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NO ME NC L T URE 

d = diameter of impact probe (In.) 

M = Mach number 

p = pressure (microns -Hg absolute) 

Pj = impact pressure 

p = static pressure 

p = extrapolated pressure for l/d = 0, local reservoir pressure 

p0 = reservoir pressure 

Re = Reynolds number based on probe diameter 

T = temperature (degrees Rankine) 

= isentropic exponent 

= coefficient of viscosity (lb/sec0 ft)



Report No0 E.45082

VISCOUS EFFECTS ON IMPACT PROBES IN A SUBSONIC RAREFIED GAS FLOT 

The measurement of impact and static pressures in a gas flow has long 
provided a basic method for determining the Mach number of the stream, At 
normal pressures, where theReynolds number based on an impéct probe diameter 
is high, the measured impact pressure is the same as the local reservoir pres-
sure0 A simple relation then exists between the Mach number, the static pres-
sure an the miasured impact pressure0 ma loi density gas flow at veiyjow 
ReQ]ds nu	 ,of	 deroflO0or]s, viscous effects in the flow 
adjacent to the impa probe become	 ortant. he measured im act pressure is 
ngarhsama theloça1 réservoi pressure but becomes ixcreasn 
hi	 e	 a the Re olds number decreases, Variations will also be 
observed with respect to static pressures measure with a probe under similar 
conditions, 

•	 The problem of interpreting measured impact pressure has been investi-



gated theoretically and experimentally for incompressible flows in Ref0l, among 
others, and experimentally for supersonic flow in Ref.20 Theoretical results 
for subsonic compressible flows have been obtained in Refs. 3 and 40 It was 
the purpose of the investigations described in this report (1) to demonstrate 
the viscous effect on impact pressure measurements, and (2) to evaluate it by 
determining experimentally the relation between the measured impact pressure 

the local reservoir pressure 
pin' 

the Mach M and the Reynolds number Re in 
subsonic compressible flow, 

The tests were performed in a special low pressure subsonic wind tun-
nel and covered a range of 0,20 < M < 0.45, 25 <Re <12.5, The procedure 
was to place in succession a series of geometrically similar impact probes of 
different diameter into the same gas flow, For each such run the Mach number 
was thus fixed while the Reynolds number varied from one probe. to another 
simply by the associated change in diameter, Different Impact pressure mea-
surements on the different probes constituted a demonstration of the effect, 
The evaluation of the effect required a determination of the Mach and Reynolds 
number in absolute rather than relative terms0 This determination was made by 
an extrapolation process based on the following considerations, Theoretical 
analyses for compressible flow predict a relation of the form 

1 ;ifl 
= f(M,Re) 'M2/e --------------(1) 

where the form of the function f(M,Re) depends on the nature of the assump-
tions made, but In all cases varies quite slowly with both Mach and Reynolds 
number, Since the effect depends on the reciprocal of the Reynolds number, 
it is observable only at low Reynolds numbers0 According to Eq,l, the mea-
sured impact pressures on the series of geometrically similar impact probes 
of different diameter, d, placed in a fixed stream should vary approximately 
linearly with lid, Le, 1/Ite, a feature which was always observed in the 
tests, The extrapolated value of such a set of pressures to very large 
Reynolds number (Le, lid = 0) should correspond to the Ideal non-viscous

100



local reservoir pressure0 Coupled with a knowledge of the static pressure as 
obtained at the wall of the wind tunnel nozzle, this extrapolated value was 
used to determine the Mach and Reynolds numbers of the flow and thus provide a 
basis for evaluation of the viscous effects0 In general terms, the results of 
the tests were in line with these considerations0 However, certain anomalies 
arose so that the final results must be considered to be of a preliminary 
nature only0 Further work is planned utilizing a larger wind tunnel. 

2,0 EQUIPMENT

ll test work was performed in the No.2 Wind Tunnel at Berkeley 
a continuous operating open .-jet type0 HID 2613 is a flow sheet for the wind 

tunnel and associated equipment (see also PHOTO 198). A . detailed description 
of the unit is given in Ref0 5. 

2.1 Nozzle
& short subsonic nozzle was employed. The shape of the curved 

proportion was similar to a standard I.S.. nozzle (Ref.6), of 3 in0 out-. 
let diameter0 The length of the constant diameter portion was about one-. 
half the magnitude specified for a standard nozzle0 The dimensions are 
shown on HID 26120 

2.2 Pumping System 

The pumping system of the original installation (Rèf.5) was 
modified by the addition of a Type KB .-300 (DistillétiOn Productslnc0) oil 
jet pump. The pumping system used for this investigation consisted of two 
KB..300 units backed by a Kinney Type DVD.88lO mechanical pump0 

2.3 Pressure Measurements 

The reservoir, test section, and nozzle wall pressures could 
be measured with an oil TJ.=tube manometer (Ref.7) or with a McLeod gage 
capable of reading a maximum pressure of 250 microns Hg, The McLeod gage 
was the same basic design as reported in Ref08, but with the capillary 
tube and reference volume selected to give a calibration constant of 1010 
mm Hg per cm2 differential, The least count of the McLeod gage scale is 
a length of O5 mm and estimates are made within this interval using an 
enlarging lens mounted on the gage frame0 Analysis based on a ± 0.2 mm 
length reading error shows that the precision of this instrument is ± 0.2 
microns at 25 microns Hg pressure, and ± 0,6 microns at 250 microns Hg. 
The oil manometer was used to give a continuous check on the constancy of 
flow conditions during a run, while aU recorded pressures were read on 
the McLeod gage0 

2,4 Probes
Four geometrically similar source .shaped impact probes were 

constructed for this investigation (HID 2614 and PHOTO 210). Also a spe-
cial probe was made identical externally with the 0.450 in. diameter 
probe (No01) of HYD 2614, but with an internal baffle added (see HID 
2615), The use of this probe is explained in Section 50. The conical 
probe shown on HID 2615 and PHOTO 210 was used for static pressure mea-
surements.
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24 Probes (Continued) 

Three test probes could be mounted on the hollow vertical ex-
ternal]y-adjustable column during one run0 Each probe could be located on 
the centerline of the nozzle 001 in0 downstream from the exit plane0 The 
impact pressures reported in Table 1 were made when the impact probes were 
in this position0 

30 TESTING PROCEDURE 

At the beginning of a group of runs, a pressure check on the 
equipment was made at no flow through the nozzle0 This was done by opening 
the upstream metering valve until the pressure measured at the nozzle wall in-
creased to the approximate pressure range of the runs0 Then the upstream 
metering valve and the downstream control valve were closed0 The system pres-
sure was then read on the McLeod gage through each of the three probes and 
through the reservoir, nozzle and test section orifices0 Any outgassing or 
leaks in the probe and column system would become apparent and corrections 
were made before continuing with the run0 

The test flow conditions were established0 The weight rate of 
flow was adjusted by means of the upstream metering valve0 The pumping speed 
was varied by throttling with the downstream control valve and by adjusting 
the power to the KB300 pumps0 The flow rate was observed by a 8tandard 
Flowrator and by a volumetric flow meter (Ref 05) 0 Then the desired flow con-
ditions were attained, pressure readings (three impact probes, reservoir, 
nozzle wall, test seôtion) were made with the McLeod gage0 These readings were 
repeated to make certain the flow conditions had not shifted0 Throughout Cach 
run the manometer and flowmetér were frequently checked to watch for instabi-
lity0 In the event that a shift or a periodic flucutation was observed, the 
run was abandoned and new conditions were set up0 At least three minutes was 
allowed to lapse after taking a reading on the' McLeOd gage before trapping off 
for: the ne*t one0 This delay was' considered ample to insure pressure equi1i.. 
brium, on the basis of available time response data (see Appendix)0 

The first series of runs were made with probe numbers 1, 2 and 
3 mounted on the column0 The second series of runs were made with probe num-
bers 1, 3 and 4 mounted together0 The same range of flow conditions were used 
for both series0 The pressure readings obtained with the impact probes are 
entered in column 5 of Table 1 with - the Oorresponding probe numbers shown in 
column 2 Several impact and static traverses were made to determine the de-
gree of uniformity of the flow field0 The procedure used for pressure mea-
surements when'making a traverse Of the nozzle was essential]y the same as 
that outlined above0 Readings were taken at 02OO in0 intervals across the 
nozzle 01 in0 downstream from the exit plane0 These traverse data are shown 
inHYD26l0	 - 

-	 The assumption implicit in the test procedure was that .the 
magnitudes of impact pressures obtained with different probe sizes would be 
different, although the flow conditions were the' same0 Provided that the 
probeC were small enough'to avàid blocking effects or other disturbances in 
the upstream nozzle f1ow the pressure reading in each case would depend on 
the Reynolds number of the probe which would vary directly, with the probe 
dianeter"aince flO*coiditiô *re oñstant0 An attemp.was'niadeto obsere 
blockingeffects 'by' iñeasin'ing• the nozzle wal1 static pressureC first 'with 'no 
probe. inèrted0 For every flow cóndition'recOrded in thi repit there- was 
no detectable change in the nozzle wall pressure' during this proedurè0



4O REDUCTION OF DATA 

The flow conditions might be deduced from the measured reser-
voir and nozzle wall static pressures provided the following assumptions are 
made: 

(1) The flow from the reservoir to the test section is isentropic, 
(2) The flow is uniform over any crosssection i.e., the flow is one-
(3)The perfect gas law is applicable0	 (dimensional0 

With these assumptions, the Mach number at the test section is related to the 
measured stagnation pressure p0 and static pressure l by (Ref.9) 

=	 ------------ (4.1) 
p1 

The Reynolds number can then be computed from (Ref.lO) 

Re = 2.14 x lO M Pid//..f' --------(4.2) 

An alternate technique for determining M involves knowledge of 
the impact pressure at the test section0 If the flow from the reservoir to 
the test section is adiabatic but non-isentropic, the stagnation pressure mea-
sured at the test section, p, will be lower than that in the reservoir, p0. 
Assuming that the deceleration process at the nose of the impact probe is 
isentropic, then the pressure obtained with the probe wifl be Pine Stated in 
another way, the pressure Pin will be measured by an impact probe for which 
the Reynolds number is very large0 The impact pressure corresponding to an 
infinite Reynolds number was estimated for each flow condition in the manner 
indicated on HID 26l7 The readings of the impact probes for a fixed flow 
condition were plotted as a function of lid, where d is the probe diameter0 An 
infinite Reynolds number would then correspond to the zero value of the ab-
scissa0 The open circles on HID 2617 are the data for one run, while the full 
circles are the data for a subsequent run at approximateJ.y the same flow con-
dition0 The points lie on a straight line within the experimental accuracy, 
indicating a l/te dependence for the range of the tests0 Extrapolation of the 
line to the zero value of the abscissa gives a value for Pn The values thus 
obtained for all runs are listed in column 14 of Table 10 Using these values 
of ri and the measured static pressures at the nozzle wall, the values of M 
are computed from Eq0 41, with p0 replaced by pj1), The Reynolds numbers were 
computed from Eq0 4.2, using the viscosity data of Ref0ll. 

5,0 DISCUSSION

Reference to Table 1 shows considerable discrepancy between 
the measured ratio p /p1 and the calculated ratio Pj /p1. This discrepancy, 
along with the impac pressure profiles obtained in he nozzle (see HID 2618) 
indicates that the flow was non-isentropic. Accordingly, the Pjn/Pl data 
were used in the final computations to determine M (Eq. 4.1). The value p1, 
measured at the nozzle wall, was assumed to exist also in the stream, This



-5-

assumption was checked by traversing the flow at the nozzle exit plane with 
the conical probe shown on HYD 2615, The pressure distributions are given on 
HID 2619, and indicate that the static pressure was very nearly uniform over 
the flow cross-section and equal to the wafl value P]o 

Frequent pressure checks with no flow showed that the maximum 
error in reading pressures with the McLeod gage including the effects of 
McLeod sensitivity, outgassing, ambient temperature changes did not exceed 
± percent. This figure does not include any systematic errors that might 
be present, but these are believed to be considerably smaller than ± fr percent. 
This error in the pressures could result in approximately ± 1 percent in the 
pressure ratios, or about 1* percent maximum error in ratios involving Pine 
Errors of this magnitude are serious in the present tests. For example, at 
M = 0,2, an uncertainty of ± 1* percent in the present ratio used in Eq. 41 
results in an error of more than 20 percent in M, At the highest M of the 
present tests (M 0,44), the estimated maximum error in M is ± 10 percent. 
These variations in M are present also in Re as calculated from Eq0 4,2. 

Homann (Ref,l) gave an analysis for the impact pressures ob-
tained in incompressible viscous flows at the forward stagnation point of a 
sphere. His results were extended in Ref,4 to include the effect of com-
pressibility and in Ref0 3 to include the "slip" effect expected in the rare-
fied gas dynamics flow regime0 These analyses reduce to the form 

iin_
(correction factor) Re 

p1	 - 

The correction factor varies from a constant in the case of incompressible 
flow without slip to various functions of M and Re depending upon the assump-
tions made. For purposes of comparison with these analyses, the impact pres-
sure correction, (Pi - Pi)/Pi, was computed from the data and is shown on 
HID 2620 as a function of the parameter M2/te0 

Examination of HID 2620 shows that the correction factor is 
positive over the range of the data - 10e0, an impact probe in a subsonic low 
density gas flow gives an impact pressure p1 higher than would be computed for 
a non-viscous flow. This effect is in accord with the predictions of the 
available theory. HID 2620 also ndicates that a 1 percent error in pj can 
be expected for a flow in which M /Re is approximately 0,002. The data are 
not accurate enough to warrant an attempt to distinguish the form of the 
correótion factor as predicted by the various theories0 A single curve has 
been faired through the data of HID 2620, which might be used for preliminary 
estimating purposes for flows coming within the range of the experimental 
variables0 The average slope of this curve is 4,5, whereas the theoretical 
prediction is approximately twine this value. 

Referring to HID 2617, the ratio p/p is greater than 1. 
This result was obtained for all of the runs, the ratio varying from l002 
to 1,050. If the extrapolation procedure is correct, and pj represents the 
true impact pressure of the flow at the test section, then the increase in 
impact pressure might be explained if the flow from the reservoir to the 
test section is non-adiabatic0 In order to check this possibility, the probe



shown on HYD 2615 was constructed with a thermocouple welded to the internal 
baffle0 The probe was inserted in the flow, and a potentiometer was used to 
determine whether any temperature difference existed between the probe thermo-
couple and the thermocouple placed in the reservoir of the wind tunnel0 The 
probe temperature was investigated over the entire range of variables covered 
in these tests, and no rise in the probe baffle temperature was detected, in-
dicating that the flow was adiabatic0 However, the question of what minimum 
change in stagnation temperature could have been detected by the probe was 
not answered0 The probe thermocouple would assume the flow stagnation tempera-
ture (or slighter lower under continuum conditions) only if heat transfer ra-
diation and conduction was negligibiy small compared to convection from the 
flowing gas 0 Since convective heat transfer rates decrease at low gas densi-
ties, measurement of convective effects requires special efforts to minimize 
and evaluate radiation and conduction losses (Ref.12). These precautions were 
not observed fully during the subject experiment, so that the apparent con-
clusion regarding adiabaticity of the flow is considered tentative0 

Another hypothesis was that the gas density conditions were 
low enough so that internal flow effects in the probe system, as predicted in 
Ref.13, might be present0 To check this, the probe shown on HYD 2615, with 
the internal baffle, and probe No.1 of HYD 2614, which were identical exter-
nally in every respect, were compared directly ,by insertion into the same 
flows. In every case, the two probes gave identical readings, so that the 
internal flow hypothesis is considered untenable0 

In view of these results, the high values of the ratio Pjn/Po 
remain unexplained. Since the magnitude of 	 determines the flow conditions, 
according to Eqs0 1 and 2, the entire basis or attempting correlation of the 
experimental data is in doubt. The present report, therefore, must be con-
sidered preliminary, and an improved experimental technique is required to ob-
tain definitive results. 

6.0 CONCLUSIONS 

6.1 Source-shaped impact probes placed in subsonic low density gas streams 
yield impact pressures which are higher than would be predicted from the 
usual non-viscous theory. 

6.2 For the sourceshaped probe, for Mach numbers between 0.21 and 0.49 and 
Reynolds numbers (based on probe diameter and free stream properties) 
between 205 and 1207 the present results indicate that the non-viscous 
theory produces an error of 1 percent in impact pressure when the flow 
parameter Mach number squared over Reynolds number is approximately 0.002. 
As the parameter increases, the correction increases i the present tests; 
the correction reached 20 percent when the parameter M ,4te was approxi 
mately 00050 

6.3 The present results must be considered tentative and of a preliminary 
nature, in view of unexplained discrepancies in the variables used to 
specify- flow conditions0

- E.D. KANE 
and 

MARCH 9, 1951	 50A. SCHAAF



A P P E N D IX 

1 0 0 0UTGASSING EFFECTS 

The problem of time response of pressure gaging systems used 
with low density flows has been discussed in Ref ]4, and the effect of out-
gassing on pressure magnitudes was indicated in the same reference0 Briefly, 
gases or vapors adhering to the internal walls of the pressure gaging system 
behave like gas sources and produce a pressure rise in the gage system which 
has no relation to the external flow. The effect can also occur in the reverse 
direction, with "in-gassing" or the action of an effective sink in the gage 
system as gases entering through the probe orifice are adsorbed to the walls. 
For given surface conditions, the magnitude of the pressure error to be ex-
pected due to out-gassing depends on the dimensions of the probe system. 

In the present tests, it was desirable to use the smallest 
possible probe to yield the lowest possible Reynolds number. The lower limit 
on size was fixed by outgassing effects, evaluated by the following procedure. 

2.0 PROCEDURE

The pumping system was adjusted to give a pressure, measured 
at the reservoir, of 9 microns Hg with no flow into the wind tunnel. The up-
stream metering valve was then opened and the air flow rate adjusted to give 
a pressure of 100 microns in the reservoir under steady flow conditions, The 
pressure read by one of the impact tubes, inserted into the flow, was mea-
sured. The upstream metering valve was then closed rapid)y, and the reservoir 
pressure, p0 , and the impact probe pressure, Pj, were measured simultaneously 
at definite time intervals. Another probe was inserted into the flow and the 
procedure repeated, until the pressure-time data had been obtained for each 
probe investigated. The results for a series of tests Involving probe Nos.l, 
2 and 3 are shown on HYD 2616 

300 RESULTS

From HYD 2616, It is clear that the smallest probe (No.3) 
requires the longest time to reach equilibrium. After a sufficient time has 
elapsed (about 180 seconds), this probe read the same, within the accuracy 
of measurement, as the other two, 

When a similar experiment was performed utilizing a probe 
which was one-half the size of probe No.2, it indicated a pressure, after 
180 seconds, which was almost 10 microns Hg higher than the other probes. 
Accordingly, only probe Nos. 1, 2, 3 and 4 were employed in the experiments, 
and a time of at least 180 seconds was allowed to elapse between a change 
of setting and the reading of the instruments0
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