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Measurements are described of the distributions of the heat transfer coefficient and adia-
batic wall temperature around a 3-in.-o.d. circular cylinder with a stainless steel woven wire
porous wall, and with its axis normal to a low-speed air stream. Helium was injected through
the cylinder wall into the boundary layer at an approximately uniform rate per unit area of
outside eylinder surface in the range of 5.45 to 25.8 lbm/hr-ftz. The range of freestream ve-
locity was 62.9 to 99.0 fps and of freestream Reynolds number based on eylinder diameter 1.01
X 105 to 1.59 X 105%. It was determined that, when the heat exchange between cylinder and air
stream was zero, the wall temperature exceeded the freestream temperature by up to 86°F,
depending upon location on eylinder circumference, helium injection rate, freestream velocity,
and properties. This phenomenon is due to the diffusion-thermo effect. The measured heat
transfer coefficients at the forward stagnation point agreed fairly well with analyses that did
not include the diffusion-thermo effect provided that the heat transfer coefficient was de-
fined with the difference between the wall temperature and the adiabatic wall temperature.

1537

Nomenclature

b = thickness of stainless steel shell of model = 0.035 in.

¢p = specific heat of helium at constant pressure

d = outside diameter of model = 3 in.

h = convective heat transfer coefficient; defined by Eq. (4)

k = thermal conductivity

ks = thermal conductivity of stainless steel shell of model

m = local mass injection rate of helium per unit area of out-~
side eylinder surface

h = average mass injection rate of helium per unit area of
outside eylinder surface

P = pressure

g = heat flux by circumferential conduction in stainless steel
shell, Eq. (3)

¢ = radiative heat flux from model surface to tunnel walls,
Eq.(2)

qw = heat flux between model and air stream, defined by Eq.
(1)

r = outside cylinder radius

T = temperature

T. = adiabatic wall temperature at which g,, = 0

T, = temperature of helium inside model

T, = temperature of inside surface of tunnel test section

Tw = temperature of outside surface of model

U = velocity component in the boundary layer along z direc-
tion

v = radial velocity component

z = gpace coordinate along the circumference of the eylinder,
measured from forward stagnation point

8 = velocity gradient at the forward stagnation point =

du,/dx
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€ emissivity of model surface

v kinematie viscosity

[

6 angle between a cylinder radius and the radius through
the forward stagnation point
0 = density
= Stefan-Boltzmann constant

Jo = m(Rea)'/postics

w = m(Rex)V?/paue = faolue/Bd)!*
Nug = hd/ke

Beq = duw/ve

Re, = xuy/ve

Subscripts

€ = outer edge of boundary layer
w = model wall

® = freestream

Introduction

THE process of injecting a gas through a porous wall in
order to modify the characteristics of the adjacent bound-
ary layer has received considerable attention in the past
decade. In particular, the forced convection heat transfer
to the wall can be reduced considerably, and the process is
therefore referred to as mass transfer cooling.

When gases different from the mainstream are injected,
the boundary layer becomes a binary system, and pertinent
analyses have been reviewed recently.! However, thermal
diffusion was not considered in these calculations. Because of
this phenomenon, lighter species tend to migrate towards
warmer regions in multicomponent systems. In a similar
manner, concentration gradients will give rise to a transport
of energy on a molecular level, i.e., to a transport of heat in
addition to the familiar heat conduction as described by
Fourier’s law. This is referred to as the diffusion-thermo
effect.2 This energy contribution has been neglected, to
date, in engineering applications of heat transfer on the a
priori assumption that it is second order in comparison with
the Fourier heat conduction. A recent analysis and com-
parison with -previous measurements,® however, demon-
strated for the first time appreciable effects on heat transfer
and adiabatic wall temperature which occur when helium is
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Fig. 1 Schematic sketch of apparatus

injected into a laminar boundary layer. Subsequent meas-
urements demonstrated the same for the first time in turbu-
lent boundary layers.* From additional measurements,®
the heat flux due to the diffusion-thermo effect actually was
determined in a special case to exceed even the familiar
Fourier heat flux.

With such evidence of the importance of this effect in
multicomponent systems, it was decided to continue efforts
in its study by measuring the distribution of heat transfer
around a cylinder in cross flow with helium injection. The
measurements and their results are described below, and the
results at the forward stagnation point are compared with the
predictions of available analyses which do not include the
diffusion-thermo effect.—8

Apparatus

A schematic diagram of the entire apparatus is shown in
Fig. 1. A 3-in.-o.d. circular cylinder was mounted with its
axis normal to the air stream in the test section of a low-speed
wind tunnel. Helium flowed into the cylinder and escaped
through the porous walls into the adjacent boundary layer.
The more important components of the apparatus are de-
seribed below in some detail.

Model and Instrumentation

The model, shown in detail in Fig. 2, already has been used
in a previous investigation with air injection.® It consists of
a 3-in.-0.d. circular porous wall cylinder 1 ft in length. The
porous wall is fabricated from two stainless steel woven wire
sereens of mesh counts 50 X 250 and 12 X 64 wires/in.
With one on top of the other, the screens were sintered and
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Fig. 2 Sectional views of model
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calendered to an average thickness of 0.035 in. The sur-
face of the porous shell is not quite smooth, but contains more
or less regular depressions approximately 0.005 in. in depth.
The stainless steel porous shell is lined with Fiberglas filter
paper to a thickness of about 0.5 in.

Thermocouple junctions of 36-gage iron-constantan wire
were welded to the inside of the porous shell around the
periphery of the cylinder at its middle plane, and at 3 in. on
either side of the middle plane. After installation, the ther-
mocouples were calibrated by immersing the model in an oil
bath, with temperature control. These thermocouples are
agsumed to measure the temperature of the outside surface
of the model, since the temperature difference across the thin
porous shell was negligible.

Helium flowed into the model through a 0.5-in.-o.d. steel
tube, coaxial with the model, and escaped through a series
of small holes into the inside of the model. At this point,
its temperature was measured by a series of 36-gage iron~
constantan thermocouples fastened along the steel tube.
More details regarding the model and instrumentation may
be found in Ref. 9.

Wind Tunnel

The model was mounted with its axis vertical and normal
to the air stream in the 1- X 2-ft test section of the wind tun-
nel of the Heat Transfer Laboratory. The tunnel operated
continuously in an open eircuit with air inlet and outlet
located outdoors. The air speed was changed in steps from
about 60 to 150 fps. The tunnel has a low turbulence level
of approximately 0.2%,.

Helium Flow System

Helium flowed from a bank of 20 bottles into a manifold and
then through a reducing valve to reduce its pressure to about
100 psig. It then passed through an American Iron case gas
meter, type 80C, where its volume flow rate was measured.
By measuring the temperature and pressure at inlet and
outlet of the meter, respectively, the helium density was
determined and hence its mass flow rate. After the meter,
the helium passed through a variable input electric heater
and/or a cooler consisting of a coil immersed in a cold bath
of dry ice in ethyl alcohol. In this way the helium tempera-
ture was controlled. Finally the helium was discharged into
the inside of the model and escaped through its porous walls
into the adjacent boundary layer.

Method of Determining Local Convective

Heat Flux

The local heat flux ¢, exchanged between model surface
and boundary layer was determined by applying the first law

Fig. 3 Control volume for energy balance to determine
local heat flux
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of thermodynamics to the open system indicated in Fig. 3.
The system extends a length L normal to the paper and con-
tains a segment of the model subtending a small angle A8 at
the model axis.

The following expression for the local convective heat flux
results:

qw = 1cy(Te — Tw) — ¢ — ¢ n

where
¢ = eo(Tu* — T 2
¢ = —kb(d2T/d6%) /r2 @)

In the just-mentioned derivation, it is assumed that the
temperature of the helium as it leaves the stainless steel shell
is identical with 7', the temperature of the outside surface
of the shell. This assumption has been ascertained by
previous measurements with air.’® It also is assumed that
the circumferential heat conduction through the filter paper
is negligible compared to that in the steel shell. This is
justifiable since the porosity of filter paper is quite high,
about 909, and hence its thermal conductivity approaches
that of helium. The emissivity e of the stainless steel shell
was measured to be 0.27. By measuring m, T., T, T, the
heat flux g, could be calculated with Eq. (1).

With the existence of helium (which is much lighter than
air) in the boundary layer, some free convection effects on
heat transfer may be expected. Such effects were estimated
and were shown to be negligible.!! Also, axial heat con-
duction was investigated and shown tc be negligible in the
measurements reported here, !

Experimental Procedure

The location of the forward stagnation point was deter-
mined by injecting heated air through the model walls and
observing the readings of a particular wall thermocouple
while rotating the model. When the thermocouple was
exactly at the forward stagnation point, its reading would be
a minimum in comparison with neighboring positions. This
procedure was repeated for the two adjacent thermocouples,
and, from the average of the location of all three minimum
values, the location of the forward stagnation point finally
was determined. !

The helium mass flow rate through the gas meter was set
at a particular value. By adjusting the relative flow through
the heater and cooler, and the electric input to the heater,
the helium temperature inside the model was adjusted to the
desired level. After establishing steady state, the output
of all the wall thermocouples was read along with that of the
thermocouples inside the model, a shielded thermocouple in
the tunnel freestream to indicate 7. and a thermocouple
taped to the interior wall of the tunnel test section to indicate
T;. During the course of these measurements, a check of
the wall temperature at the forward stagnation point and
the helium temperature inside the model showed that neither
varied by more than =+ 0.1°F, and hence steady state was
considered to be established satisfactorily.

Keeping the helium mass flow rate through the model
unchanged, 7. was adjusted to various levels, and the pro-

Table 1 Injection rates and freestream conditions

m,

Case U, ps Tw, °F  Req X 1075 lbm/hr-ft?

1 85.0£29% 59.2x6 1.31+29 5.45+3%
2 85.8+2% 61.4x5 1.34£29% 15.7 £1.5%
3 83.9+£29, 63.7x16 1.27+£49, 25.8 £2%
4 62.9+20, 47.2+3 1.01%£2% 9.99=+0.3%
5 85.9429% 58.2+3 1.33x29% 10.1 £0.8%
6 99.0£29, 47.2+2 1.59+£29% 10.0 =0.5%
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Fig. 4 Temperature distribution around cylinder

cedure in the preceding paragraph was repeated. In this
way, data were taken to determine the local heat flux at a
given mass injection rate, but at various levels of T,. Re-
producibility of the data was checked randomly, and agree-
ment was obtained in all cases within less than 5%, usually
within 2 or 3%.

The procedures just described were repeated for other
values of helium injection rates, as indicated in Table 1.

During any run, the pressure of helium inside the model
was of course uniform, but the pressure distribution outside
the model was not. In particular, the outside pressure was
a maximum at the forward stagnation point, and hence the
pressure difference across the filter paper and stainless steel
shell was a minimum there. Consequently, the local helium
injection rate deviated slightly from uniformity around the
model. To determine accurately the local mass injection
rate, the pressure distribution with air injection was meas-
ured as described in the Appendix. From this, the distribu-
tion of mass injection around the cylinder was determined.?

Results and Discussion

Heat transfer measurements were obtained at each of three
values of average rates of helium injection denoted as cases
1-3 in Table 1, at approximately the same tunnel air speed
and temperature. Also, at an average injection rate of 10.0
Ibm/hr-ft?, measurements were taken at each of three differ-
ent values of tunnel air speed. These are listed as cases 4-6
in Table 1. The latter procedure was necessary to investigate
separately the effects of changing freestream velocity on heat
transfer and other results. For each of the cases indicated
in Table 1, test runs were made at four or five different wall
temperature levels, as explained in detail in the preceding
section. The average injection rate changed slightly from
run to run, and so did the freestream velocity and tempera-
ture. Hence, all values shown in Table 1 are average quan-
tities for the runs constituting the particular case under con-
sideration. Beside each number, the maximum deviations
from the average are indicated.

The wall temperature distribution around the eylinder with
helium injection is presented in Fig. 4 for the smallest and
highest injection rates. Similar distributions oceurred for
the intermediate injection rates.

Heat Transfer at the Forward Stagnation Point

Using Eqgs. (1-3), the convective heat flux ¢, at the forward
stagnation point was computed at a given helium injection
rate for several levels of T',. The results were plotted in Fig.
Ba for cases 1-3 and in Fig. 5b for cases4-6. (Refer to Table 1
for the definitions of the various cases.) In all cases, ¢, was
not more than 29 of ¢.. The conduction correction g, in
Eq. (1) turned out to be a few Btu/hr-ft? at the most and
hence was neglected altogether, due to the uncertainty in
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determining the second derivative of temperature with
respect to §. By inspecting Figs. 5a and 5b, two conclusions
may be drawn regarding the dependence of ¢, on (T, —
T.): 1) the heat flux is a linear function of the temperature
difference as in other cases of forced convection heat transfer;
and 2) in contrast with other cases of forced convection heat
transfer in low-speed flow, the heat flux does not vanish when
the temperature difference between wall and freestream
vanishes. In the present measurements, the heat flux van-
ishes when the wall temperature is higher than the free-
stream temperature by up to 46°F, depending on the helium
injection rate and the freestream velocity. The wall tem-
perature under this condition of vanishing heat flux will be
termed the “adiabatic wall temperature,” T.. At adiabatic
conditions, the wall is losing heat by the usual Fourier con-
duction but is gaining an equal amount by the diffusion-
thermo effect, and hence the net heat transfer will be zero.?
Adiabatic wall temperatures in low-speed flow, considerably
different from freestream temperature, first were measured
in turbulent boundary-layer flow with helium injection.t
Later, the Fourier conduction heat flux and the diffusion-
thermo heat flux were determined from the results of meas-
urements.®

In the situation just discussed, it is necessary to define a
heat transfer coefficient by the equation

qw = W(Tw — Ta) )

The conventional definition in low-speed flow in which T,
replaces 7. in Eq. (4) would lead to values for # between 0
and £ . The value of 4 as defined by Eq. (4) is the slope
of the straight lines in Figs. 5a and 5b and is thus independent
of (T, — T.), at least within a moderate temperature range
around the freestream temperature such as in the measure-
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Fig. 6 Heat transfer at forward stagnation point-—com-
parison with theory

ments reported here. From the two figures, & is seen to de-
crease as the helium injection rate is increased and as the
freestream velocity is decreased. The adiabatic wall tem-
perature, however, follows an opposite trend.

In looking for theoretical predictions to compare with the
results of measurements reported here, no analysis of heat
transfer at the forward stagnation point including diffusion-
thermo effects could be found. However, a calculation for
laminar Couette flow? indicated that thermo-diffusion appears
to have negligible effects on the heat transfer coefficient, pro-
vided that A is defined according to Eq. (4). On the assump-
tion that this is also true at the forward stagnation point, the
present experimental results can be compared with theoretical
analyses in which thermo-diffusion was neglected. Among
analytical solutions published in the literature, there are three
that consider two-dimensional stagnation flow with helium
injection into an air stream and with boundary  conditions
close to the one in the present experiments.

An analysis by Baron and Scott® considers freestream condi-
tions of 570°R and 1 psia, and a ratio of the wall temperature
to the freestream temperature equal to 1.25. The properties
in the dimensionless parameters Nu, Re, and f, are introduced
for conditions at the edge of the boundary layer. An analysis
by Hurley” solves the conservation equations on an analog
computer with a temperature of 540°R at the outer edge of
the boundary layer. The properties within the boundary
layer were assumed independent of temperature. Properties
introduced into the dimensionless parameters Nu, Re, and
f» were those at the outer edge of the boundary layer.

An analysis performed at the Heat Transfer Laboratory®
considered a variety of boundary conditions. One set of
calculations assumed a freestream temperature of 540°R and
a ratio of wall to stream temperature equal to 1.2. In the
present measurements, the stream temperature varied between
505° and 540°R, and the ratio of wall temperature to free-
stream temperature between 0.95 and 1.2. The experi-
mentally determined heat transfer coefficients therefore can
be compared readily with the results of the just-mentioned
analyses. In calculating the groups Nu, Re, and f, from
the present measurements, the properties introduced were
those of air at the respective mean free temperature of the test
runs used in the calculation of the heat transfer coefficient.

The comparison between the three analyses and the ex-
perimental results is presented in Fig. 6. For a more de-
tailed discussion of the analytical results, the reader is re-
ferred to Ref. 8. It may only be mentioned that the differ-
ences between the results of the three analyses are mainly
due to the values of the thermal conductivity on which the
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calculations were based. The agreement between the ex-
perimental results and the analytical values is quite satis-
factory. This supports the conclusion reached in Refs. 3 and
4, that thermo-diffusion has a small effect on the heat transfer
coefficient when it is defined by Eq. (4).

Next, the measured adiabatic wall temperature is com-
pared with the results of Ref. 3, which is the only available
analysis so far that includes thermo-diffusion effects on adi-
abatic wall temperature for rotationally symmetric stagna-
tion point flow. In Fig. 13 of Ref. 3, the results of an “exact
solution” are expressed in terms of the recovery temperature
calculated with thermo-diffusion being neglected. This lat-
ter temperature is equal to the freestream temperature under
the conditions of the present measurements. Figure 7 com-
pares the experimental results with this analysis. The dif-
ference of approximately 109 may be due to the fact that the
measurements deal with plane stagnation flow. The meas-
ured adiabatic wall temperatures in Fig. 7 are correlated
closely by the empirical formula:

(Te — To)/Tw = 043 fu (%)

Heat Transfer Distribution

The heat transfer coefficient at various angular locations
around the cylinder was determined by methods similar to
those described for the stagnation point. For cases 1-3, Req
was approximately constant, but the injection rate was differ-
ent. For these cases, the heat transfer coefficient expressed
in dimensionless form as Nug Rea~1/2 is presented as function
of 0 in Fig. 8a and comparéd with the case of no injection
in suberitical flow.!2

From Fig. 8a it is evident that, at a particular location, the
heat transfer coefficient is reduced as the helium injection
rate is increased. At a given injection rate, however, the
percentage reduction in the heat transfer coefficient is a maxi-
mum at the forward stagnation point, and decreases to a
minimum around § = 80°. At the rear stagnation point,
the reduction in the heat transfer coefficient due to injection
is markedly less than at the forward stagnation point.

The shape of the heat transfer distribution on the solid
cylinder is similar to the measured distributions with helium
injection for cases 2 and 3 and shows the same main features.
In particular, laminar separation of the boundary layer takes
place approximately at § = 80°. An exception to this ob-
servation is case 1, which corresponds to the smallest injection
rate and yet exhibits a behavior characteristic for transition
in the boundary layer followed by turbulent separation.
These two latter characteristics are typical of supereritical
flow. The anomaly that supereritical flow occurred in case
1 but not in case 2 or 3, even though Re, is about the same
in all three cases and the injection rate is least for case 1,
cannot be explained at present.
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Fig. 7 Adiabatic wall temperature at forward stagnation
point—correlation of results and comparison with theory

CYLINDER IN CROSS FLOW 1541
14 T
] L LALE’T}I I T [ T
| v CASE 2 [ MEASUREMENTS -
B CASE 3
].2———NO INJECTION, SUBCRITICAL; /]
REF 12
- 9
1.0 Y 4
o, \ / B
© ° v
¢ Brev .
I /9 ° -
a 5o e T \ 1 /e
2 .6 o | \o o
L v —
o} ¢ v oo
1=}
4 n\/v
a
- o |
.2
o) I T A O O B e
(0] 30 60 Ele) 120 150 180
8, DEGREES
LAETT lkAgEI‘jJTWTIT 1
- v CASE S| MEASUREMENTS  —|
B CASE 6
12— NO INJECTION, SUPERCRITICAL;—]
REF 12 /
| o\ /\j "
. ' o
L] pu—
B \ / H
. s n
o 81 vty -
.ﬂ-)c Ve 2y
r — Y » n T
b) > 6 v *
=z - YK
— v —
a v
.2
ol 1 111 L1 L1 L[
[0} 30 ©0 90 120 150 180

6, DEGREES

Fig. 8 Distribution of heat transfer coefficient

Presentation of the distribution of the heat transfer coeffi-
cient around the cylinder is continued in Fig. 8b for cases 4-6.
In these cases, the injection rate was kept the same, but Req
had values in the range of 1.01 X 10° to 1.59 X 105. The
flow appears to be suberitical for cases 4 and 5 but clearly
changes to supereritical for case 6, due to the increase in Rea
for the latter case. The distributions are again compared
with the case of no injection for supercritical flow.’? TUn-
fortunately, the range of Reqis too small and the scatter in the
data is too large to make definite conclusions regarding the
dependence of Nu, Rea/% on Rea.

Adiabatic Wall Temperature Distribution

From figures similar to Figs. 5a and 5b, but constructed
for other circumferential locations around the cylinder, the
excess of adiabatic wall temperature over freestream tem-
perature was determined, and the results are presented in
Fig. 9a for the highest and smallest injection rates. It isseen
that, although there is no heat exchange between cylinder
and boundary layer, the cylinder walls are hotter than the
freestream by up to 86°F, depending upon the injection rate
and the circumferential location.
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In dimensionless form, the distribution is presented for
cases 1-3 in Fig. 9b. At a given injection rate, T is highest
near the laminar separation point. At a given location, 7',
increases as the injection rate increases. Figure 9c¢ presents
the distribution of T, for cases 4-6. For case 6, transition
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Fig. 9 Distribution of adiabatic wall temperature
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to turbulence is clearly evident in agreement with a similar
observation based upon the distribution of the heat transfer
coefficient in Fig. 8b. In contrast to this clear indication of
transition in Fig. 9¢ for case 6, no such evidence can be seen
in Fig. 9b for case 1, for which the distribution of heat trans-
fer coefficient indicated the possibility of transition. It may
be that the transition in case 1, if any, was not sharp, or that
T, is not as sensitive to transition as the heat transfer coeffi-
cient. From Fig. 9¢, it can be seen that T, increases as the
freestream velocity decreases, provided that the injection
rate remains unchanged.

Summary and Conclusions

The distribution of heat transfer around 4 porous wall 3-
in.~o.d. eircular cylinder, with its axis normal to-a low-speed
air stream, was measured at various rates of helium injection,
various levels of wall temperature, and various values of the
freestream velocity. Analysis of the results showed that,
when the heat exchange between the cylinder and the bound-
ary layer was zero, the wall temperature—in this case termed
the adiabatic wall temperature—exceeded the freestream
temperature by up to about 86°F, depending upon the par-
ticular location around the cylinder, the helium mass injection
rate, and the freestream velocity. This unusual phenomenon
in low-speed flow is caused by the diffusion-thermo effect in
the binary boundary layer.

At the forward stagnation point, the measured adiabatic
wall temperature agreed within 109, with an analysis for
rotationally symmetric stagnation point flow which takes
thermo-diffusion into consideration.®? The measured heat
transfer coefficient agrees fairly well with analyses neglecting
thermo-diffusion.t—8 It appears that thermo-diffusion has
no effect on the heat transfer coefficient provided it is defined,
as in Kq. (4), in terms of the adiabatic wall temperature.
A similar conclusion was obtained from an analysis of heat
transfer in laminar Couette flow with helium injection.*

The distributions of the heat transfer coefficient and of the
adiabatic wall temperature around the cylinder were deter-
mined. Both showed evidence of supercritical flow when Re,
= 1.59 X 10% and subcritical flow when Re, was about 1.3 X
10° or less except for case 1, in which the heat transfer co-
efficient showed some evidence of transition although the
adiabatic wall temperature did not. The distribution of the
heat transfer coefficient with helium injection had the same
general shape as the corresponding distribution without in-
jection. The main difference is that the former is generally
smaller than the latter, with the deviation increasing as the
injection rate increases. The percentage reduction in the
heat transfer coefficient due to injection is a maximum at the
forward stagnation point, and decreases to a minimum at the
separation or transition point. The trends of variation of
the adiabatic wall temperature with location, injection rate,
or freestream velocity were opposite to those of the heat
transfer coefficient.

Appendix: Measurements of Pressure
Distribution

It is necessary to determine the velocity gradient at the
forward stagnation point in order to correlate the heat trans-
fer measurements and to compare them with theory. It is
also interesting to investigate the effects of injection on the
potential flow around the cylinder. For these two purposes,
the pressure distribution with injection was measured and
compared with that around a solid wall 3-in.-o.d. cylinder
mounted in the same wind tunnel.?

Surface Pressure Probe

Since no provisions for pressure measurements were pro-
vided on the porous wall model, a special surface probe was
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designed and constructed. It was fabricated out of steel
tubing flattened to outside dimensions of 0.007 X 0.078 in.
In operation, one probe side pressed against the porous wall
of the cylinder, and a 0.018-in.-diam hole in the opposite
probe side sensed the static pressure near the cylinder sur-
face. The tip of the probe was sealed with silicone grease to
make sure that the probe did not sense any dynamic pressure
of the flow near the cylinder surface. The probe was fixed
rigidly to the model with spring steel clips, with its tip in
the horizontal central plane of the model. Reference 11 may
be consulted for more details regarding the probe or meas-
urements.

During the measurements, the probe response time was of
the order of 3 to 5 min and hence was too large for using
helium for injection purposes. Instead, air was injected at
a rate of 0.0233 Ibm/sec-ft2, and pressure distribution meas-
urements were taken at values of Regof 1.11 X 10%and 1.46 X
105, In addition, the surface probe was used to measure the
pressure distribution around the solid wall model for Re; =
1.1 X 103 and the results were compared with previous meas-
urements?® using pressure taps.

Results

The pressure distributions are shown in Fig. 10. In com-
paring the results with the surface probe and the earlier
results® using pressure taps on the same solid wall model,
it is found that they are almost identical except in the region
near the laminar separation point and downstream from it
where discrepancies up to 209, exist.

A comparison of the results of air injection with those
without injection, using the surface probe in both cases, re-
veals close agreement on the forward part of the cylinder.
Discrepancies up to about 109, however, exist near the
laminar separation point and downstream from it. Appar-
ently the injection process shifts the pressure distribution
somewhat in the direction of supercritical flow. From the
pressure distribution with air injection, the velocity gradient
at the forward stagnation point was determined to be about
5% less than that in flow of an inviseid fluid.

It thus may be concluded that the injection process does not
materially influence the pressure distribution on the front of
the model or the velocity gradient at the forward stagnation
point in particular. Near the laminar separation point and
after, in the wake region, some influence may exist.
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