyl- 
inder. A review of the heat transfer from tubes in a 
cross flow has been reported by Zukauskas [S]. Mixed 
convection transport from a horizontal cylinder has 

been summarized by Morgan [9] and by Gebhart et 
af. [lo]. The average heat transfer from cylinders in 
the various flow regimes is given as a function of the 
Reynolds and Grashof numbers. It is noted that the 
flow and temperature fields for a buoyant impinging 
jet are quite different from the results for a uniform 
flow. 

When a hot air jet impinges on a circular cylinder, 
the flow around the cylinder can be divided into the 
following regions : (a) free jet, (b) stagnation, (c) wall 
jet, (d) near wake recirculation, and (e) buoyant far 
jet-wake regions. As the air leaves the nozzle, which 
is located sufficiently below the cylinder, a free buoy- 
ant jet is assumed to develop from a potential core 
region. The plane buoyant jet may be considered to 
be laminar when its Reynolds number, based on the 
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NOMENCLATURE 

A, convection-diffusion coefficients u, magnitude of the jet velocity 

;: 
contravariant base vector u, I’ Cartesian components of the velocity 
source term in the discretized W half width of the jet 
equation X, ~3 Cartesian coordinate. 

C‘,- skin-friction coefficient [ = 2~/pUt] 

C, pressure coefficient [ = 2p/p U,‘] Greek symbols 

(‘P specific heat at constant pressure /I expansion cocficicnt of the air 
Gr Grashof number [ = ,qbR ‘( T, - Ta)/v2] l- general diffusive coefficient 

Y square of the Jacobian A non-dimensional wall temperature 

,Y\ gravitational acceleration [= (~,-r,)i(~,-T.,)l 
Y” components of the contravariant metric I! angle measured from the front stagnation 

tensor point 
H distance between the nozzle and the /’ viscosity 

cylinder kinetic viscosity 
I1 heat transfer coefficient [ = q/(T,- T,)] ” 4 curvilinear coordinate [l’ = t,t’ = ‘11 
. . 
>” 

Cartesian base vectors P density 
conductivity wall shear stress 

L separation length ; general dependent variable. 
NU Nusselt number [ = /d/k] 
Pr Prandtl number [ = pep/k] Subscripts 

P static pressure a ambient value 
R radius of a cylinder eff effective value defined in equation (11) 
R? Reynolds number [ = U,R/v] j jet value 
7 L <#$ source term in the governing equation N, S, E, W four nodes around the grid point P 
T temperature W wall value 
U’ contravariant velocity component Ti 

i partial differential operator w.r.t. <‘, 

radius of the cylinder and the jet velocity, is less than 
1000; the transition Reynolds number is reported to 
be between 1000 and 3000, and varies with the jet 
width and the exit velocity [I 11. As the jet approaches 

the cylinder there is a rapid increase in the static press- 
urc: for a jet impinging on a flat plate this occurs at 
about one quarter of the distance between the plate 
and the nozzle exit [ 121. For the cylinder, this location 
is shown to depend strongly on the radius of the 
cylinder. Beyond the stagnation point the flow acccl- 
erates and develops into a wall jet which may separate 
downstream. If there is no vortex shedding, the flow 
will be steady. For steady Row, a recirculation bubble 
will form at the rear of the cylinder and further down- 
stream a buoyant jet will develop. In the present study 
the flow is assumed to remain laminar throughout the 
entire domain. For a hot jet thcrc will bc a strong 
buoyancy force acting vertically as well as lateral 
diffusion and cooling. From the stagnation point to 
the recirculation region, the hot gas will continue to 
heat the cylinder and bc affected by buoyancy. The jet 
will also lose some energy to the ambient air. Results 
for the flow and heat transfer are presented for a range 
of values of the dimensionless parameters. 

except for the buoyant density term, which is given by 
the Boussinesq approximation. The governing equa- 
tions are described in the Cartesian coordinate system 
where u and 1’ denote velocity components in the x- 
and J-directions. respectively (cf. Fig. 1). A non- 
orthogonal curvilinear coordinate grid is generated to 
carry out the numerical calculations [13-l 51. Since 
the local heat transfer on the surface of the cylinder, 
especially near the stagnation point, is of interest, the 
so called C-type grid system is adopted [13], which 

2. MATHEMATICAL MODELING 

2. I Coordinutc3 and gxwninq cquutioris 

The flow is assumed to bc laminar and steady and 
the tluid properties arc considered to be constant 

D 

FIG. 1. Flow configuration and coordinate system 
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FIG. 2. Transformed domain for numerical calculations. 

smoothly aligns the grids in this region. The center 
line of the wake (x > 1.0, _r = 0.0) is a branch-cut 
which transforms the flow domain to a rectangular 
region, as shown in Fig. 2. The transformation func- 
tions <(x,_r) and n(x,y) are obtained by solving 
Poisson equations [14, 151. 

The governing equations written in conservative 
form relative to an arbitrary curvilinear coordinate 

system are as follows : 

continuity equation, 

(J’&&+ = 0 (I) 

.r-momentum equation, 

[J~:(pI/‘u-~~~g’/u,~)le,+(y:?p)~I 

- (Y<‘P)E~ -J&&P(T- 7.8) = 0 (2) 

pmomentum equation, 

[J~(pu’u-iugfiz)E’)]il+(x;~p)sI -(X:lp);Z = 0 (3) 

energy equation. 

[&(pc, U’T- kg” T<‘&’ = 0 (4) 

2.2. Boundary conditions 
The no-slip condition for the velocity components 

and the condition of constant wall temperature are 
given on A’-A, which is the transformed circular cyl- 
inder. The results should be symmetric about 5 = 0, 
but the symmetry condition is not invoked. The vel- 
ocities and temperature along A-B are equal to those 
along A’-B’. Note that vortex shedding and asym- 
metric configurations would result in asymmetry and 
unsteadiness which are not studied in the present 
work. On E’-E, corresponding to the nozzle exit, the 
velocity and temperature are uniform, i.e. u = CJ,, 
v = 0, and T = 7;. The static pressure is fixed to be 
zero here as a reference value. On the boundaries C’- 
D’ and D-C, which are located far from the cylinder, 
the y derivative of the entrained horizontal velocity 
component is taken to be zero : 

The boundary condition for u is determined by con- 
sidering the entrained flow to be irrotational : 

PU 
.-2 = 0. 

?S 
The entrained flow is assumed to be horizontal at the 
external upstream boundary: D-E and E-D. This 
assumption does not have a strong effect on the flow 
pattern and heat transfer over the cylinder. The tem- 
perature on the external boundary is at the constant 
ambient value : 

I-= 77,. (8) 

At the far downstream location above the cylinder, 
B’C’ and B-C, the streamwise second derivatives 
of the velocity components and the temperature are 
assumed to be zero. 

3. NUMERICAL METHOD 

The governing equations (l)-(4) can be written in 

a generalized form according to 

[J~(pUI&1-I?g’jtb:,)],,-b = 0 (9) 

where # denotes an arbitrary variable, thus admitting 
a common solution procedure. All the dependent vari- 
ables are calculated and stored at the same intersection 
of grid lines rather than at the staggered grid locations. 
The discretized form of the equations is obtained by 
the finite volume method (cf. Patankar [16]) and is 
written as 

A,~,=A,#,+AsCbs+n,~E+A,#,,+s,. (IO) 

The coetbcients Ai are obtained by integrating the 
convective and diffusive Auxes across the control sur- 
faces and the subscripts N, S, E, and W denote the four 
neighboring grid points around P. Since the Reynolds 
numbers are not large, the HYBRID scheme is used 
[16]. The quantity S, includes all the terms pro- 
portional to the control volume and related to the 
non-orthogonal coordinate grid. 

The calculation of the pressure proceeds according 
to the SIMPLE algorithm of Patankar [ 161 by making 
corrections at each iteration, until the velocities and 
the corrected pressure field satisfy the continuity and 
momentum equations. To avoid oscillatjng results in 
the non-staggered grid system, linearized solutions 
of the nlomentum equation are used at each control 
surface to evaluate the fluxes. These are obtained by 
using the velocities and pressures at neighboring 
points [14, 151. 

A Modified Strongly Implicit (MSI) method [17] is 
adopted to solve the discretized linear equations. The 
method gives fast convergence and is relatively insen- 
sitive to the control volume aspect ratio. Velocities 
are calculated with assumed velocity, pressure and 
temperature fields. Then the pressure at each node is 
corrected and the temperature field is calculated. The 
overall solution is iterative in nature and convergence 
is checked by monitoring the sum of the residuals 
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for the variables over the entire domain. The code 
was developed from a code provided by Professor 

Humphrey which is reported in Schuh et uf. [IS]. 
The numerical method and performance of the code 
were first studied for natural convection in a square 
cavity and for forced convection past a cylinder. The 
former problem is that of steady, buoyant flow in a 
square enclosure with vertical sides which are differ- 
entially heated and horizontal surfaces which are insu- 
lated [IQ The flow and Nusselt number distributions 
were in excellent agreement with the published results. 

The Row and heat transfer around a circular cyl- 
inder in a uniform hot air stream have also been 
determined. For this test case, calculations were 
carried out for Re = 20. After several calculations 
were made with different locations of the boundaries 
and mesh numbers, the upstream and downstream 
locations were chosen to be - l.OH and 20.OR, and 

the external boundaries were located at + IO.OR. The 
number of grid points was 91 x41 in the t and vy 
directions, respectively, and the grids were non-uni- 
formly and more closely spaced near the surface and 
in the wake of the cylinder. The skin friction, pressure, 
and Nusselt number distriblltions are the most sen- 
sitive quantities to bc evaluated and are summarized 

in Table 1. 

4. RESULTS AND DISCUSSION 

4.1. Non-dimensionul purumeters 
The non-dimensional parameters are the distance 

between the nozzle exit and the center of the cylin- 
der H/R, the half width of the jet W/R, the non- 

dimensional wall temperature A = (T,, - T,)/(?; - T,,), 
Reynolds number Re. Grdshof number Gr, and 
Prandtl number Pr. The magnitude of GrjRe' indi- 
cates the importance of the effects of buoyancy with 
respect to forced convection. The length is non-dimcn- 

sionalizcd by the radius of the cylinder R, velocity 
components by the jet velocity U,, and temperature 
by T, - TX,. The values of the non-dimensiol~al par- 
ameters in the present numerical study were chosen 
by considering the OVD process and are given by : 

Re = 100,200.300,500,700, 1000 

Gr/Rr' =0.0,0.1,0.5,1.0 

H/R = 5.0.10.0 

Ml/R = 0.6.0.8.1.0. 

For a cylinder radius of 0.01 m, a maximum air 

velocity of 2 m s- ‘, and a maximum temperature 
difference between the jet and the cylinder of 2000 K, 
Re is less than 1000 and Gr is of the order of IO’. The 
range of Reynolds numbers chosen covers the range 
where the jet is considerably diffused before reaching 
the stagnation point ofthe cylinder. The Prandtl num- 

bcr is fixed at 0.70. The jet is located on the center 
plane below the cylinder, and the vertical component 
of velocity and the temperature are assumed to be 

uniformly distributed at the nozzle exit. 
The inlet boundary coincides with the exit plane of 

the nozzle and the downstream boundary is located 
at .x,/R = 20.0. The lateral boundaries are positioned 
at y/R = & 15.0. The domain is non-uniformly div- 
ided into 91 x 41 meshes. The grid points are carefully 

Table I 
_ _~... -_ ~- 

Max. Ccv/% Location 

Experiment by Acrivos et ~1. [19] 
Calculation by Schuh 1141 
Present calculation 

-- 

Experiment by Grove et ul. [20] 
Calculation by Schuh [14] 
Present calculation 

- 

Experiment by Coutanceau and Bouard [Zl] 
Calculation by Schuh [14] 
Present calculation 

2.62 50 
2.49 50’ 
2.53 53.6 

Min. C P Location 

-1.15 x5 
-1.22 90 
- I .08 91 

Max. 
recirculation Separation 

velocity length 

(U! U,!) (&/RI 

-0.11 3.9 
-0.10 4.3 
-0.11 4.1 

Average 
Nusselt number 

Exp. correlation by Collis and Williams [22] 
Exp. correlation by Hatton et nf. [23] 
Calculation by Badr [24] 
Present calculation 

I.58 
I.65 
1.75 
1.64 



aligned near the cylinder surface to accurately deter- 
mine the wall jet. Over the range of the non-dimen- 
sional parameters, the flow is symmetric. This has 
been calculated and was not assumed. Some solutions 
converge with oscillations at the downstream location, 
especially at the higher Reynolds numbers. The oscil- 
lations are small and do not significantly affect the 
skin-friction and heat transfer on the cylinder wall. 
The numerical results are considered to be converged 
when the largest non-dinlensional~zed residual of the 
variables is less than 1 .O x 10-4. The relative variation 
in the maximum skin-friction coefficient, stagnation 
Nusselt number, and the averaged Nusselt number is 
less than 0.1% at each iteration with this criterion. 

4.2. Flow patterns and heat trun?fi-r 

The flow pattern around a cylinder without buoy- 
ancy is shown in Fig. 3 for H/R = 10.0, W/R = 0.6 

and Rr = 100. The flow regions noted in the Intro- 
duction are clearly present and entrained flow is 
observed. A large separation bubble is shown. The 
flow separates at 0 = 96‘ and has a separation length 
Ls/R = 7.4 (measured from the rear of the cylinder; 
i.e. L,/R = 0.0 when x,lR = 1.0). As the Grashof 
number increases, the increased buoyancy acceler- 
ates the flow further downstream and the bubble 
size is considerably reduced (cf. Fig. 4, L,/R = 1 .O for 
Gr/Re’ = 1 .O). In both cases the non-dimensional wall 
temperature of the cylinder is 0.5; for the case 
Gr/Re’ = 1.0, isothermal contours are plotted in Fig. 
5. The development of the flow and the temperature 
in the stagnation, boundary layer, separation, and 
recirculation regions are clearly shown. For large 
buoyancy the lateral extent of the wall jet flow and 
the heating effects are decreased due to the increased 
acceleration. 

_----- 
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FIG. 4. Calculated streamline pattern with buoyancy; 
H/R = 10.0, W/R = 0.6, Rt = 100, Gr/Re’ = 1.0, A = 0.5. 

The variation of the skin friction and pressure 
coefficient are shown in Figs. 6 and 7, respectively for 
Re = 100, A = 0.5, and for different values of Gr/Re’. 

The results are symmetric about 0 = 0 (although the 
calculation was carried out over the entire domain 
- 180” < 0 < 180”) and therefore only 0 < fI < 180” 
are shown. The skin-friction increases from zero at 
the stagnation point to maximum values in the wall 
jet region, and then decreases to zero and negative 
values in the separated region. In the absence ofbuoy- 
ancy, the pressure coeffcient has a maximum value of 
1 .O at the stagnation point ; larger values are obtained 

FIG. 3. Calculated streamline pattern in the absence of buoy- 
ancy: H/R = 10.0. W/R = 0.6, Re = 100, Gr/Re’= 0.0, 

A 0.5. 
FIG. 5. Calculated temperature contours with buoyancy: 

= H/R = 10.0, W/R = 0.6, Re = 100, Gr/Re’ = 1.0, A = 0.5. 
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0 

FIG. 6. Variation of skin-friction coefficient over the cylinder 
with buoyancy; H/R = 10.0, W/R = 0.6, Rc = 100, A = 0.5. 
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FG. 7. Variation of pressure coefficient over the cylinder 
with buoyancy; H/R = 10.0. W,IR = 0.6, Rr = 100, A = 0.5. 

for increasing Gr/Re:. The increase of the pressure 
coefficients corresponds to the increased acceleration 
of the impinging jet around the cylinder. The variation 
of the velocity along the center line is shown in Fig. 
8. The velocity first increases and then decreases to 
zero at the stagnation point. When buoyancy is 
strong, the size of the recirculation region is reduced 
and the flow accelerates in the wake region down- 
stream. The variation of the Nusselt numbers scaled 
by the square root of the Reynolds number and the 
temperature distribution along the center plane 
arc shown in Figs. 9 and 10. respectively. The 
Nusselt number is a maximum at the stagnation point 
and this value increases with increasing Gr/Re’. The 
stagnation Nusselt number, Nu,/JRe is 0.21 when 
Gr/Re’ = 0.0 (cf. Fig. 9) : note that the uniform inlet 
flow result is 0.34 as calculated by Mucoglu and Chen 
[Z]. Their boundary layer calculations show a grad- 

4.0 

3.0 

2.0 

Wj 

1.0 

0.0 

-LOi 
I I 

-10.0 0.0 10.0 20.0 

FIG. 8. Variation of velocity along the centerline with buoy- FIG. 10. Variation of temperature along the centerline with 
ancy; H/R = 10.0, W/R = 0.6, Re = 100, A = 0.5. buoyancy; H/R = 10.0, W/R = 0.6, RE = 100, A = 0.5. 

0.0 
i) 30 60 90 120 150 160 

0 

FIG. 9. Variation of Nusselt number over the cylinder with 
buoyancy; H/R = 10.0. W/R = 0.6, Rc = 100, A = 0.5. 

ual reduction in the circumferential variation of the 

Nusseh number with some uncertainty near the sep- 
aration point. The results in Fig. 9 (for the impinging 
jet) show a much more rapid decrease. The jet cools 
in the developing region and undergoes a sharp 
decrease to the wall temperature at the stagnation 
point. It is noted that it is difficult to predict the heat 
transfer with an impinging jet from the results that 
exist for uniform flow. In mixed convection heat trans- 
fer in uniform flow, buoyancy effects arc limited to 
the boundary layer; however, for a jet they are domi- 
nant in the developing region ahead of the cylinder 
rather than in the wall jet region. The tcmperaturc 
near the rear stagnation point is increased by the 
hotter recirculating air from the surroundings ; how- 
ever, the jet cools gradually downstream. The general 
flow and temperature distributions are essentially 
unaltered when the Reynolds number increases: 
however, for large Reynolds number the jet accel- 
erates with only a relatively weak viscous effect and 
cools less before reaching the cylinder. This results in 
higher skin-friction coefficients and Nusselt numbers. 

For the non-dimensional cylinder wall temperature 
case of A = 0.5, the air temperature near the wall is 
still higher than the wall temperature. The maximum 
temperature in the profile occurs away from the cyl- 
inder surface throughout the wall jet and recirculating 
regions. If the wall temperature is the same as the inlet 
jet temperature, i.e. A = 1.0, the temperature of the 
jet will be less than the wall temperature, except in the 
limited region near the stagnation point. Therefore 
the jet does not heat the cylinder for this case. Cal- 
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culations were carried out for five dimensionless wall 

temperatures over the range from 0.5 to 1 .O. The skin- 
friction coefficient and the velocity distribution along 

the center line are presented in Figs. II and 12, for 
Re = 100 and Gu/Re” = 1.0. The flow approaching 
the cylinder remains unchanged with respect to wall 
temperature ; however, the flow downstream accel- 
eratcs more rapidly with higher temperature and 
buoyancy as shown for A = 1 .O. The overall flow pat- 
tern is unchanged, with the separation point delayed 
(Fig. I I) and the separation length shortened (Fig. 
12) ; i.e. there is a smaller recirculation region. The 
Nusselt number and temperature distributions are 
shown in Figs. I3 and 14. The local Nusselt number 
distributions change markedly with the wall tem- 

0 

8 

FG. II. Variation of skin-friction coefficient over the 
cylinder with wail temperature; H/R = 10.0. W/R = 0.6, 

RE = 100, GrlRr' = 1.0. 
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FIG. 12. Variation of velocity along the centerline with wall 
temperature; H/R = 10.0. W/R = 0.6, Re = 100, Gr,lRe' = 

1.0. 
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e 

FK. 13. Variation of Nusselt number over the cylinder 
with wall temperature; H/R = 10.0. W/R = 0.6, Re = 100, 

GrjRr' = 1.0. 
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Y.‘. 

-10.0 0.0 10.0 
xiR 

.O 

FIG. 14. Variation of t~mpe~ture along the centerline 
with wall temperature; H/R = 10.0, W/R = 0.6, Re = 100, 

Gr/Re' = 1.0. 
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FIG. 15. Variation of separation point with Reynolds 
number, wall temperature and buoyancy: H/R = IO.0, 

W/R = 0.6. 
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Fto. 16. Variation of separation length with Reynolds 
number, wall temperature and buoyancy; H/R = 10.0, 

W/R = 0.6. 

perature and are almost proportional to the change 
of the wall temperature (Fig. 13). 

The variation of the separation points and the sep- 
aration lengths are presented in Figs. 15 and 16. The 
separation point moves downstream for smaller 
Reynolds number. higher wall temperature, and 
greater buoyancy. The separation lengths decrease for 
larger Reynolds number, higher wall temperature, and 
greater buoyancy. 

The average Nusselt numbers are strongly depen- 

dent on the Reynolds and Grashof numbers, and the 
wall temperature. The acceleration of the jet ahead of 
the cylinder due to buoyancy is important and the 
average Nusselt number has been correlated using an 
effective Reynolds number. The effective Reynolds 
number includes a flow acceleration effect before the 
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stagnation point is reached. If the velocity and the 
temperature in the jet are constant up to a certain 
position ahead of the cylinder, the viscosity and con- 
ductivity can then be neglected in this region and 

the flow will be accelerated by buoyancy up to that 
location. An effective Reynolds number based on the 
accelerated velocity, which is determined from the 
Bernoulli equation, is given by 

Reef1 
-... = 

RtZ’ 

The effective distance .Y~% is the distance from the 
nozzle to the location of the maximum velocity; for 
simplicity, we take _x,~~- = H, but a true effective dis- 
tance would depend on the parameters. When the 
averaged Nusselt numbers are divided by the square 
root of the effective Reynolds numbers, considerably 

narrow banded curves are obtained for a given wall 
temperature, as is shown in Fig. I7 for A = 0.5 and 
A = 1.0. The Nusselt numbers for wall temperatures 
between A = 0.5 and 1.0 can be estimated by linear 

interpolation. 

4.3. f@cts of‘ the width of‘ the ,jet und the distancr 
between the noxle and the c_rlinder 

The flow and heat transfer are dependent on the 
width of the jet. As the width of the jet becomes larger. 
the effects of viscous diffusion and heat loss from the 
jet are reduced, and the maximum velocity and the jet 
temperature increase with increasing W/R (cf. Fig. 18 

for the temperature profile for W/R = 1.0,0.8 and 0.6 

Fro. 17. Scaled average Nusselt numbers: H/R = 10.0, 
WIR = 0.6. 

I o:so.o I I I I I 

0.0 x/R 10.0 20.0 

FIG. 18. Variation of temperature along the centerline with 
jet width: H/R = 10.0, Re = 100, Gr/Re’ = 1.0, A = 0.5. 
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FIG. IQ. Variation of skin-friction coefficient over the cyl- 
inder with jet width ; H/R = 10.0, Re = 100, GrlRe’ = I .O, 

A = 0.5. 
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FIG. 20. Variation of Nusselt number over the cylinder with 
jet width; H/R = 10.0, Rc = 100, Gr/Re’ = 1.0, A = 0.5. 
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FIG. 21. Scaled average Nusselt numbers; H/R = 10.0, 
W/R = 1.0. 

for H/R fixed at 10.0). These effects result in higher 
skin-friction and Nusselt numbers, as shown in Figs. 
I9 and 20. At the higher Reynolds numbers, the 
changes in the scaled skin-friction and Nusselt number 
are not large ; however, the flow and the temperature 
distributions in the wall jet and in the recirculation 
region are changed considerably. The thicker jet 
width, W/R = 1.0, results in a larger recirculation 
bubble due to the earlier separation of the flow, and 
the scaled Nusselt numbers show higher values (Fig. 
21) than were obtained for the case W/R = 0.6 (Fig. 
17). 

The distance between the nozzle and the cylinder, 
3i, also has a considerable effect on the flow and 
beat transfer. Calculations have been carried out for 
H/R = 5.0 and W/R = 0.6. The results are compared 
with those for H/R = 10.0 and W/R = 0.6, which 
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FIG. 22. Variation of skin-friction coefficient over the cyl- 
inder with buoyancy; H/R = 10.0, W/R = 0.6, Re = 100, 

A = 0.5. 

were discussed previously. For the short distance 
H/R = 5.0, the time for flow-acceleration as well as 
for viscous diffusion is reduced. The maximum vel- 
ocities are not as large as those for the longer distance, 
and also the heat losses become smaller. Furthermore, 
when the cylinder is placed closer to the nozzle, the 
increased blockage shifts the wall jet profile to the 
outside. The reduction in the impinging velocity 
reduces the maximum values of the skin-friction (Fig. 
22). However, the heat transfer is increased, especially 
near the stagnation point (Fig. 23), which corresponds 
to the reduced heat losses in the developing jet region. 
At the higher Reynolds numbers, the effects of the 
reduced ffow-acceleration for the shorter distance H 
are dominant and both the stagnation and averaged 
Nusselt numbers become smaller for smaller H. The 
averaged Nusselt numbers scaled by the effective 
Reynolds number are presented in Fig. 24. 

“_” 
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6 

FIG. 23. Variation of Nusselt number over the cylinder with 
buoyancy; H/R = 10.0, W/R = 0.6, Re = 100, A = 0.5. 

FIG. 24. Scaled average Nusselt numbers; H/R = 5.0, 
W/R = 0.6. 

5. CONCLUSlONS 

Nume~cal solutions have been obtained for the 
flow and heat transfer resulting from the impingement 
of a plane laminar hot air jet on a circular cylinder. 
The effects of the Reynolds and Grashof numbers as 
well as those of the wall temperature, the jet width, 
and the distance between the nozzle and the cylinder 
have been investigated. The following conclusions are 
drawn. 

(1) The Aow is stable and symmetric over the range 
of the parameters studied. The interaction of the 
buoyant impinging jet with the cylinder results in flow 
and heat transfer that are quite different from that for 
uniform flow. 

(2) The effect of buoyancy accelerates the jet ahead 
of the cylinder and reduces the separation bubble 
downstream of the cylinder. This results in an increase 
in the Nusselt number. 

(3) The diffusion and cooling of the hot impinging 
jet at low Reynolds numbers are less than those 
occurring at high Reynolds numbers. The average 
Nusselt number increases with increasing Reynolds 
number. 

(4) The wall temperature does not significantly 
affect the flow over the cylinder so that the average 
Nusselt number decreases Iinearly with the wall tem- 
perature. The average heat transfer becomes zero for 
a wall temperature that is less than that of the hot jet. 

(5) The average Nusselt number increases with 
Reynolds number and Grashof number. Narrow 
banded correlation curves are obtained by intro- 
ducing an effective Reynolds number. 

(6) Viscous diffusion and heat loss from the jet to 
the surroundings are reduced in a wide jet. These effects 
result in higher skin-friction and Nusselt numbers. 

(7) As the distance between the nozzle and the cyl- 
inder decreases, both the stagnation and the average 
Nusselt numbers increase at low Reynolds numbers. 
The effect of reduced flow-acceleration is dominant at 
the higher Reynolds numbers and results in smaller 
values for the heat transfer. 
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ECOULEMENT ET TRANSFERT THERMIQUE AUTOUR DUN CYLINDRE 
CIRCULAIRE AVEC UN JET D’AIR CHAUD IMPACTANT 

R&sum&On etudie l’ecoulement et le transfert thermique d’un jet chaud d’air impactant un cylindre 
circulaire. L’interet du probltme est fondamental a cause des applications importantes, en particulier au 
procede de depot de vapeur. Des solutions numeriques des equations de bilan sont obtenues en utilisant 
une grille de coordonnees curvilintaires non orthogonales. On etudie les effets sur les nombres de Reynolds 
et de Grashof de la largeur du jet et de la distance entre la tuyere et le cylindre et des courbes sont present&es. 
L’ecoulement est stable et symetrique pour le domaine des paramttres etudies. L’interaction du flottement 
du jet impactant avec le cylindre aussi bien qu’avec l’environnement fait que l’ecoulement et le transfert 
thermique sont completement differents de ce qu’ils sont pour un Ccoulement uniforme. Les effets du 
flottement, de la diffusion et du refroidissement du jet devant le cylindre, le developpement du jet par&al 
et la bulle de recirculation affectent l’ecoulement et le transfert thermique. La largeur du jet et la distance 

entre la tuyere et le cylindre ont une forte influence sur le transfert thermique. 

STRijMUNG UND WARMEUBERGANG AN EINEM KREISZYLINDER MIT EINEM 
HEISSEN AUFTREFFENDEN LUFTSTRAHL 

Zusammenfassung-In der vorliegenden Arbeit werden die Striimung und der Warmeiibergang an einem 
Kreiszylinder, auf den ein heil3er Luftstrahl auftrifft, untersucht. Das Problem ist von grundlegendem 
Interesse und hat such wichtige Anwendungen. Mit Hilfe eines nicht-orthogonalen gekriimmten Koor- 
dinatensystems wurden die grundlegenden Erhaltungsgleichungen numerisch gel&t. Die Einfliisse der 
Reynolds-Zahl und der Grashof-Zahl sowie der Wandtemperatur, der Strahlbreite und des Abstandes 
zwischen Dtise und Zylinder auf Striimung und Wlrmeiibergang wurden untersucht und mittels Knr- 
relationskurven dargestellt. Die Stromung ist iiber den Bereich der untersuchten Parameter stabil und 
symmetrisch. Die Wechselwirkung zwischen dem auftreffenden Auftriebsstrahl und dem Zylinder sowie 
der Umgebung unterscheidet Striimung und Wlrmeiibergang am Zylinder stark von den Vorgangen bei 
gleichfiirmiger Stromung. Die Auswirkungen von Auftrieb, Diffusion und Kiihlung des Strahls vor dem 
Auftreffen auf den Zylinder, die Ausbildung des Wandstrahls und die rezirkulierende Blase beeinflussen 
Stromung und Warmeiibergang. Die mittlere Nusselt-Zahl wird mit zunehmenden Werten von Reynolds- 
und Grashof-Zahl griiI3er. Durch Einfiihren einer effektiven Reynolds-Zahl mit einem Auftriebsterm erhalt 
man eng begrenzte Korrelationskurven. Die Breite des Strahls und der Abstand zwischen Diise und 

Zylinder haben einen starken Einflul3 auf den Warmeiibergang. 
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TEYEHME I4 TEI-IJTODEPEHOC K KPYl-OBOMY IJJiJDiHAPY ITPH n[A&EHMM HA 
HEI-O HArPETOR CTPYkl BO3JJYXA 

~~~-~~~e~~Tcff -reqeme H -remonepefioc K ~pyroi3oMy wuiHApy 0T HarpeToii Ha6erazouieii 

crpyn 803Ayxa. 33Aara ~~A~a~~~ Haywbdi HaTepec A nbtee~ BaxcRbie npfixoxeHirn, HanpiiMep, B 

rlpoxl~~ miemiero ocaxmeHHK napa. c nc~onb3oBaHneM CeTKH HeOpTOrOH~bH~X Kp~BOAH~e~H~X 

KoopnuHaT nonyqeeeat ~HcAeHH~e peureffwn ~aBHeHH~ coxparrenzfn. Wcne~yeTcn wwwie sncen Peg- 
Honbnca ld rpacro+a, a TaK~eTeM~epaTyp~ cTe~H,~aMe~a crpyH H pacnoniisn bfemny connoM w 

~HA~HA~oM Ha Te9eHsie H TewxonepeHoc,a ~p~~oA~~x cooTBeTcTBywwsie rpa@ifsi. B HccneAyeMoM 

IUlaLla30He IIapaMeTpOB TeYeHHe IIBJlIIeTCII ~Ta~HO~pH~M I2 CAMMeTpAYHMM. npIi B3aHMOAeiiCTBHH 

nnmyqe8 crpyn c win~~spo~ H oicpyxiaronie% cpenoii TeueHne B Tennoneperroc cyxuecrsefiH0 OT~B- 

YaIOTCR OT CJIy'KaR RbIHy,KAeHHOrO paBHOMepHOI-0 TeYeHHX. Ha TeSeHHe W Tel'LROne~HOC OKa3btBaH)T 
BJnixHUe tlOAP.?MHWI cHna,oxnam4eHHecrpyH rfepe~uHnHHnpOhi, pruarnree npwcTesaoii CTpye H B03B- 

paTHor TelceHHKCpeAHee 4ncno HyCCenbTa yBenn~HBaeTca c pocToM Wizen PetiHOJIbLICa H rpaCrO@a. 

c HCllOJlb30BaHMeM 3+C@KTHBHOTO %iCJla PeiiHOnbACa, y'illTMBaIOlUe~0 BWrklJl lIOA%eMHbIX CHJI, IlOJIy- 

YeHbI oljoijulalouwe 3iUWiCliMOCTH.~HaMeTpCTpyHtipaC'ZTOSUiHe M~X~A~COI~JIOM~~.UU~~~HA~OMC~IU~CT- 

BeEHo mmmT Ha TennonepeHoc. 


