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FOREWORD

This report presents the results of work performed by the General
Electric Re~entry and Environmental Systems Division during the
second half of CY 1969 under Contract F04701-69-C-0116 which is
jointly supported by SAMSO and ARPA, "he work was accomplished
under Task 7.8.2 (Asymmetric Transi.ion Effects on Vehicle Trim)
of the STREET G Program and was monitored by Lt. R. Padfield
(U.S. Air Force, SAMSO) and K. Krera (ARPA).

This report ha: been reviewed and is approved.

R. Padfield, Lt., USAF
Space and Missile System
Organization (SMYSE)

Alr Force Systems Command
Norton Air Force Base
California
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ABSTRACT

As the first part of the Strategic Re-entry Technology (STREET G) task to determine the
effect of asymmetric transition on static stability, an experimental investigation of the
influence of angle of attack on boundary layer transition front location and shape has been
conducted at AEDC Tunnel B at Mach 8. The model was a stainless steel 7.2 degree
haif-angle cone with three bluntness ratios (RN/RB = 0.0.01, 0.02). For each of the
bluntness ratios, hkeat transfer data were obtained for four values of the free stream
Reynolds number and for four angles of attack, that is, a = O degree, | degree, 2 degree. and
4 degree. Comparisons of the measured heat transfer at a = O degree were made with theory
and good agreement resulted.
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NOMENCLATURE

SYMBOLS DEFINTTION
Ag Model Lase area, in.”

Pitching moment coetticient based on diameter
Specific heat BTUAROE

Mode! base diameter (1100 in)
Enthaolpy

Thermal conductivity

Model length, in.

Mach number

Pressure, psia

Prandtl Number, (‘py/k

Dynamic pressure, psi2

Heat transfer flux. BTU/ft sec.

Local model outer radius

Universal gas constant, 1545. 43 ft. ib.f/o R lbm mole

Reynolds number
RN/RB Model nose bluntness ratio
Stanton number, d/(hg - hy ) (pu)

Model wetted length

Temperature

Time, seconds

Velocity component parallel to flow direction, fps.

Model axial distance, in.




Greek Symbols

Subscripts
N

(8

Superscripts

*

angle of attack, degrees
ratio ot specific heats
absolute viscosity

¥ s 3
density, Ib /1t

model wall thickness (inches)

edge conditions
stagnation conditions
wall conditions

free stream conditions

reference conditions




SECTION |

INTRODUCTION

Aa part of the Strategic Re-entry Technology Program (STREET G), experimental studies
are being conducted to investigate the effects that asymmetric transition can have on the
static stability and resulting trim angle of attack of an ablating re-entiy vehicle. The
cexperimental investigation is composed of two phases: the first, to map the transition front
location and shape on a no-blowing conical model at angle of attack: the second, to measure
the forces and moments on a porous model configured to simulate ablation in the
asymmetric turbulent region determined in the first phase. From this test series, the
objective is to establish whether the trim angles of attack that are observed in flight,

beginning at the point of transition onset at the base, can be attributed to the effets of

asymmetric transition progression along the body. The investigation will not duplicate the
many phenomena that occur in flight but does represent a reasonable facsimile of the flow
processes.

This report presents the experimental data obtained on the first phase, i.e., transition
mapping on an impervious conical model, of the test program. The tests were conducted at
Mach 8 in Tunnel B of the van Karman Facility at AEDC. Thermocouples have been utilized
to establish the shape and location of the transiiion front as a function of angle of attack,
Reynolds number, and nose bluntness.
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SECTION 11
MODEL DESCRIPT!ON AND TEST PROCEDURE

The model used in the heat transter test was a 7.2 degree half-angle cone, 43.54 inches long,
with a removable nose section, Figure |, Three nose bluntness ratios were utilized for the
model (i.c., RN/RB = 0, 0.01, 0.02). One hundred thermocouples were installed on the
inside of the model wall. The concentration of thermocouples was on one-half the model
with several installed on the opposite half to check the yaw symmetry of the heat transter
Table 1 details the location and wall thickness at each thermocouple.

Data were obtained at Mach 8 for four (4) Reynolds numbers with the model pitched at
angles of attack of 0 degree, | degree, 2 degree, 4 degree. A summary of the test conditions
is presented in Table 1I. The four Reynolds numbers were chosen io place the end of the
transition region at prescribed axial locations on the model at zero angle of attack. The
desired end of transition locations were to span the model, from near the aft end to a point
as far forward as possible. The sharp cone (Ry/Rg = 0) and Ry/Rpg = 0.02 configurations
were tested at each of the four Reynolds numbers while the | percent bluntness model was
tested at the two lowest Reynolds numbers only.

The model was mounted on the tunnel injection mechanism and at each test condition was
inserted into the tunnel at the desired angle of attack. Data were recorded on magnetic tape
at a rate of two hundred samples per second per thermocouple. The model was withdrawn
from the tunnel and cooled in the dump tank after obtaining data for each test condition.
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TABLE Il. SUMMARY OF TEST CONDITIONS

M =
o0
() T
Reoox 1079/t PO TO RN/RB a
PSIA (°R) (Degrees)
.79 860 1332.0 0, 0.02 0.1,2.4
3.02 670 1310.0 0, 0.02 0,124
2.20 470 1300.0 0,0.01,0.02 0,1,2,4
1.32 280 1260.0 0,0.01,0.02 0,1.2,4
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SECTION 111

TEST FACILITY DESCRIPTION

AEDC’s hypersonic wind tunnel B is equipped with an axisymmetric contoured nos/le
which provides Mach 6 and 8 flow through the 50-inch diameter test section. The tunnel is
closed circuit which operates over a range of pressures with air supplied by a main
compressor system. Stagnation temperatures sufficient to avoid liquefaction in the test
section are obtained through the use of a natural-gas-fired combustion heater. The tunnel is
equipped with a model injection system which facilitates model changes or cooling without
requiring the tunnel to shut down.

Reynolds number variations from 0.30 to 3.8 x 106 per foot correspond to dynamic
pressure variations from 0.30 to 4.1 psi for a Mach number of 8.0. The stagnation
temperature in the tunnel is approximately 900 degrees F. The model may be rolled 180
degrees and pitched a total of 30 degrees on a straight sting arrangement,

A more detailed description of the facility can be found in Reference 1.
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SECTION IV
DATA REDUCTION

Data were recorded from the model sensors during the entire tunnel entry time period. That

is, the temperature versus time history ot‘ cach thermocouple was recorded at the rate of

200 samples per second. An initial time, was established when the model reached the
tunnel centerline. Injection of the model ?rom the dump tank below the tunne!l to the
centerline takes approximately 2 seconds. The data printout is based on this time as being
zero. Since the aerodynamic heat transfer to the model is proportional to the slope of the
temperature-time history at a prescribed time, a least square curve was fit to the £ 10 points
in the vicinity of this time. The slope was then obtained from the curve fit. The data were
calculated at four time intervals, 0.00, 0.25, 0.50, and (.00 seconds from time zero. The
graphical and tabulated data presented in this report are the t = 0 data. A complete listing of
aii the avaiiabie data may be obiamned f1om e autiios, The cquations aid cuive diia
employed at AEDC in reducing the Tunnel B and C thermocouple data may be found in
Appendix A.

Some typical variations of the Stanton number (~ heat transfer) with time for several
thermocouples at three axial stations may be found in Figures 2 through 5. The relative
accuracy of the heat transfer as calculated by the one-dimensional heat conduction equation

- dT

a4 =pCT gt
which assumes that there is no conduction within the model and that there is no convection,
is approximately ~ 6 percent. Roughly * | percent can be attributed to the uncertainty in
the specific heat of the material. The error bars shown in Figures 2-5 were drawn consistent
with the aforementioned accuracy. Since the accuracy of the one-dimensional heat
conduction equation degrades as the model wall is heated, due to conduction errors, the
most accurate data are obtained as soon as the model responds to the sensible aerodynamic
heating. For the model wall thickness of 50 to 60 mils, the most accurate time interval is
during the first second from time zero. It can be noted from Figures 2-5 that the time
dependency of the Stanton number is generally within the accuracy of the heat transfer
measurement and consequently, only the data at time zero were plotted. The stated

accuracy of the data refers to ‘“‘good” thermocouple installations. There were several
o}m...,m-m.:un on the madel that were damaged nrinr to and durinc the test. Theﬁe gages

data trends. No attempt was made to screen out these points.

The Stanton number variation with axial length is plotted in Figures 6 through 57. The
corresponding tabulated data are listed before each figure. The data are grouped by model
bluntness ratio (RN/RB =0, 0.01, and 0.02) and within each bluntness set are grouped with
the Reynolds number in a decreasing order.

=
|




namely O degree, 1 degree, 2 degree, and 4 degree. A limited investigation on the effects of
nose bluntness on the transition front location and shape with angle of attack was aiso

SECTION V
RESULTS
The heat transfer distribution on the cone model was obtained along several conical rays. as
was noted earlier. The data were obtained at Mach & for four values of the free stream
Reynolds number. For each Reynolds number, data were obtained at four angles of attack,
obtained.

DATA COMPARISONS WITH THEORY

daty cbtained at zere ansle of attack were made with the results of the

Toinpariaons of the data obtain

Viscous Interaction Zero Angle of Attack Drag (VIZAAD) Program.(z) For laminar flow,
the heat transfer is calculated from Lee’s laminar tflow cquation(3) modified by reference
enthalpy conditions to account for the variation of flow properties across the boundary
layer:

0.354 p*u* Ue ro(hr - hw)

q =
LAM 172

S
(Pr)2/3 [ [) P*utugrglds

transfer in terms of boundary layer outer edge properties and reference enthalpy conditions:

In general, solutions were obtained wherein the state of the boundary layer was cither all
laminar or all turbulent. The data comparisons with theory in terms of the Stanton number.

0.0296 peo.z “(9.05 (#*)0.2 (p*)0.8 Ue r00.25 (hr - hw)

il

For turbulent flow, Walker(4) obtained a solution for the combined momentum and energy
integral equations. This solution provides the following relation for the local turbulent heat
9TURB

[ s ') 19 )
l'{) Pebe “60-.1_5 r(;.._5 ds 102

ST = 4/(Pues (hy - hy,), for the sharp cone model are presented in Figures 58 and 59: for
RN/RB = 0.01 in Figure 60; for RN/RB = 0.02 in Figures 61 and 62. From these figures, it
can be noted that there is excellent agreement between the dat2 and the theory in the
laminar region. The data exhibits an increase through the transitional flow region to a peak
which is higher than the “all turbulent” theory. The heat transfer then decays at a rate
somewhat faster than the ‘‘all turbulent” theory. At sufficiently large distances from the
end of transition, the theory and data are in good agreement. In summary, it can be stated
that for a ncn-ablating body, the heat transfer predicted by the VIZAAT: program is in 200d
agreement with data for laminar flows and for turbulent flows in the region far removed

from the end of transition.
7
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A summary of the deduced transition onset and end points for @ - O degree s tabulated i
Tuble I, Also listed in this table are the local wetted length Reynolds number Regp: the
local momentum thickness Reynolds number, Rci)rlv. and the edge Mach number at the
beginming and end of trunsition obtained from the laminar VIZAAD theory. The data are
plotted in Figure 63. As R, is reduced, the transitional flow region enlarges for both
Rn/Ry = 0 and 0.02. A summary of the deduced end of transition points on the cone for
Ry = 0 may be tound in Table IV, tor Ryn/Ry =0.01 in Table V, and for RN/Rg = 0.02in
Table VI. Graphical representations of the data for ¢ = 0 degree (leeward ray), ¢ = 90
degree, and ¢ = 180 degree (windward ray) may be tound in Figures 64, 65, and 66 for Rg =
0. 0.01, and 0.02, respectively. The spatial distribution of the ¢nd of transition for cach of
the bluntness ratios investigated may be tound in Figures 67-69.

For the sharp cone, the end of transition at angle of attack tends to move slightly rearward
from the zero alpha location on the windward ray, and forward on ihe iceward ray i
particular, the forward movement on the leeward ray is more pronounced than is the af't
movement on the wind side (Figure 67). This trend is similar vo the sharp cone phenomena
experienced by other cxperimcnters(s‘g). It should b¢ pointed out that this trend implics
that tiansition occurs at a significantly lower local Reynolds number on the lee side than the
windward rays. This forward movement on the lee side has classically been attributed to the
destabilizing influences of cross flow.

As the cone is blunted to a value of RN/RB = 0.01 (Ry = 0.055™), the transition point
moves forward on both the windward and leeward rays, fram the zero alpha point (Figure
68). However, the forward movement is greater on the lec side than on the windward sidc.
This trend with bluntness is identical to that noted by Stetson and Rushton(7) for bluntness
ratios of Ryy/Rpg = 0.04 and 0.08 (R, = 1/8” and 1/4”). Furthermore, this lee side forward -
wind side aft was noted in flight for blunt vehicles. On the lateral side (¢ = 90 degrees), the
transition location is slightly aft of che zero angle of attack value.

In addition to the data obtained at a one percent bluntness ratio, data were also obtained
for Ry/Rp = 0.02 (Figure 69). For this bluntness ratio, a reversal occurs. Namely, the
transition point moves further forward on the windward ray than on the leeward ray. In
addition, the end of transition was  noted to be furthest aft on the ¢ = 45 degree ray. To the
author’s knowlcedge, the data reported by Maddalon and Henderson(10) are the only other
source of data that indicate a similar phenomena. It should be pointed out that the data
attributed to this source by many authors does not actualiy appear in this reiercuce {i.€..
Reference 10) but may be found in the paper by Bertram and Beckwith(11). These data are
for a sharp 2.87 degree half arigle at a 2 degree angle of atiack cone at M = 20 in helium.
The definition of transition was obtained with a pitot tube recording impact pressures near
the model surface. It is not clear at this time why this apparent reversal occurs.




the one case (Rc =3.79 x 106 per oot and RN/RB = (.02), comparisons were made using
the VIZAAD theory for mixed laminar-turbulent solutions. That is, for a prescribed
“transition” point, the momentum thickness from the laminar solution, 1. s set equal to
the turbulent momentum thickness, 8- Then, using the turbulent flow relations, the
remaining viscous propertics 6%, 8 Cy Q. ete.are computed. The implication here is that the
turbulent solution has an “‘effective’ origin consistent with @. Two such solutions were
made for (XT/L) = 0.5 (transition onset) and for X'l'/l‘: 0.72 (end of transition). The results
are shown in Figure 61. The magnitude of the “heat transfer overshoot' is accurately
predicted by this simple approach. Furthermore, the two solutions tend to bracket the
cxperimentally measured heat transter values in the turbulent flow region.

TRANSITION REGION DEFINITION

The prediction of the heat transfer in the transitional and the ensuing turbulent flow regions
‘ is out of scope for the current etfort and should be the subject of future study. However,

the nose bluntness. Based on these results, the second phase of testing (i.e., the force phase)
will employ a porous model with the blowing schedule tailored to conform to the transition
tront shape. That is, the surface mass transfer will be zero in the laminar-transitional region
and will be non-zero in the turbulent region. The blowing rate will be varied during the test
S0 as to encompass vehicles with refractory heat shields as well as vehicles with teflon heat
shields. The forces and moments that are attributed to the asymmetric transition front will
therefore be determined experimentally. Although in an actual flight case the blowing (i.e..
abiation) scheduie is non-zero everywhere, the aforementioned configuration was deemed a
reasonable facsimile of flight.

The physical locations of the transition onset and end points were deduced from the data in
the following manner:

The onset point was established to be the point where the heat transfer (i.e., the Stanton
number) is 2 minimum (e.g.. see Figures 58 - 62). The end of transition was deduced to be
the point where the heat transfer is a maximum. There is some question as to exactly where
the end of transition actually occurs because the peak heat transfer overshoots the ‘“‘all
turbulent” theory. For this investigation, however, the maximum heat transfer point was
chosen consistently. Since the blowing schedule will be tailored to the end of transition

points, emphasis was placed on this data.
As is evident in the data plots of Section IV, the exact location where transition begins or

ends is not always clear. Consequently, from the first estimates deduced from the data. a
smoothing process was employed wherein the transition points were cross plotted with the
angle of attack. a meridian angle, ¢, free stream unit Reynolds number,Reo /ft.. and nosc
bluntness Ry. The faired values resulting from this smoothing process were then rechecked
against the heat transfer data. In all cases the resultant transition points actually reflect, to
within the accuracy of the data, the trends deduced from the heat transfer measurements. It
was felt that this process eliminates only the inherent data scatter that can be attributed to
cxperimental uncertainties. Since the basic data are reported, the recader can draw
independent conclusions if desired.

' As stated carlier, the objective of the firsi iesi phiase was {0 esiablishi, Guantitatively, the l
shape of the transition front as dedued from the surface heat transfer measurements. This
was pertormed for several values of the free stream Reynolds number, angle of attack, and
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FABRLE IV END OF TRANSITION (X/1.)

Ry - 0
o 1 =43sa"
Re 10761t a 00 459 900 1350 180V
379 ov 380 380 380 380 .3K0
! 338 358 390 41 415
) 295 338 415 420 425
| 4 252 335 420 431 431
3.05 0 447 447 447 447 447
| 380 41 457 479 180 |
2 315 380 485 495 500 |
{ 4 260 465 510 515 520
2.20 0 595 595 595 595 595
1 465 550 605 630 635
2 375 .508 635 650 660
4 330 507 678 685 690
1.‘55 0 .885 885 885 .885 .885
1 650 .847 900 940 960
2 .540 847 960 — - —
v 4 470 929 S - - - -
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TARLE V. END GF TRANSITION (X/1.)

R/Rg = 0.01 [-43.54"
¢
R, x 1070/1t a 0° 45 90 135 150
L
2.20 0° 758 758 AR 758 758
[ 624 765 | 78 765 | 7S
2 55 678 | 765 1 724 | 67K
4 46 635 | 724 | 7124 | 67
.35 0 1.03 |
! 80 924
; 2 635 438
4 .58 847

TABLE Vi. END OF TRANSITION (X/L)

Ry/Rp = 0.02 L= 43.54”
¢

Re_x 10701t a 0° 45 90 135 180
3.79 c° 724 724 | 724 | 724 | 724

| 1 712 78 69 635 | .60

| 2 635 76 67 59 55
% 4 508 593 | .55 49 465
3.05 0 785 785 | 7185 | .785 | .785
| 1 765 847 | .75 712 | 708

2 678 806 | .70 65 64

v 4 55 635 | 635 | .56 53

220 0 88 88 88 88 88

I 85 929 | 889 | .82 80
2 765 889 | .806 | .74 724
4 €24 765 | 7130 | 62 580
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SECTION VI

CONCLUSIONS

An experimental investigation was conducted at Mach 8 in Tunpel B of the von Karman
Facility at AEDC. The o ,ective of these tests was to establish the asymmetric shape of the
transition front on a cone at angle of attack. The model, instrumented with 100
thermocouples was a 7.2 degree half angle stainless steel cone with three nose configurations
(i.e., RN/RB = 0, 0.01, and 0.02). For each configuration, data were obtamned at four
Reynolds numbers and for four angles ot attack.

The transition front locations determined from this heat transfer phase indicated that the
beginning of the turbulent region moved forwurd on the leeward side and aft on the
windward meridian from the a = 0 degree locations for the sharp cone model. On the side
meridian, a slight rearward shift occurred. For RN/RB = 0.01, the turbulent front moved
forward of the a = 0 degree location on both the wind and lee meridians with the leeward
side moving most forward. The side meridian location moved aft of the a = O degree value.
For Ry/Rg = 0.02, an apparent reversal occurred. The leeward transition front was aft of
the a = O degree location while the windward front was forward of this point. The
maximum aft trans‘tion iocation occurred at ¢ = 45 degrees. This reversal is not presently
explained. However, other available ground test data at larger bluntness ratios typical of
current R/Vs (Ryy > 0.25") indicate trends similar to the sharp cone data obtained on the
current test.

Comparisons of the a = 0 degree heat transfer data were made with the GE-VIZAAD theory.
In general, the data in the laminar region agrees well with the theory. In the turbulent
regime, good agreement was noted between an all turbulent VIZAAD theory and the data
for a region far downstream of the end of transition. A heat transfer overshoot (over the all
turbulent theory) was noted in the vicinity of the end of transition. An instantaneous jump
from a laminar to a turbulent theory, matching momentum thicknesses at the “transition’
onset or end point, results in good agreement between prediction of the maximum heat
transfer and the data.

13




SECTION ViI

RECOMMENDATIONS

I'he objective of this phase of the STREET G task “Asymmetric Transition Effects on
Vehicle Trim™ is to establish, through experimental measurements, characteristic transition
front shapes for a vehicle at small angle of attack. The results of these measurements will
then be used to pattern the blowing schedule on a porous model (i.e., simulated ablation).
Force and moment measurements are then to be obtained tor several vaiues of the hlowing
parameter, tree stream Keynolds number, and angle of attack.

With the exception of the RN/RB = 0.02 results, the data obtained in this investigation
agree with trends noted in available ground and flight test experiments. Furthermore, it was
concluded that the sharp cone data will provide transition front shapes that will tend to
maximize the incremental moment cocfficient due to a skewed front. The force and
moment data that will be obtained in Phase 2 of the current task will be used to establish
whether the variations in static stability obtained in the wind tunnel are in agreement with
trends measured in flight. That is, does the traversal of a skewed transition front produce a
AC,, variation with axial station similar to that shown in Figure 70? Therefore, it is
recommended that data be obtained for the Reynolds numbers and transition front shapes
noted in Figure 71. The lower three Reynolds numbers were selected io establish the shape
of the ACm curve when the front lies aft of the center of gravity. The high Reynolds number
case establishes the effect forward of the center of gravity.

14
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APPENDIX A. GENERAL HEAT TRANSFER PROGRAM
TUNNELS A, B, ANDC
VON KARMAN FACILITY, AEDC

GENERAL

The program computations and print-out outlined in this memo will be used to reduce
Tunnels A, B, and C heat transfer data, effective this date. Future program changes will be
distributed to all recipients of this memo.

NOMENCLATURE

Constant

Model skin thickness, ft

Model skin specific heat, Btu/1b-°R
Model characteristic length, ft
Thermocouple output, mvolts

Heat transfer coefficient, Btu/ft2-sec-°R

2
Btu/ft"-sec
Heat transfer coefficient, Btu/1b

Moo o»

=
-

=
ool

Air enthaipy, Biu/1b

Model skin conductivity coefficient, Btu/ft-sec~°R
Mach number

Pressure, psia

Dynamic pressure, psia

Heat transfer rate per unit area, Btu/ftz-sec
Model nose radius, ft

Free-stream unit Reynolds number, ft~1
Reynolds mumber based on D

Stanton number

Time, sec.

Temnerature, OR or OF

Velocity, ft/sec

Model skin density, 1b/ft3

Angle of attack, deg

Sideslip angle, deg

Roll angle, deg

Yaw angle, deg

Air viscosity, lb-sec/ft2

Air density, slug/ft3

"RQOeT =2Fa

o
o o
o

St
t
T
\Y
w
a
B
@
)
Y
P
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Subscripts

FR
m

gsaT C

Computed from Fay-Riddell theory
Model angle

Tunnel stagnation conditions

Sting prebend angle

Sector angle

Model wall conditions

Tunnel free-stream conditions

Superscript

IMPUTS

Conditions downstream of a normal shock

1. Program Inputs

a.

Listed for each project number

Project number

Project engineer

Data reduction times (maximum of 5 times, listed relative to

centerline time)

Listed for each model configuration
Model configuration number

N
)

1 | wherecy; =Ap+ A1 Tw + Asz2 + A3TW3
>(model material 1)

1 where Cg = Ag + AlTw + A2Tw2 + A3TW3
(model material 2)

Note: *Zero indicates entire 1.0del is one material

17




, 2
k = \
A Bwhere 1 Ao + AlTw + Az’lw

2
her = . T T
>W e ekz A[ + Al + AE

r, ft*

A0
j Where wy =Ap+ AT,
! A, |

Ao

A

where w2 = AO + AITw

c¢. Listed for each thermocouple
Thermocouple number
Model material (1 or 2)

b, ft
D, ft**

Notes: *Zero indicates do not compute or tabulate Stgg OF
or tabulate St/Stpg
**Zero indicates do not compute Rep, or tabulate St/ Rep

2. Tape Inputs
Position Channel Input
P 00 100 Gp. no.
f 01 101 Run no.
; 02 102 Mach no.
i 03 103 op
04 104 Date
05 105 Config.
- 06 119 @, indicate bit
.- 07 107 Time accumulator input, high
08 108 Time accumulator input, low
- 18
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I

Position Channel Input

09 iid ag input, high

10 116 Oy input, low

11 117 ¢g input, high

12 118 ®g input, low

13 114 p, range indicate

14 106 Thermocouple switch position indicate

15 109 Spare

16 110 Spare

17 111 Spare

18 112 Spare

19 113 Spare

20 00 Do input

21 01 Model thermocouple
118 98 Model thermocouple
119 99 T, input

DATA REDUCTION PROCEDURE

1. Compute for Each Data Reduction Time

o*x = (o o ) (1/300), deg

8 reading ~ “zero
¢s - (¢reading - ¢zero) (1/64), deg
o = ta.n-1 (tana_cos ¢ )+ &, deg
m 8 8 p
N S . .
wm = -Bm = -sin ~ (sin & sin ¢s), deg
P, = (poreading -pozero) (scale factor), psia
* & 2 3
To = 128,485 + 44.8278E + 0.0811857E  -0.0170464E
4
+ 0.000632876E - ().00000710569E5 + 460, °R
H, = 4.875+0,2235 T+ 0.0000135 Toz, Btu/1b
uo = 2.270 Tol' 5 (To + 198, 6)_1 X 10—8, lb-sec/ft2
M = manual input, scan position 02, xx, xx

19
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A AR T T {1+ 0.2 hlz)
- (¢] ®

|
-

+
g
V]
2
~

LR 3
p_/po

' be 6 2.5
R o — ———
po/po > 2
M +5 T™ " -1

o pn
\ ©
1]
, P
P, =3 (® ), psia
o]
_ 2
q. = 0.7 M, p,s psia
_ 2! 0.5
v, = 49 MJ* (T,) ~, ft/sec
-1 3
P, = 0.0839p_(T_) , slugs/ft
m - 8.051x10° 0 T , Ib-sec/st?
[ [
-1 -1
Re = PV (K 1t
ot ) 0. 254 My 0.4 o' )05
FR bV 0-5 T 015 "o
o o 0

Wall temperature = A0 + AIE + A2E2 + A3E3




where, for Chromel-Alumel thermocouples

-0
—’lw. F AO A1 A2 A3
0to 270 132.159 43. 5164 -0.295017 0.08131300
270 to 1000 122,453 47.1061 -0.237774 0.00377667
1000 to 1500 145, 669 44.4543 -0.144298 0.00284639

or, for Iron-Constantan thermocouples

0 to 238 132. 065 33. 8251 -0.2213290 0.02
238 to 1786 134. 831 32.6871 -0.,0250407 -0.00
786 to 1200 120, 596 32. 8380 0.0638280 -0.00

Notes: *For Tunnel A
a = (& -0O 0
8 ( reading zero) (1/100), deg

**For Tunnel A

T = - 64.4605 + 141. 503E -38, 2537E2

° 3 4
***xFor Tunnel C
2 71 -
T /T = @1+0.2M°) [0.9378-3.900 x 10
[ (o] [}
+ (6533 + 0.6547p_=~0.4137 T _

- 0.0001354p T ) (10~ %) T,]

<«

2 “de
p./p = (1+0.2M))
- (2523 + 1.8300p + 1.3839T
) O O

8

- 0.0002196p T ) (10~

)T,

7791600
0894075
2162250

+ 7.18724E -0.680267E " + 0.025625'35E5 + 460, °R

6
Py

-6
(1.0562 + 49.57 x 10 " p_




1] .
/P, 5 (1.0419+38.31 x w"’po

- -8 ..
- (1968 + 0.7925 p_ + 1.6905 T ) (10 )'IOJ

Computed for Each Thermocouple at Each Data Reduction Time

L , ®°R/8sec, are computed from the center of a least-3quares

parabola through 21 consecutive wall temperature pointa.

\ Bm/ftz-sec

o
1
€
¥
e}

R~ 2 _gec-0
hy = T -T_ , Btu/ft"-sec~°R

= 4,875 + 0.2235 Tw + 0.0000135 Twz, Btu/1b

=
1

Q Btu/ft2 - gec
Btu/1b

St hH L
P, V“ 32.17,

o ]
S P N
(3>
-
i.
Q
=
¥ 5
o,
3 a.
&l»a
1
2| .
' x| =
+ |8
[, B
.
=
gl
'Nlo
| I
- |
[
[&1]
.




TABULATED DATA

L.

Tabulated for Each Data Reduction Time

Gp. 0g, Qm, @5 ¥p, Date Config. Time, Mach po, T,
No. deg deg deg deg sec. No. psta OR

T ’ p.v %a v-v P ', M, Re , StFR
o psia psia ft/sec slu.g(ft" lb-s:;c/ft2 ft‘r

Tabulated for Each Thermocouple at Each Data Reduction Time

d'rw Q. HT, hH,
1] 2_
TC Ty, dt OBtu. _ Btu Btu/ft“-sec Hyn
No. °R ©OR/se¢ ft° -sec ft° - sec - °R Btu/lbh Btu/lh

St St St /Re

StFR

D

P
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~ 0 Re, FT-3, 79 x 108

a O
RN/Rl‘ 0. 00
X/1.-0,3363

.8 -

DATA
ACCURACY

® T/C

O o 5
D 45 23
O 90 41

O 135 59
N 180 &

— R,/ FI-3. 02 x 10b
a-00

RN/ Ry 0. 00
X/1.-0, 3363

] 1

— Re, /11 2 18 x 10
o 0()

RN/Rp 0. 00

X/ L 0. 3363

0 0.5 1.0
TIME, SECONDS

0 0.5 1.0

Figure 2. Stanton Number vs. Time for Selected X/L Locations, X/L = 3363




S TR T T R T R T N R

STANTON NUMBER x 103

Re /b1-3.79 x 10°
oz-::)o
R /Rg-0. 00
1.4} X/L=6722
® T/C
O o 13
| O 45 31
0O 90 49
O 135 67

1. 44 180 85

te
<

-

1.6

DATA
ACCURACY

~ R, /FT=3.02x 106 R, /FT 2,13 x 10"

© “e0

a=0° a-0°
= / =
RN/RB 0. 00 RN/ RB 0.00
L X/1L~, 68722 | X/ L=, 6722

1.2;

w&r__@,@,——e

0.8 e -

0. 6}— - -

0. 4 - —

0, 2p— = -
0 J | | ] J
0 0.5 1.0 0 0.5 1.0 0 0.5 1.0

TIME, SECONDS

Figure 3. Stanton Number vs. Time for Selected X/L Locations, X/L = 6722
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2.0 R, /¥T=3.79 x 10
a
a::oo
/R =
Ry /Rp=0.00
1.8} X/L= 8822
¢ T/C
(@) 0 18
t.ef~ O 90 54
A 180 90
O 270 97
1,4
(]
S DATA
»
x Leb- ACCURACY
=
o]
=
=) W
Z,
=z, 1.0
e
=
2z,
%
0.8+
0.6 }—
0.4}
0.2~
0 | -J
0 0.5 1,0

X/L=, 8822

~ Rg /F'1-2.18 x 10"
[ J

a =0°
/ -

Ry /R 0. 00

— X/1-, 8822

e pe
] J | |
0 0.5 1.0 0 0.5 1.0
TIME, SECONDS

Figure 4. Stanton Number vs. Time for Selected X/L Locations, X/L = 8822




2 0 R‘Q/FT"-:S. 79'x 105 —R, /FT=3, 02x110% — R, /FT-2.18 %10 :
o ® |
a «0° a=0° a=0° i
Ry /Ry,=0. 00 Ry/R5=0. 00 R /R ~0.00 :
1.8} X/L=0.9648 | X/L=0, 9648 | X/L=0. 9648
® T/C
®) 0 20
1.et— 0O 90 56 - -
A 180 92
Q 210 98
1.4 — —
DATA (i
o 1.2f- ACCURACY
(]
]
&
§
Z !
Z ]
o
Z -
< 0.8[ ~
B
/7]
0,6 — — p—
0.4} — -
“i\;
0.2 — - \
0 L J | ] | J
0 0.5 1.0 0 0.5 1.0 0 0.5 1.0

TIME, SECONDS

Figure 5. Stanton Number vs. Time for Selected X/L Locations. X/L = $648
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