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shown in Fig. 3. The wall static pressure taps consisted of
0.040 in. holes drilled into the test surface., The line of the
taps was 0.5 in. above the centre line. The wiféhused was 30
gauge copper - constantan and had an accuracy of +#1.5° F up to
200° P.- To measure the heat flow rate, five temperature-

" monitored heat flow sensors, type-20453 made by RDF Corporatioh
were mounted flush on the surface at the locations shown. The
sensors were small, very thin foil type devices with provision
to read both the surface temperéture and the heat flow rate.

. (See Appendix II).

The test surface was finisﬂed smoothly and mirror-
polished to minimize radiation heat losses. The back wall of
the water jacket and the edges of the test surfacé were carefully
insulated with one inch thick fiberglass board and the resulting
heat losses due to conduction were assumed to be negligible.

3.3 HOT WATER SUPPLY |

The arrangement to feed the hot water at a required
temperature to the jacket consisted of a three way mixing valve,

" a pressure regulator, a distributor and a draining device.

The temperature of the hot water was varied by an appropriate
mixture of hot and coid water. The mixing was achieved by a
pneumatically operated Johnson Control valve, To obtain iso-
thermal conditions for the test surface, the hot water was fed

to the jacket from top through several equally-spaced inlets

and drained at the bottom. The surfaceitemperature was maintained

constant and was low enough for heat losses by radiation to be
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negligible,
3.4 TRAVERSING MECHANISM

The traversing mechanism is shown in Fig. 1b. It
contained a size 12 in. dial-type vernier caliper. This ar-
rangement provided for a three-dimensional traverse of the
‘wall jet--the Full length in the direction of the flow, 6 in.
in a direction perpendicular to the surface (with an accuracy
of 0.001 in.) and 6 in. in the spanwise direction (with an ac-
curacy of 0.0l in.). There was a provision to lock the radial
traverse to the top end plate at any desired position to make a
traverse of the jet there. Two probes could be mounted on the
traverse, one above the other,

3.5 PROBES AND MEASURING EQUIPMENT

The probes are shown in Fig. 1b and Fig. 4.

The wvelocity distributioﬁ close to the wall in the
inner layer was measured by the flat-end boundary layer type
total pressure probe. The probe tip dimensions were 0,015 in,
% 0.045 in. outside, and 0.008 in. x 0.030 in. inside. The
velocity profiles in the rest of the jet were determined by
a pitot static probe. The temperature distribution across the
jet was found by the total temperature probe, sPecially flat-
tened at the tip for thermal boundary layer work. The flow
impinged on the tip where a stagnation region was formed. Air
from the stagnation region passed into the probe to the thermo-
couple junction behind the tip and then returned to the stream
through the two small aspiration holes in the walls of the

tube adjacent to the junction, The probe design was suggested
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by Hottel and Kalitinsky (Ref. 18) and was successfully used
to measure the true total temperature to within 0.75° F at
velocities up to 1000 ft/sec. BAll the probes were made to
specifications, and supplied by the United Sensor Corporation.
An electric eye arrangement was used in the boundary layer
measurements to indicate the contact of fhe probe.with the test
surface.
A multi-tube inclined manometer was utilized in
making all wall static pressure measurements. The total pres-
~Sures were measured)with atmospheric pressure as the reference,
by a Lambrecht inclined manometer f£illed with alcohol., The
wall thermocouples and the boundary layer temperature probe
readings were taken with a Leeds and Norfhrup temperature po-
tentiometer capable of reading temperatures up to an accuracy
of 0.25° F. All thermocouple readings were made with reference
to a common ice junction, containing crushed ice pellets in
a thermally insulated glass jar. The thermocouples were connected
to the potentiometer through a ten point contact switch, which
- allows quicker reading of various temperatures. The temperature
potentiometer was standardized initially by using the ice junction.
The rate of heat flow at éach downstream location was
measured by the heat flow sensors described in appendix II. The
sensors were bonded to the test surface near the centre line with
AP cement, which ensured a good bond without introdﬁcing any
film resistance. The output of the sensor in microvolts was

measured by a Honeywell Precision Potentiometer Model 2779 to an
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accuracy of 0.01 pv. This ensured an accuracy of 0.2 BTU/ftz-hr
in terms of heat flow, A Honeywell Guarded Microvolt Null De-
tector Model-3990 with a resolution of 10 nanovolts to null
sensitivity, was used in conjunction with the microvolt potentio-
meter to measure the heat flow. A sensor calibration curve sup-

‘plied by the ménufacturer, gave a multiplication factor cor-
responding to each surface temperature from -300° F to +440° F.
The sensor output was to be multiplied by this factor to obtain
the actual heat flow at that particular location.

To set up a required temperature difference between
the surface and the ambient quickly, and to check the isothermal
conditions at the wall often, an Alnor Indicating Pyrometer with
a flexible arm was used in the experiment, The arm carried
thermocouple No. 4040 and read temperatures within an accuracy
of 1% of the full scale range.

The details of all the equipment used are listed in
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4,1 CALIBRATION

The nozzle velocity profiles were measured with the
flat tip boundary laygr type pressure probe, The calculation
of velocities was based on ambient pressure and temperature.

The jet exit wvelocity was kept constant at a nominal value of

140 ft./sec. for all the three -- 0.25, 0.125, 0.0625 in.

nozzles. The jet exit velocity profile at the 0.125 in. nozzle
exit is shown in Fig. 5. The profile remained effectively uniform
and flat over 90 per cent of the nozzle width, varying only

+1 per cent from the central core velocity of 141 ft./sec. From
the nature of the velocity distribution, it was conciuded that
the jet velocity at the nozzle exit was practically uniform.

A mean temperature recovery factor r, equal to 0.9, was
adopted for calculating static temperature, since the variation
of the recovery factor was small over the range of jet velocities
and temperatures under investigation. The static temperatures in
the jet were calculated from the temperature measurements (TP) of

the total temperature probe, by using the relation:
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4.2 TWO-DIMENSIONALITY

The nozzle was tested for two-dimensionality by measuring
the velocities at different locations along the vertical centerline
in the spanwise direction. The velocity remained uniform over S0
per cent of the span, as shown in Fig. 6, thus confirming the

two-dimensionality of the jet at the nozzle exit.
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The jet was checked for two-dimensionality at an angular
position of 67.5 degrees downstream, by measuring the velocity
profiles at three different spanwise locations, 1.5 in. apart.

The results are plotted as shown in Fig. 7 and 8. The two-
dimensionality was good in the inner layer and there was some
.scattef in the outer layer, Since the extent of scatter was small,
it was concluded that the jet was quasi-two-dimensional in the

fully developed region.

4.3 VELOCITY PROFILES

The experiment was divided into two parts--(1l) cold
runs and (2) hot runs.

The cold runs were ideally suited to measure velocity
profiles, assuming there was no substantial influence of heating
on the velocity measurements at Prandtl number of O, 71.

The curved wall jet velocity distributions were deter-
mined at seven downstream locations. Velocity calculations near
the wall were based on the wall static pressure at that location.
A linear static pressure distribution from the wall, across the
jet, to the ambient value was assumed (Ref.S9). The flat tip total
pressure probe was used in the inner layer.

The velocity distribution in the outer layer was
measured by the pitot static probe. This probe was mounted under
the total pressure probe with 1 in. distance between centres,
The readings were taken at suitable intervals across the jet

(perpendicular to the wall) until the manometer showed a

zero reading , just outside the jet boundary.
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4.4 HOT RUNS

The test surface was heated to a suitable temperature
by circulating hot water through the jacket. The water tempera-
ture was controlled by a Johnson hot and ¢old water mixing control
valve operated by compressed air at 20 psig. A required nominal
temperature difference between the surface and the ambient was
set up by trial and error. The rate of water flow was adjusted
to ensure a steady and uniform surface temperature. The latter
was measured by several wall thermocouples at various downstream
locations. An indicating pyrometer was used for a quick reading
of wall temperatures at points away from the thermocouples in
the spanwise direction. The pyrometer was particularly helpful
in quickly setting up the required temperature difference.

The maintenance of a constant surface temperature
proved vefy difficult due to sudden fluctuations in the temperature
of the building-hot water-supply line. As a result, most of the
experiments were carried out during nights when the load and
temperature fluctuations on the hot water supply were at a minimum.

The hot runs consisted of (1) velocity profile measure-
ments,(2) temperature profile measurements and (3) heat transfer
measurements,

The velocity profiles were measured (1) to assist in
calculating static temperaturesand (2) to check the cold run
velocity profiles. There was no significant change in either the
slope near the wall or the magnitudes of the velocity profile

due to heating, thus bearing out the initial assumption that
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heating the wall has little influence on the velocity profile
in the range of temperatures used in the investigation.

The temperature profiles were measured at seven down-
stream locations for each slot Reynolds number. The flat-tipped
total temperature probe, specially designed for boundary layer
work was used in the radial traverse together with the flat
pitot probe to determine the static temperatures in the jet.
The static temperature evaluation was based on the assumption
that the jet was incompressible, since the maximum Mach number
was only 0.13.

The heat transfer measurements at each downstream
location were made by the micro-foil heat flow sensor. The
sensors were fixed on the test surface 0.5 in. below the
centreline at each location. The surface temperature indicated
by the sensor was measured by the temperature potentiometer,
The sensor heat flow was measured by the precision potentiometer.

The heat flow measurements were repeated for three

nominal temperature differences-—40°, 250, ISOP; three nozzle

Reynolds numbers--1.8 x 107, 9 x 10°, 4.5 x 10°, and seven

downstream locations--8 = 0, 20, 40, 67.5, 95, 115 and 135 degrees.
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5.1 DATA REDUCTION

The fluid was treated as incompressible because the nominal
maximum jet velocity was only 140 ft./sec. From barometric pressure
and room temperature, the density of air was determined. All other
fluid properties like specific heat, thermal conductivity and
viscosity were evaluated at the film temperature, Tf: Since the
experimental data was obtained with small temperature differences,
it was found very convenient to treat the fluid as a constant-
density medium and this considerably simplified the calculations.
Since the Prandtl number of air also did not vary significantly
with the temperatures used, a constant value of 0.71 was assumed;

The experimental data was reduced with the help of an
IBM 1620 computer. The input data were the radial distance from
the wall (y), temperature probe reading, pressure reading, ambient
conditions, wall static pressure and the fluid properties. The
values of u, u/um, y/ym, T, T’ etc., were obtained as output
information. The compuger was also used for making correlations.
5.2 PRESENTATION AND DISCUSSION OF RESULTS

5.2.1. VELOCITY PROFILES
Neglecting fluid compressibility, velocity was deter-

2

mined from the relation P_- P = Y p u, with p = Pa/Rc T, , where

s
Rc is the gas constant. The error involved in taking p as constant
was assumed to be negligible. The static pressure PS at each point
in the traverse was obtained by assuming a linear variation across

the jet from the value of the static pressure at the wall to the

ambient pressure just outside the jet (Ref. 9 ). The velocity(u)
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and the distance from the wall (y) were made non-dimensional
by referring to the local maximﬁm velocity (um) and the
ordinate at half maximum velocity (ym) respectively.

The non-dimensional velocifg profiles at different
downstream locations along the.curved wall are shown in Figs. 9
to 11. Three different Reynolds numbers--1,8 x 104, 9 x 103

éﬁé i:g £ 103, based on the nozzle width were used in the
investigation.

It is seen, from Fig. 9, that the experimental resuits

closely follow the theoretical velocity profile of a plane
wall jet, given by Glauert (Ref. 1). This agrees with the
observations of Newman and Fekete (Refs. 9 and 10).
The non-dimensional velocity profiles for 6 = 20, 40,

67.5, 95 and 115 degrees are plotted together to check for
similarity, as shown in Figs. 9, 10.and 11l. With the exception
of 8 = 0° due to the effects of transition from plane to curved
wall and 6 = 135° due to its nearness to the region of separation,
the non-dimensional velocity profiles collapsed on a single

" curve within limits of allowable scatter, thus showing approximate
similarity of velocity profiles over most of the flow.

The shape of velocity profiles chahged very slowly with
distance downstream. The experimental data and theory were in
good agreement except in the outer part (Fig. 9). Complete
similarity of velocity profiles could not be obtained over the
whole of the jet. This agreed with Glauert's conclusions for

a plane wall jet (Ref. 1). Sawyer (Ref. 21) also showed that to
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obtain complete similarity the ratio of jet thickness to wall
radius of curvature should be constant along the jet and this
condition was satisfied only for a jet blowing over a surface

of logarithmic spiral profile.

. 5.2.2 JET GROWTH

The growth of the wall jet is shown in Fig.12 suﬁer-
imposed over a schematic plan of the curved test surface to
indicate the proportion of growth at various downstream loca-
tions. The same data is replotted in Fig. 13 and the curves
of best fit are drawn. It was seen from the figures that the
jet had a higher growth rate at lower Reynolds numbers, parti-
cularly at downstream locations far away from the nozzle.

This could be explained as follows: in two-dimensional jets
blowing around circular cylinders, considerable entrainment
of fluid from the surroundings takes place, into the outer
part of the jet. This entrainment causes a growth of the jet
thickness and a decay of its maximum axial velocity.. Newman
(Ref. 9) postulated that the jet momentum was very nearly
conserved along the downstream distance. The jet at lower
Reynolds numbers starts initially with a lesser momentum and
loses its velocity rapidly. So, in order to conserve the -
momentum, there should be a higher entrainment and this
explains the higher values for jet thickness as the Reynolds
number decreases. Fekete's measurements (Ref. 10) showed that

in regions approaching separation, the jet thickness increased
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at a rate which was more than twice that of the plane wall jet.

The jet growth data is replotted in Fig. 14 as
ym/g/RG.yg ym/ng' Corresponding plot of Newman (Ref. 9) is also
shown. A straight line plot could not be obtained for the ex-
perimental data. The plot showed curvature initially. This
could be explained that up to 8 = 40°, tﬁe jet exhibited the
effects of transition from the plane entry length to the curved
test surface. No attempt waé made to fit any correlation for the
growth of the jet.

The data is replotted in Fig. 15 as ym/é/R_gg x/S
and compared with the results of a curved wall jet without the
initial plane entry length and a plane wall jet of siﬁilar
Reynolds number, nozzle width etc. The data plot was in be-
tween the two and this indicated the transition effects mentioned
above. The jet flow parameters are shown in Tab., III.

5.2.3 MAXIMUM VELOCITY DECAY

Plots of o Umz R8 . g are shown in Figs. 16 to 18.

ZP-PaSS

The wall jet continuously entrains fluid from the sur-
roundings: thus the jet width increases and the fluid velocity.
decreases with increasing 8. The rate of decrease of the local
maximum velocity (Um), is larger in any jet along a wall than in
a free turbulent jet because of the skin friction of the wall.

At sufficiently high Reynolds numbers, it éan be
assumed that the effect of skin friction on the jet momentum

is small and negligible (Ref. 9). Thus the sum of the moment
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of momentum and the momentum of the pressure forces about the
centre of the circular cylinder is constant. With this as-
sumption, the non-dimensional maximum velocity coefficient
based on actual jet momentum can be written:

0 Um2 R 6 .

ZP-PaS s - (9)

This equation can be used to predict the rate of
decay of maximum velocity of the jet and is valid only outside
the potential core, where the velocity essentially remains con-
stant.

5.2.4 SURFACE SHEAR STRESS

Preston's method was used to calculate the surface
shear stress with a flat pitot probe. The method is described
in Appendix I (a).

As a check on Preston's method, the surface shear
stress values were evaluated by Rajaratnam and Froelich's method
described in Appendix I (b). This method did not include cor-
rections for turbulence and displacement effects.

The mean wall shear stress values obtained from both
of the above methods are tabulated in Table IV, It can be seen
that the agreement is good.

The coefficients of skin friction (cf) are calculated
and plotted as shown in Fig. 19. The region of local dynamic
similarity where the 'law of the wall' (see App. Ia) may be ex-
pected to hold varies from about 1/5th to 1/20th of the boundary-

layer thickness for conditions remote from, and close to, separation
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friction coefficient (Fig. 19).

The skin friction data is replotted as shown gn

Fig. 19a and the line of best fit is drawn. The correlation

6btained for the data was of the form:

0.25 2

eg 7a(Up Yo/™) = 0.063(x/8)" %12 .. (5.1)

2
valid over range: 30 < x/S < 350
4500 < Re < 18000
5.2.5 TEMPERATURE PROFILES
The temperature traverses were made at seven downstream
locations in the jet for each.-nozzle Reynolds number. Five of
the experimental temperature profiles are shown in Figs. 20 to 22.
The profiles were normalised by plotting the ordinate‘(Tw-T)/
(TW-T;) VS /Y-
It can be seen that (TW-T)/<TW'Ta> =1 -(T-Ta)/(Tw_Ta).
Hence, the normalised temperature in the jet referred to the
ambient, (T-Ta)/(Tw~Ta) can also be plotted as shown on the right
in the figures. In all the plots, ym/z was used as the length
scale.
A comparison is made with temperature profile of a
plane wall jet (Ref. 7) of corresponding parameters in Fig. 20.
It can be seen that the temperature profile is more rounded thar
the plane wall jet profile., The slope of the‘temperature prbfile

was larger near the wall. The‘rate of decay of temperature

o
pxs
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was approximately the same as that of a plane wall jet in the
outer part.

Approximately 90 percent of the temperature differential
occurs withiny/ym/2 = 0.1 in a thin thermal boundary layer very
close to the wall, The profiles are not significantly influenced
by Reynolds number and become "fuller™ in this region as the dis-
tance downstream of the start of heating increased. This is to
be expected since the jet gets hotter as it moves downstream along
the heated test surface. For y/ym/2 > 0.20 in the outer layer
of the jet, the temperature profiies indicated approximate simi-
larity at positions downstream of 8 = 40 degrees. The profiles
showed a very weak dependence on the downstream distance in this
region.

The temperature data (TW—T)/(TW_Ta) vs y/ym/z is replotted
on a log-log paper as shown in Figg. 23 to 25. The plots clearly
demonstrated that the temperature profile followed two different
1/n power laws, one in the temperature-sensitive region very close
to the wall (y/yI.n/2 < 0.1) where 90 percent of the temperature dif-
ferential occurs and another in the rest of the jet. The plots
also indicated the dependency on downstream distance, as observed
above. The thickness of the temperature-sensitive region decreased
as x/S increased, as could be seen from the plots.

The temperature distribution data in the sensitive
region adjacent to the wall for the three Reynolds numbers was
correlated to the normalised downstream distance (x/S) and dis-

tance from the wall (y/ym/g) as shown .in the log-log plot of Fig. 26.

227240
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The correlation obtained was:

0.07143 0.0561

(x/8) »=--(5.2)

(TmTI/(TmT,) = 0.85 (v/y, /)
Range: 10 < x/S < 400, y/ym/z < 0.1
4500 < Re < 18000
5.2.6 HEAT TRANSFER

The heat flow rate q was measured at seven downstream
locations for each nozzle Reynolds number.

The coefficient of heat transfer was given by h = q/At,
where q was the heat flow rate measured by the microfoil heat
flow sensor at each location and At = mean temperature differential
between the isothermal test surface and the ambient temperatures.

Three temperature differentials, 40°, 25° and 15° F were
uséd and the measured values of h did-not show any significant
difference. The mean value of h and the corresponding Nusselt
number were calculated at each downstream location and tabulated
in Tab. V.

Plots of h wvs U and h vs xl/S are shown in Figs. 27
and 28 respectively. It can be seen that the coefficient of heat

- transfer increases with Re and U and decreases with Xl/S'
This can be explained as follows: at distances closer to the
nozzle, the jet was almost at ambient temperature leading to
higher rates of heat flow. BAs the jet moves further downstream,
it gets relatively hotter, thus lending to lower values for q.
Another factor contributing to the decresse in h was the in-
creasing mass entrainment into the jet from the ambient as the
downstream distance increases.

The heat transfer data for the three Reynolds numbers

is plotted as Nu/(Re)O‘8 vs xl/S on a log-log paper in Fig. 29.
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The dimensionless parameters that enter into the correlation
of the heat transfer data are the Nusselt number, (Nu)s, the
Reynolds number, (Re)s, and the dimensionless distance from the

nozzle exit, Xl/S' The correlation expected was of the form:
M -N
(Nu) /(Re)g = C(x /q)

The correlation shown in Fig. 29 was a good fit to
the data, approximating a power law with a scatter of points in
a band of about 1l per cent width. The scatter was assumed to

be due to transition and separation effects. The correlation

obtained was:

Nu = 0.71(Re)’"® (Xl/s)-o.el'

valid over the range: 30 < X1/S < 400

4500 < Re < 18000

The heat transfer correlation is compared with the
corresponding correlations for a plane wall jet (Ref, 16) and
for circular cylinders exposed to free jet flow (Ref. 17), as
shown in Fig. 30. The test surfaces were held at a constant
temperature in all cases and the other flow parameters were
closely identical. It can be seen that the Nusselt numbers are
much higher for the curved wall jet than in the other two cases,
This can be explained by the ability of the jet to adhere to the
heated surface, and the high intensity of turbulence and mixing
in the curved wall jet.

A full comparison witﬁ the heat transfer results of

various inVestigators for wall jets is shown in Tab. VI, which
also includes the range of variables, '~ Each of tﬁem had given a
different form of correlation; for comparision the data was
rearranged in the form:

Nu = ¢ (Re)" (x/5)7N
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CONCLUSIONS
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1. .Heating the jet does not significantly affect the magni-
tude of the velocity profile or its slope near the wall.

2. The témpérature profile is more rounded than the plane
wall jet and the flat plate (1/7 power law) profiles, and its
slope near the wall is larger. The temperature distribution in the
outer part is approximately the same in both cases.

3. The temperature profile is not significantly influenced
by Reynolds number and becomes "fuller" with increasing down-
stream distance,

4, The temperature profile follows two different power

Y}

laws, one in the temperature-sensitive reglon very close to the
wall (y/ym/2 < 0.1) where approximétely 90 percent of the tempera-
ture drop occurs and another in the rest of the jet. The thick-
ness of this sensitive region decreases as x/S dincreases. In
the outer layer of the jet (y/ym/2 > 0.20), the temperature pro-
files show approximate similarity at positions downstream of
8 = 40 degrees.

5. The temperature distribution data in the sensitive

region can be correlated as:

0.07143 0.0561

(T, -~ TI/(T, - T,) = 0.85 (v/y,, ) (x/8)
within ranges: 10 < x/S < 400 y/ym/2 < 0.1

4500 < Re < 18000
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6. The coefficient of heat transfer increases with Re

and u_ ana decreases with xl/s.

The heat transfer data can be correlated in the form:

(Nu)s = 0.71(Re)2'8 (xl/s)_O'El, with a maximum deviation of
+ 11 per cent within ranges: 30 < Xl/S < 400

4500 < Re < 18000

7. The Nusselt numbers for the curved wall jet are much
higher than for plane wall jet and for circular cylinders exposed
to free jet flow.

8. The coefficient of skin friction has higher values at
lower Reynolds numbers and the skin friction decreases as the jet
moves downstream. The data correlation is of the form:

S£ (um ym/z/v)o'25 = 0.063 (></S)"O‘12

2
valid over the range: 30 < x/S < 350

4500 < Re < 18000
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