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Abstract-Experiments have been carried out to determine the shear stress under a free jet impinging 
on an impervious surface. The measurements indicate that a minimum occurs at the stagnation point 
with local maxima adjacent and in close proximity. The failure of the data to indicate a zero stress level 
is attributed to resolution of the probe. The results are related to the situation of heat transfer in an 
equivalent flow although the direct application of the simple Reynolds analogy was not possible in this 

complex case. 

NOMENCLATURE 

local shear stress coefficient, = r/Jp Wt ; 
jet slot width; 
Nusselt number; 
Prandtl number; 
pressure; 
Reynolds number; 
velocity component along surface; 
local maximum velocity; 
free jet velocity component; 
local maximum velocity; 
free jet velocity in nozzle; 
coordinate parallel to stagnation surface; 

half-velocity width of jet; 
coordinate parallel to nozzle centerline; 
separation distance from jet nozzle to 

stagnation surface; 
end of potential core for jet. 

Greek symbols 

6, location of U,; 

P7 mass density; 

r, wall shear stress. 

INTRODUCTION 

THE IMPINGEMENT of a free jet upon a surface is a 
problem of special interest because of the applications 
in cooling and drying. In the literature [l] the flow is 
generally separated into the regimes shown in Fig. 1, 
i.e. the approaching jet flow, the deflection zone and the 
wall jet region. The deflection zone is the least under- 
stood, particularly the small zone in the immediate 
vicinity of the stagnation point. In this paper we present 
some measurements of surface shear stress which have 
been made in connection with a general study of im- 
pinging flows upon stationary and moving surfaces. 
Some interesting results have been found which, when 
interpreted in terms of heat transfer, are at variance 
with published data [3,4]. In particular, the analysis 
indicates that a local minimum value exists at the point 
of stagnation in contrast to the maximum reported by 
Gardon et al. This difference can be attributed to the 

FIG. 1. The impinging jet. 

influence of probe size. A second result indicates that 
the average heat transfer in the stagnation zone in- 

creases monotonically as the separation distance 
between the impinging jet and the surface is reduced. 

GENERAL DESCRIPTION 

The experiment was conducted with a fully turbulent 
two-dimensional jet impinging normally upon a fixed, 
slightly curved surface. The distance between the jet 

exit and the surface ze, is variable but is always much 
smaller than the radius of curvature of the surface. 
This ensured that normal accelerations due to curva- 
ture were of a sufficiently small order to be neglected. 
The free jet velocity field decays according to the 
relation 

w, - z -f (1) 

in the established zone beyond the potential core. As 
well, it spreads linearly as 

xg - z (2) 

where x0 is the width between points of half-maximum 
velocity at a section z. Equations (1) and (2) are the 
accurate self-preserving relations and would be ex- 
pected to apply only for z/h > 40 [4] but for mean 
velocity these variations were obtained for z/h > 10. 
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When a surface is interposed in the jet a pressure 
field and strong streamline curvature are produced 
which extend approximately x0/2 laterally and back 
into the jet flow. The lateral flow continues as a wall 

jet of characteristic velocity and half width equal to 
that of the jet at impingement. Within the impingement 
region the flow is complex but the stagnation point 

solution of Hiemenz [5] must apply within a small 
sub-region because the velocity approaches zero at the 
stagnation point. 

EXPERIMENTAL CONSIDERATIONS 

The investigation was carried out in the Fluid 

Mechanics Laboratories of the Department of mech- 

anical Engineering, University of Toronto. The experi- 
mental equipment which is shown schematically in Fig. 
2 consisted of a jet assembly mounted within an 
A-frame and directed upon a large cylindrical roll. The 

platinum film 0.20mm wide and I mm long supported 
upon the end of a cylinder approximately 2mm in 
diameter. The calibration ofthe hot-film was performed 
in the fully developed turbulent flow in a circular pipe. 
In this situation, the shear stress can be determined 

from a measurement of the pressure drop using the 
Darcy Weisbach equation. The maximum velocity in 
the pipe, however, was not high enough to duplicate the 
shear stress levels encountered on the roll surface. An 
extrapolation procedure was therefore devised to exa 
tend the calibration curve. This was consistent with the 
known performance of surface hot-film probes [5]. 

In the process of extending the investigation to 
the case of a moving surface it was found that the 

surface hot-film probe suffered a lack of dynamic 
response. Another technique based on a hot-wire 
probe was thus devised. It was used in this present series 

of tests to investigate the stagnation zone region. The 

FIG. 2. Experimental apparatus 

slot width was machined precisely to 1.59mm and 
the length of 508mm was sufficient to ensure two- 

dimensional flow in the central portion. A subsequent 
check of the velocity field indicated that the impinging 

flow was uniform along the jet over the central eighty 
per cent of the roll. 

The air for the jet was supplied by a “Roots” rotary- 
lobe blower. This was led into a plenum chamber above 
the jet nozzle. Within the chamber a honey-comb grid 
and screen combination straightened the flow and dis- 
tributed it uniformly to the converging nozzle slot. 

Mean velocity measurements were made with both 
pitotstatic tubes and conventional hot-wires. A con- 
stant-temperature anemometer system, DISA model 
55A10, was used with platinum-tungsten wires, 1.2mm 
long and 5 urn in diameter. The wires were calibrated 
directly in the jet flow and the signal linearized. 

The measurement of surface shear stress is rather 
more difficult and two schemes were used. In the first, 
a surface film probe, DISA model 55A92, was mounted 
flush with the drum surface. The probe consisted of a 

calibrated hot wire was mounted from the inside of the 
roll such that only the tips of the prongs extended 
above the surface. The wire, Sum in diameter was 
mounted parallel to the surface with the centreline 

25um above it. This was found to be superior in 
operation to the hot film but the calibration in terms 
of shear stress depended on an assumption of a linear 
profile between the wire and the surface, which was 
subsequently verified. 

RESULTS 

The mean velocity at the nozzle exit was measured 
along the length of the roll to check the uniformity of 
the flow. For an average velocity of 53 m/s the variation 
was less than 2 per cent in the uniform central region 
which was felt acceptable. With the roll removed, mean 
velocity profiles of the jet were taken at a number of 
stations. These are plotted in Fig. 3, non-dimensional- 
ized by the local maximum velocity W, and the half- 
velocity width x0. As expected the profiles are self- 
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similar. Data for the stations closest to the nozzle are 
not included since the flow in this region is not fully 
established and retains characteristics of the potential 
core. In Fig. 4 the variation of the local scales is plotted. 
For z/h > 10, the flow is seen to be self-preserving, the 
centreline velocity and spread varying as in equations 
(1) and (2). From the exit to z/k = 4 the maximum 
velocity is constant, i.e. within the potential core. The 
value of WJW, is greater than unity because the 
velocity profile is not uniform and W, was defined as 
the average velocity at the jet exit. The results are 
otherwi~ consistent with those observed previously 

[3,6]. 
The shear stress at the surface of the drum was 

determined for constant values of zo/h from 2-4 to 48.0. 
The resulting profiles determined with the hot film 
surface probe are shown in Fig, 4. The data were ob- 
tained by indexing the roll, thus changing the position 
of the probe with respect to the impingement point. 
It was found that these data were consistently repeat- 
able. For x/h > 10 the stress decreases monotonically 
as under a simple wall jet. An interesting feature of the 
profiles is a pair of secondary maxima occurring at 
x,/h = 5 for z/k = 2. This effect was also noted by 
eardan and Akfirat [4] who interpreted it as a tran- 
sition from laminar to turbulent boundary layer flow 
along the surface. This explanation is plausible because 
there is no other change in the flow region. 

Each of the curves in Fig. 5 displays a minimum at 
the stagnation point and local maxima within approxi- 
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FIG. 4. Streamwise variation of local scales for the free jet. 

mately 2 nozzle widths. The existence of this minimum 
is to be expected because of symmetry. The shear stress 
must change sign at the stagnation point. The measured 
minimum is not close to zero, however, and this must 
be attributed to inaccuracies in the technique. The finite 
size of the surface probe will average the shear stress 
over the width of the sensing element and this produces 
a non-zero value of stress. 

Similar measurements made with the surface hot- 
wire, bear out this conclusion. Figure 6 shows the 
dimensionless shear stress for a smalt zone in the neigh- 
bourhood of impingement. The approach to zero at the 
stagnation point is more pronounced as would be ex- 
pected with the relatively smaller size of the wire. It is 
noted that the shear stress varies linearly in this region, 
as predicted by the laminar stagnation point flow [7]. 
The agreement between the two sets is reaso~ble for 
x/h > 1 where the stress gradient is not large. These 
results suggest that in the immediate vicinity of the 
stagnation point the hot-wire probe will provide 
superior resolution although for the major portion of 
the shear stress profile, the surface hot-film is adequate. 

x/h 

FIG. 5. Shear stress as determined by the hot-film surface 
probe. 



W. D. BAIN~S and J. I-. K~I-F~K 

- surtoce prObe I 

--- Hot wre I 

I I 
2 4 6 

x/h 

FIG. 6. Shear stress in the stagnation region. 

HEAT-TRANSFER COEFFICIENT 

The impingement of a two-dimensional jet on a solid 
surface is a boundary-layer flow. The streamlines for the 

fluid next to wall are parallel to it except in the 
immediate vicinity of the stagnation point. Further- 
more, velocity gradients of appreciable magnitude exist 
only in a thin layer along the wall. For all established 
boundary-layer flows the general similarity between 

the transfer of heat and momentum can be expressed 
by the Reynolds analogy which, when written in terms 

of the flow parameters based on local velocity, length 
and temperature scales is 

Nu = i_C,Rr PI-!. (3) 

Because of its wide applicability it is tempting to apply 
equation (3) to this flow using the assumption that the 

local scales are equal to the boundary scales. This 
assumption is valid for flows in pipes and along flat 
plates. Figure 7 presents the predicted Nusselt number 
along with the measurements of heat transfer by 
Gardon and Akfirat [4] expressed in dimensionless 
form. Also included are the mass-transfer measure- 
ments of Korger and Krizek [8] which have been cor- 

rected to a Schmidt number = 0.72 to be directly com- 
parable to the heat transfer with air as the fluid. It is 
seen that the agreement between the heat- and mass- 
transfer measurements is very good and thus one con- 
cludes that the values are accurate. However, the values 
predicted from equation (3) are considerably larger in 
the region x/h < 5 and moderately larger for x/h > 5. 
It must be concluded that the jet properties, !-I and 
W, used in equation (3) do not describe the local width 
and velocity scales. Another prediction of Nu from C, 
using equation (3) was made using the measured local 
maximum velocity and width but this, too, did not 
agree with the direct measurements. It must be con- 
cluded that a simple Reynolds analogy does not exist 

for this rapidly developing turbulent flow. This is re- 
inforced by the observation that the wall jet does not 
reach its equilibrium form for Y/II < 35, a value well 
beyond the limit of this study. The data of Myers. 
Schauer and Eustis [I I, 121 shows that there is a very 
long development length for a wall jet and that a simple 
form for equation (3) cannot be written for .~h < 25. 

At the stagnation point the flow is described by the 

classic solution of Hiemenz [7]. The boundary-layer 
thickness is constant, the shear stress increases linearly 

withdistance and the Nusselt number must be constant. 
The magnitude of the Nusselt number can be readily 

determined using Eckert’s solution [9] but this con- 
tains the constant from the potential stagnation point 
solution. This constant is difficult to determine by 
experiment and cannot be related to the velocity and 
size of the nozzle. It is, however. related to the shear 
gradient in the Hiemenz solution [7]. In effect, the 
Nusselt number is determined by the fluid viscosity and 
the measured shear gradient. By following this pro- 
cedure stagnation point values were predicted from hot- 
wire data and are plotted in Fig. 8 as a function of 

separation distance. These are compared to the 
measurements of Gardon and Aktirat which appear to 
be considerably higher than the results obtained from 
the gradient of the shear stress. Here discrepancy may 

lie with the heat-transfer measurements. The meter used 
by Gardon and Akfirat was significantly larger than 
the hot-wire probe and hence averaged the flux over 

a greater lateral extent. If our present data were 
averaged over a comparable distance, the effect of this 
decreased resolution would be to increase the level of 
shear stress recorded by the probe bringing it more in 
line with the heat-transfer data. In fact, a few of the 

profiles published by Gardon and Akfirat [4] show 
some evidence of a local minimum at the stagnation 

point. 
An analysis, applicable to any boundary type flow 

has recently been presented by Davies [lo]. He applied 
it to an axisymmetrical jet impinging upon a plane 

surface. This has been modified for the present two- 
dimensional flow with the result shown in Fig. 8. It is 
seen that the Davies prediction is close to our results 
although this may be fortuitous considering the ac- 
curacy of the assumptions. It is significant, however, 
that the Davies curve is a monotonically decreasing 
function with increasing separation distance This is of 

particular significance in practical heat-transfer situ- 
ations. For large heat transfer the jet must be located 

as close to the surface as possible. 
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TENSION DE CISAILLEMENT ET TRANSFERT DE CHALEUR EN UN POINT D’ARRE-I 

RksumC--Des experiences ont ete effectuees afin de determiner la tension de cisaillement sous un jet 
Iibre frappant une paroi impermeable. Les mesures montrent qu’un minimum a lieu au point d’arrit avrc 
un maximum localimmediat situe a unedistance tres proche. L’impossibilitc de trouver experimentalement 
un niveau nul de tension de cisaillement est attribute au pouvoir de resolution de la sonde. Les resultats 
sent rapprochts des conditions de transfert thermiquc dans un ecoulement semblable quoique I’application 

directe de la simple analogie de Reynolds n’est pas possible dam ce cas complexe. 

SCHUBSPANNUNG UND WARMEtiBERGANG AN EINEM STAUPUNKT 

Zusammenfassung-Die Wandschubspannung eines auf eine undurchlassige Oberfllche auftreffenden 
Freistrahls wurde experimentell ermittelt. Die Messungen zeigen, dafi am Staupunkt ein Minimum 
auftritt mit in unmittelberer Ntihe auftretenden Maxima. Der Umstand, daR der Wert null fur die 
Schubspannung nicht gemessen werden konnte, wird aufdie begrenzte Auflosung der Sonde zuriickgefuhrt. 
Die Ergebnisse werden mit dem Warmetibergang einer aquivalenten Strijmung in Beziehung gebracht. 

obwohl die Anwendung der einfachen Reynolds-Analogie in diesem komplexen Fall nicht miiglich ist. 

KACATEflbHOE HAHPIIXEHME M TEfUfOfIEPEHOC B KPHTMYECKOfi TOHKE 

hmo’raqnu- ~pOl3O~UJlKCb 3KCnepUMeHTbl ,LWl OnpeAeneHMR KaCaTeJlbHOrO Hanp%KeHHfl E yCJIO- 

r3kiflx c~o6o~~oro nafleHu% c~pyrr Ha HenpoHauaeMym nosepXHocTb. B pe3ynbTaTe u3Mepemk 

oKa3anocb, YT~ wiwiMyM KacaTenbnbJx HanpmeHnP nMeeT Memo B KpmnYecKoii ToYKe. MaKcw 

MaJIbHble 3HaYeHUR IlOKaIlbHbiX BelWYHH KaCaTenbHbIX HaIlpR?KeHIik HMeKIT MeCTO n6nnsa KpMTW 

YeCKOti TOYKH. OTCyTCTBHe DaHHbIX ll0 HyJleBOMy ypOBHKI Hanp5DKeHIiR TFHHR 06WCHneTCn pas- 

peLlIa~~efi cnoco6HocTbm LIaTYUKa. Pc3yJIbTaTbI OTHeCeHbI K CJlyYalo TeIIJlOnepeHOCa B 3KBH- 

B~~eHTHOM~OTOK~,XOTRHenOC~~CTBcHHOenp~MeHeH~c~pOCTO#aHa~O~ElA PeZiHOllb~CaOKa3aJlOCb 

HeB03MOXCHblM B 3TOM CJlOXHOMCJlyYae. 


