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ABSTRACT

The theory and data reduction procedure for constant temperature
hot wire anemometry are presented. The procedure is valid for all
Mach and Prandtl numbers, but Timited to Reynolds numbers based on
wire diameter between 0.1 and 300. The fluius are limited to gases
which approximate ideal gas behavior. Losses due to radiation, free

convection and conduction are included,
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NOMENCLATURE

Most of the nomenclature is listed; those excepted are the

numerous factors in the correlation equations which are obvious in the

context.

a non~dimensional temperature

A a(g) - a”

Cy Nusselt number end loss correction factor
Cp recovery ratio end loss correction factor
d wire diameter (in.)

g gravitational acceleration, 32.17 ft/sec2
Gr Grasshof number

h convective heat transfer (BTU/hr-ft2-°R)
I current (amps)

K thermal conductivity (BTU/hr-ft-°R)

K unit length resistance (ohms/in.)

Kn Knudsen number

3 effective wire length (in.)

M Mach number

Nu Nusselt number

p pressure (lbf/inz)

Pr Prandtl number

q heat transfer rate (BTU/hr)

9, measured hot wire power dissipation (watts/sec)
r wire resistance (ohms)

R gas constant (ft-1bf/1bm °R)

S end Toss correction parameter

iti
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P
-

a © ™ T

W

temperature (°R)

velocity (ft/sec)

length coordinate (in.}

non-dimensional length coordinate

temperature coefficient of resistance, (°R'l)
second temperature coefficient of resistance (°R'2)
isothermal expansivity coefficient (°R'1)
specific heat ratio

emissivity

temperature difference, T(x) - Ta
tempi:rature recovery ratio, Te/TS

normalized recovery ratio

recovery ratio at continuum limit

recovery ratio at free molecule limit

flow direction angle

viscosity (1bm/ft-hr)

non-dimensional length coordinate

density (1bm/ft3)

Stefan-Boltzmann constant

recovery ratio end loss correction parameter

Subscripts

(
(
(
(
(
(

air

conduction

duct or tunnel walls
equilibrium

fluid

measured
iv
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M

radiation
wire support
total or stagnation

wire

)0,1,2 reference values except on «

Tocal free stream if on M, Re, or o; infinite wire if on Nu

average



1.0 INTRODUCTION

The theory and data reduction procedure for hot wire anemometry are
presented in this paper. The basis of hot wire anemometry is that the
heat transfer rate is a function of ihe flow properties of the flow to
be measured. By heating the wire above the equilibrium temperature and
measuring the current fluctuations to maintain the wire at a constant
temperature, the heat loss and hence the flow speed is determined via
a series of Mach, Reynolds, and Nusselt (heat transfer coefficient)
correlation curves.

The hot wire loses heat by all three heat transfer modes: convection,
conduction, and radiation. The effect of each one is considered, since
the correlation curves are valid only for the forced convective heat loss,
Due to the finite length of the wire, the conduction end 1losses are
considerable, which affects both the heat transfer {convective) and the
cold wire equilibrium temperature, which again affects the heat transfer,
An analysis of all these "end" losses, free convective and radiative
losses is given,

A complete data reduction procedure is given. The computer program
and its data input requirements are given. The appendix also presents
the non-linear effects of temperature on the wire resistance and a
1imited uncertainly analysis of the Mach number due to uncertainties in
the wire diameter.

The technique for obtaining the data is not presented here. The
program listed is quite general, being valid for all types of gases at
all Mach numbers for Reynolds numbers based on wire diameter between

0.1 and 300.



2.0 HOT WIRE ANEMOMETRY THECRY

The hot wire probe is a device for measuring the local mass flux of
a flowing fluid. The probe consists of a very fine wire electrically
heated and immersed in a fluid. By measuring the heat transfer rate off
the wire, the mass flow can be deduced. The heat transfer rate is easily
obtained by measuring the electrical resistance and the voltage drop of
the hot wire.

Two principles are the basis of hot wire anemometry: 1) the
electrical resistivity of the wire is temperature dependent, preferably
Tinearly, and 2) the heat transfer rate is a function of the flow
properties of the flow. The first principle is necessary so that the
temperature of the wire needed for the heat transfer determination can
be accurately measured. The need for the second principle is obvious.

The hot wire has two modes of operation: constant current and con-
stant temperature. In the constant current mode, the electrical current
through the wire is held constant by an electronic circuit. A variation in
the mass flow changes the heat transfer, temperature and, thus, resistance
of the wire. The instantaneous resistance is measured to obtain the heat
transfer rate and the mass fiow. In the second mode the current is modu~
lated with the varying flow to maintain it at constant temperature and
resistance. The instantaneous current through the wire is measured to
obtain the heat Toss. The constant temperature mode has several advan-
tages over the constant current mode, among which are simpler and more
straightforward data acquisition and reduction procedures. These and
other reasons have made the constant temperature method more useful and
will be used in this report.

The theoretical analysis of heat transfer from circular cylinders



will not be given here. As yet no complete analysis with all the compli-
cations exists., Partial theories have been developed for the free molec-
ular, high Reynolds number, and low Reynoids number flow regimes. For

the transition zones empirical data only are available. Extensive empirical
data have been published on the heat transfer rates in terms of Nusselts
number of infinitely Tong circular cylinders as a function of the flow
properties, namely Mach and Reynolds numbers. These data are reduced into
a set of "universal" correlation curves, Fig. 3. The universal correlation
curves allow the direct determination of the Mach and Reynolds (based on
wire diameter) from the measured heat transfer corrected for the effects

of finite wire length.

The finite wire differs from the infinitely long wire in that heat
is conducted to the supports of the finite wire in addition to the con-
vected and radiated heat loss. This conduction end Toss causes a nonuniform
temperature distribution. The infinite wire loses heat only by convection
and radiation and therefore has a uniform temperature distribution. The
end loss of the finite wire also affects the adiabatic recovery temperature
of the wire which also affects the heat transfer rate of the finite wire
as compared to the infinite wire.

The end loss effects of the finite wire must, therefore, be carefully
taken into account before the correlation curves of Fig. 3 for infinitely
long cylinders are applicable. Since the end effects are so important
(the end conduction heat loss can be as great as 50% of the total heat loss
for wire aspect ratios of 100}, the theoretical analyses of the end losses

are given in detail below.

2.1 Derivation

The system to be analyzed is shown in Fig. }a and b. Figure la



shows the complete wire prabe and 1b, the wire and coordinate system. The

steady state case will be considered anly.

The wire segment of length Ax Tloses heat by four mechanisms, which are
forced convection

G, = b ord s({T(k)-T,)

where h = coefficient of convective heat transfer
T(x) = temperature of wire

T = equilibrium {(adiabatic wall) temperature of wire,

free convection

B.c. = Bpg. ™8 MX(T(K)-T,)

where hf o, T average free convective heat transfer coefficient

i

K
1.16 -5 (ar pr)1/10 (Ref. 21)

for 10'5 < Gr < 103

o2a(T(k)-T,)d®
and Gr = Grashoff's number = 7 y

He

radiation

G, = oendmri)trh

where T, = duct temperature.

and

conduction



vhe hoat losses are balanced by the ohmic heating of the wire

. 2
9generated r(x) 1" &

where I = electrical current through the wire

and
r{x) = resistance per unit length of the wire at

temperature T(x)
ro 1 + 0y (T(x)-Ty) + ap(T(x)-T, )2

T0 = reference temperature

r, = reference resistance at T,

o = first temperature coefficient of resistivity
a = second temperature coefficient. The influence

of a, s negligible for small overheat ratios

[(r(x)-re)/re]. as is shown in Appendix B.

Defining g(x) = T(x) - T and assuming that T, v T, and
[ET(x)-T )T 1] <1

|=)

r
0% - 10 = 4 10301,
and simplifying yields the energy equation
hig(x)+40c¢ T(x)3 z(x) + 1.16 l—%-(Gr P\*)V10 z(x)

2 2
k.. d d°z(x) I r
= W; q 2 = T de (l + G] C(x))
X

The boundary conditions are

fed) = To-T1, and 4500 = 0



Introducting the nondimensional variables
£ = =2 and  a(g) = o g(x)

simplifies the differential equation to

2
3 o I7r
hd , 4 ce T°(&) d 1/10 1 e
[ ¢+ + 1.16(Gr Pr) - 1 a(&
| ke 1A%
2
kwi a2 d%a(e) , M1 I Te

_E ;2- dsa m ke ’

The first and last terms within the brackets (forced convection and ohmic
heating) are of 0(1). The other two terms within the brackets (radiation
and free convection) are of smaller order as shown and hence are negligible.
Typical values for air flows at M= 2,5 with overheat ratios of 1 and

d = 0.0004" are T{£) ~ 1000° R, Te ~ 500° R, kf "~ 0,02 BTY/hr-ft-°R,

C, = 0.25 BTU/1bm-°R, ne = 0.05 Tbm/hr-ft, p. = 0.006 Tbm/ft>,

p
g = 32 ft/sec2 and B = 0.002/°R. The radjation term

4dge T3(§) d = ]0—2
Ky

and the free convection term
1.16(6r Pr)1/10 = g2,

Therefore radiation and free convection are negligible provided that the
overheat ratios are Tess than unity and wire diameters do not exceed
0.0004". If they are larger the free convection term must be considered.
A theoretical discussion of free and forced convection of fine hot wires
is given by Woods (22).

The governing differential equation reduces to



2
hd o 1" rg _ kat d® dfa(e)
_kf a(g) - ks : (1 +a(g)) = —k_f Ez‘ .

with the boundary conditions

dalo) - ¢ and  a(t1) = o(T-T,)

2.2 MNusselt Number Correction

The relation between the Nusselt humber (hd/kf) for an

infinitely long wire and a {inite wire must be determined. Denoting

*
the infinite wire b, ( )}

* *
a () = a = constant, 1i.e., no end losses,

Therefore the equation becomes

2 \
al r'e 1 + ak

h = Td a*

The average convective coefficient of a finite wire is

2
o I"re 143

= md E‘

where a = average non-dimensional temperature of the finite

wire
and also
- "w e
a = %(T-T,) = s (overheat ratio)
Therefore
Num= h =1+a*€*-
Nupy h 1+a a



which gives the Nusselt number of an infinite wire in terms of the measured

{average) Nusselt number and E?a*. To determine 57a*. the differentiatl

equation is solved for a(f) and averaged over the wire lenrgth.

— *
On substituting for h and a112re/wd, in terms of h, a, and a,

and rearranging, the differential equation becomes

-~ = ko 2 2
hd _a a * wi d° d° afg)
T - (afg) ~a) = = = :

f1+% a £ o8¢ de

+

The measured Nusselt number HNug = ﬁ'd/kf and Tetting
o - 172 .
S = d/e [(1+alNum)(kwi/kf)] obtains

* 2
a_ g2d” a(e) a(g) +a = 0
T At

which becones with one more change of variables
z = & %, (573*)1/2 and A{z) = a(g) - 2

2
CAZ .z = 0

with the boundary conditions

d Ao
dz

The solution is

o (Ts-—Te) -a
cosh[{1/5)(/a ) /2]

it

A(z) cosh (z)

or

=0 and AL (@2 (1/9)] = o(ToT) - a

*

. e e



1/2
. g* 4 cosh{(1/8)(a/a" ) s] Tt -
() = cosh[{1/5)(a7a") ! /23 [oq (T=Te) - ']

Integrating with respect to £ and averaging yields

o
1
— [1 - = (T-T,)]
< = 1- 2 - tanh [ %-(EYa*)]/z ]
a 1 (3a")1/2

Kovasznay (1) assumed that the wire support temperature T, equals the
cold wire equilibrium temperature Te and also that To s unaffected
by the end losses. With this assumption, the end loss correction factor

for the Nusselt number is

tanh[ %—(EVa*)]/ZJ
T

= 1-
a

The graphical solution of this relation is shown in Fig. 2a.

Dewey (10) included the effects of different wire support temperatures.
These effects are also shown in Fig. 2a and are seen to be secondary so they
can be neglected.

The equilibrium (adiabatic wall) temperature of finite wire as measured
differs from that of an infinite wire due to the end heat conduction losses.
This difference, ignored by Kovasznay (1), has been considered by Dewey {10).
The equilibrium temperature ratio or recovery ratio end loss correction as
a function of S 1is shown in Fig. 2b.

The recovery temperature correction requires knowledge of the flow
properties of the flow which are as yet unknown. Therefore in this paper
the two corrections are considered separately. The Nusselt number

corrections are given by Kovasznay in Fig. 2a and the recovery temperature
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corrections by Dewey in Fig. 2b. Applying the Nusselt number corrections
with the measured recovery temperature, a first approximation of the flow
properties, Mach and Reynolds numbers, is obtained from the heat transfer
correlation curves described below. These then can be used to correct for
the recovery temperature end loss effect. The corrected recovery temper-
ature is then used in place of the measured recovery temperature and the
entire procedure is repeated. The procedure for correcting the recovery
temperature will be described after the discussion of the heat transfer

correlation curves,

2.3 Nusselt -Mach-Reynolds Numbers Correlation

Theoretical analyses for predicting the heat transfer to infin-
itely Tong cylinders in the continuum fiow and free molecule flow are
available, but the transition between the two regimes must be obtained
empirically. Since extensive empirical ¢ata have been published, no
theoretical analyses will be presented here. The experimental data have
been summarized and correlated by Dewey {10) in terms of Nusselt number
of infinitely long cylinders as functions of the local free stream Mach
and Reynolds numbers. Theée correlations are presented graphically and
analytically.

The best correlations were found to exist if all the fluid properties
were evaluated at the total free stream temperature, Laufer and
McClellan (9). The correlation curves are shown in Fig. 3. The correla-

tion equations are given in two parts, as shown,
Nu_(Re_,M.) = Nu (Re_,=) ¢(Re_,M )

where Nu (Re_,») 1is the Nusselt number of an infinite cylinder

at M_ =, {Subscript o on Nu refers to infinite cylinder and on



Re and M refers to the local free stream conditions. Re

wire diameter.)

Nu (Regsm) = Re '(0.14 + Ny + N,)

R 0-6713
o=l 0.6713
5.142 + 2 Re 0"
. 0.2302 Re 0-7114
T 15.44 4 Re 07114
N, = (—0:01568 (18

)
0.3077 + Re 0+7378 7" 15 4 e 3

and ¢(Re_,M ) 1is the deviation of the Nu at M_ from the Nu at M_= =

S(Re, M) = 14 6y « by 6g

y 1.222
Re 1108
= 1.834 - 1.634 ( = )
%2 2.765 + Re_' *'0°
Re
0.065 e
43 = 1+ [0.300 - "5y ( 7R M

These correlation equations are valid only in the range

0.4 <M < and 0.01 < Re_ < 1000.

For boundary layer investigations, correlations for M_< 0.4 are required,

hence the following correlation equations were derived for

0<M_ <0.4

n

is based on
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The M_ =0 correlation, as obtained from the Oseen solution of Cole
and Roshko (16) and the data of Hilpert (17) is

Nu_(Re_,0) = 0.19 + 0.66 Re 0-4° :

In the Mach range 0 < M_< 0.4, a weighted logarithmic average
between the M_ = 0 correlation above and the Dewey correlation at

M. = 0.4 1is used.

{F %0g[Nu_(Re_,0)] + (1-F) fog[Nu_(Re_,0.4)]}
Nu =10

[+

where

F o= [0.618 + (2.5 M)2911 - 0.618
The extended correlation is valid only for the range
0<M <0.4 and 0.1 <Re, < 300

Some of the original data, Dewey's correlation, and the new correlation
are shown in Fig. 3.

Other correlations have been used, specifically the Yanta correlation (18}
as used by Sfeir (3). Yanta modified the Dewey equations to extend M_ down
to 0.1. However, the correlation equations as reported by Yanta and Sfeir
produced no correlation at all for M_ < 0.3. This difficulty and the desire
to extend the Nu_ - M_ - Re_ correlations to all Mach numbers required the
addition to the Dewey equations for M_ < 0.4.

Measuring the local free stream static pressure, in addition to the hot
wire measurements, the Reynolds number is obtained as a unique function of

the Mach number

P, d

Re, = ————7z MJL(1 + L m 2112
em ut(R Tt) 12_
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It can be seen then that the Mach number must be determined iteratively

from the correlation equations.

2.4 Recovery Temperature Correction

To obtain the first approximation of the Mach and Reynolds numbers,

the measured recovery temperature, T for the finite wire, was used in

em’
the procedure of the previous section. The correlation data are, however,
valid only for infinite wires, hence the recovery ratio or temperature as
measured must also be corrected for the end loss effects.

The procedure for correcting for the recovery ratio end loss as outlined
by Dewey (10) is as follows:

The end loss recovery correction factor is

T T
G = =% = Dp = [ -l $2)10-u)
Tem m em
n -
= 01 - ol )10
em
where
Tem* = ¢old wire recovery temperature of the infinite wire
w = a parameter that depends primarily on $§ and is
given in Fig. 2b,
and

n= T/Tes the temperature ratio or recovery ratio
depending on T.
Since it is not feasible to experimentally determine the wire support tem-

perature, a good approximation is

[,
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A normalized recovery ratio n of a conducting cylinder is defined
in terms of the free molecular and high Reynolds number continuum 1imits

recovery ratio, ne and Ne» respectively,
n = (n-n )/ (ng=n;)) .

The continuum 1imit and free molecular recovery ratios have been correlated
by Morkovin (7) as
M 3.4

)
1,175 + M+

Ne = 1 - 0.050 (

and
M 2.80

[+ -]

ng-n, = 0.2167 (

)
0.8521 + p_2-80

The normalized recovery ratio is empirically correlated in terms of the
local free stream Knudsen number in Fig. 4. The equation of the universal

curve shown in the figure is

Kn“}.193

n = ( )
0.4930 + Kn_' 193

w0

and
172

Kn, = [(my/2)(M/Re_}]

Sufficient information exists to determine “m* (= Tem*/Tt) given
the M, and Re_ from the first Nu correction and the Nu - M - Re
correlation. The final Nu_, M_, Re  and Tem* are determined by

*
repeating the Nu correction with the computed “m* (or Tem ) instead
of the measured My (or Tem)' Usually less than five iterations are
[ * . .

required to obtain 0.01% accuracy in n, . Sfeir {3) claims the same

accuracy with only three jterations.
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2.5 Local Flow Direction

The Mach number obtained in the preceding section is the actual

Mach number only if the hot wire is perpendicular to the flow. If the wire
is not oriented perpendicularly to the flow then the Mach numbar obtained
is only the component of the flow normal to the wire. By obtaining the
Mach number components at two different wire orientations, the resultant
Mach number and direction are obtained as follows:

The resultant local flow direction relative to some reference line
(e.g., a wind tunnel centerline as in Fig. 5) is given by

M] Sin 62 - M2 Sin 81
M] cos 82 - M2 cos Gl

g = tan'] (

[ -]

and the resultant Mach number is

= lecos( %-— By + 8)

With the resultant local free stream Mach number, the remaining flow

properties may be obtained

. -1y 2
T, = T/ +52M9
P = PofRTy
and
u = m (w2

This completes the basic hot wire anemometry theory. A more complete
analysis requiﬁed for the data reduction procedure would have to include

an uncertainty analysis. WNo attempt was made to determine the uncertainty
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except that due to the wire diameter. The wire diameters were very diffi-
cult to measure accurately since they are on the order of 0.0004 to 0.0001
inches. The manufacturer's nominal values are used and are *3% uncertain.
The derivation of the uncertainty due to the wire diameter is given in the

appendix.
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3.0 COMPUTATIONAL PROCEDURE

In this section, the step by step computation procedure for reducing
the hot wire data is outlined. The computer program (the listings are in
the appendix) follows this procedure exactly. The procedure for obtaining

the data will not be discussed.

1. Calibrate the wire to obtain the first temperature resistivity

coefficient, Gy

)
Y ¢ P °

Handbook values are used for the second temperature coefficient of
resistivity, a,. The temperature of the wire is
i | r] 02 I“—Y‘] 2

T = Ty +=— ( .
1 o N a]3 "

2. Determine effective wire length, £, from the manufacturer's unit
length resistance at a reference temperature T, and the actual

measured resistance at Tk
L = -E

3. Also determine the wire diameter or use the manufacturer's nominal

specification (see step 25 for the wire calibration).
4. Start the run and determine the cold wire measured equilibrium temper-

ature, the heated wire temperature, and the total temperature, Tt'
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5,

6.

r, -r a, r_-r

1 1 o 1
r-r o r -r

T = T 40 W em ‘23’( W_em 2

wm em ﬂ" r'em C¢'| r em

Determine the viscosity and conductivity of air at the total temperature.

Sutherland's viscosity equation {Ref. 12)
w x 107 = 7.323 T/2/(T + 198.72) (A2 )

and conductivity

o = 11408 x 1073 13/2 (B
T T A AN L

Determine the thermal conductivity of the wire as a function of temper-

ature (Ref. 14)

K
k =

wi,1 =~ i ,2
wi kwi,l + (T'Tl)( Ty = 1 =)
1 2
and compute kwi at T = Twm'
Measure the power dissipation in the wire

. 2
.2 v

|

where v = voltage drop across the hot wire and is given in terms of

the bridge voltage, V, by

"wmi

v
("bpidge * 1ead * M'wm!

v =



10.

1.

12.

Assume an equilibrium recovery factor or use the measured value

(ny, = Tyy/Te)s and compute

Tem = My Tt

Compute the air conductivity from step 5 with T = Tem

k (T

am em)

Compute the measured Nusselt number

4.097 q

R ¢ Y 1

Calculate the end loss parameter, S,

1/2

and the overheat ratio

_ N em

W l“em

|

Read off the value for

ol

* = £(S)

+4]

W

from Fig. 2a or use the cubic polynomial

= 1-1.100S + 0,0999 S2 -

=33
[

*
w

£

* —_ — *
hence a = aw/(aw/aw )

250 S°

19
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13.

14.

15.

16.

and the Nusselt number correction factor for the end loss

— 1 + *
c - 1w ( aN
N (=
Ay 2

Thus the corrected Nusselt number for an infinitely long wire is

Nu = CN Num

w©

Assume M_ and with the measured p,, compute Re,

Pod )
Re, = 68.067 W M [v(1 + 121' MmZ)J'I/Z
V't

With these values for M_ and Re , determine Nu, from the corre-
lation Nu - Ma - Re correlation curves as given in Fig. 2 and
Section 2,3.

Nu = f( Rem,Mm)

<0

Compare *4is Nu_ with the Nu_ obtained in Step 12. Readjust M,
in Step 13 and recompute until

Nu_(step 12) = Nu_(step 14).

Knowing the M_ and Re,, compute the Knudsen number

Mm
kn, = (') g '
the continuum recovery ratio
M 3.5

nc = ].0 - 0-05

»

(1.175 + M 373



17.

18.

19.

20.

the free-molecule flow recovery ratio

ne = 0+ 0.2167 (

M 2.80

)
0.8521 + M_2-80

and the universal recovery factor

The recovery factor for the infinite wire is then

=

Knm}.193

0.4930 + Kkn_' "'

n = n(ne-n.) +n,

Compute the adiabatic wire support temperatures from M

Ts

1,0+ ()2 Gy 200+ Bl ?

and the support temperature ratio

l'ls

Read the ratio w/1-w as a function of S from Fig. 2b or compute

from

T-w -

Tg/Ty

0.700 S + 1.125 S% + 4,250 §°

and solve for w

1 =t
w/{T-w

w/
+

The end loss recovery factor correction ratio is

Cr

[1 - w(ng/n)]
T =w

21
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21.

22.

23.

24,

The “measured” wire recovery ratio is now computed
' -
R n/Cq

Compare with the measured or assumed value of N, of Step 8. If the
two differ, then go back to Step 8 and repeat the entire procedure
with the computed “measured" wire recovery ratio nm'. Usually no
more than five iterations are required to obtain :0.01% precision

in M.

o0

The normal M_ compsnent has now been determined for one wire orienta-
tion. Repeating the entire procedure obtains another normal M_
component at a different wire orientation at the same point in the
flow field. With the given wire orientation angles 6, and 6, and
the computed normal M_ components, the resulting M, direction and

maqgnitude are

M-l Sin 92 - Mz 51" 91

_ -1
6 = tan ( M{'cos 6, = M, COS 6y

and

M, = M/cos( G- g + )

The remaining fiow properties are now computed from the resultant M,

T, = T+ 5lw?) ,
144 p_
Po * TR~

oo

and
u, = M (yrr )1/
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25. If the wire diameter used in Step 3 is of doubtful accuracy, the
wire diameter is calibrated by measuring a very accurately known
M, and adjusting the wire diameter until the computed M, equals

the known M_.

This completes the procedure for reducing the hot wire data at one
particular point in the flow field.

A final word of warning is necessary. Tha whole point of using the
Nu - Ma - Re correlation curves is to eliminate the need for calibration
curves., This avoids the danger of calibrating bad data into "good" data.
Calibrating the wire diameter as in Step 25 reintroduces that danger, and
any adjustments of wire diameter greater than the manufacturer's tolerances
should be considered suspect. In other words, the source of any discrepancy
lies elsewhere,

The following section outlines the input data required for the daia

reduction program 1isted in the appendix,
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4.0 DATA INPUT

The data input required for the data reduction program can be divided
into three types: program control data, general tunnel and wire conditions,
and the specific data output of the hot wire anemometer. Al11 data are
initialized either at zero or a default value, as shown below. The data
read-in is controlled by Subroutine DATA (IEOF), shown in Appendix A,

Each group of data within each of the three types is identified by
a preceding card containing an integer 1 through 20 in the first two
columns, right justified. Thus there are 20 data groups. The only excep~
tion to this rule is the data group labeled by the integer 1. This card
must initially contain another integer in Columns 3 to 5, right justified.
The other 19 identifiers contain one integer only; Columns 3 to 5 must be
blank, otherwise the program stops.

Decimal data following the identifier card must be formatted in six
words per card of 10 columns per word and must be right justified if in
exponential form. Again the exception to this rule is the data labeled
by Integer 1. Here the format is 8 columns for the first word, and 10
columns for each of the remaining 5 words. The reason for this exception
is required by the peculiarities of the remote teletype terminal used to
record the data. There is another difference in the Integer 1 data. The
card immediately following the label card must either be blank or contain
alpha-numeric characters in Columns 1 - 72, The same characters are
printed in the output as a title. Omitting this card will cause a program
termination.

Integer data are only 2 words per card and must be right justified in
Columns 1 - 2, and 3 to 5. There are only two groups requiring integer

data, namely, the data Tabeled by integers 14 and 15. The data sets
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labeled by integers 19 and 20 are blank and have been provided for future
expansion of the program.
The three types of data required are described below, along with

their default or initial values.

Program Control Data

This type of data is used to control the accuracy required,
maximum number of iterations allowed, number of data sets to

be reduced, and special printout statements for diagnosis and
reminders. In each of the group descriptions below the first
line contains the data label integer and the second the variable

hames.

10
ONUIC, DETAM
where
DNUIC - fractional aliowable error on the Nusselt number
calculation in Subroutine MARENU, Default value
= 0.002.
DETAM - fractional allowable error on the recovery factor
calculation in Program HOTWIRE. Default value = 0.002.
n
EBLT - an estimation of the boundary layer thickness. Default
value = 0.10, This variable has no effect on any
computations, all it dees is control the distanéé over
which a certain number (KK, see below) of data points
are read; printout is “estimated boundary layer thick-

ness = EBLT."
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12

DETAIL - a parameter to be set to non-zero if a detailed
printout is required for diagnosis. Default
value = 0.0 for no detajled printout.

14

NPROFL - the number of profiles or data sets to be reduced.
used only if the flow direction is to be computed.
No default value.

15

ITMARN, ITETAM

where
ITMARN - the maximum number of iterations allowed for sub-
routine MARENU to determine the Nusselt number
from the correlation curves. Default number = 10.
ITETAM - the maximum number of iterations allowed for program
HOTWIR to compute the recovery ratio. Default
value = 5,
Note that there are two controls on the required accuracy of Mach
number and Nusselt number. If the maximum numbers of iterations
are exceeded a printout "Solution not accurate" will occur along

with the inaccurate solution.

Tunnel and Wire Data

These data specify the fluid, wire, and anemometer constants. The
default values are for the fluid being air, and the wire a 0.0004
inch platinum - 10% rhodium wire. The bridge resistance of the

hotwire anemometer is 50 ohms.



4
GAM, R, PR, CMU
where

GAM
PR
CMU
5
WD
7
RESIST
8
CALCON
9
WK, TK
where
WK
TK

27

specific heat ratio., Default value = 1.4.

gas constant. Default value = 53.61,

Prandtl's number. Default value = 0.71.

fluid viscosity, No defauit. Computed internally
using Sutherland's viscosity formula for air. If a
difterent fluid is used, the Sutherland equation

must be bypassed.

wire diameter, Default value = 0.0004 inches.

- hotwire anemometer bridge resistance, ODefault

= 50 ohms.

- parameter near 1 to calibrate wire diameter if
necessary. See computational procedure step 25.

Default value = 1.0,

unit length resistivity of the wire at the given
temperature. Oefault value = 57.25 ohms per inch.
temperature at which the above resistivity is

specified. Default = 527.7°R.
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16
WIK1, THI, WIK2, TW2
where
WIK1, WIK2 - thermal conductivity of the hot wire at two
different temperatures., Default values = 43.35,
42.47 BTU/hr-ft-°R.
WY, T2 - the corresponding temperatures. Default
= 450, 720 °R.

17
ALFA, BETA
where
ALFA - temperature coefficient of resistance. Default
- 0.96E-3 °R™'.
BETA - second temperature coefficient of resistance.
Default = - 0.462E-7 °R”Z.
18

TT - total temperature. Default 535 °R.

Specific Test Data

These data include output voltages of the anemometer, temperature-
resistivity calibration, static pressure, total temperature, overheat
and wire Tead resistances, and the wire orientation angles.

1 K

(Alpha-numeric title or blank)

VOLTS(1), VOLTS(2), VOLTS(3), ... » +.. » VOLTS(6)

VOLTS(7)s ... » VOLTS(I), ..\ » VOLTS(K)
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where
K - number of output voltages to be read for this
particular data run, K < 200,

(title) - any alpha-numeric or blank statement to be printed
as a title for this test run. If omitted, program
terminates.

VOLTS(I) - the bridge voltage of the anemometer. Default = 0.0

and program termination.

2
PINF - static pressure, Must be obtained separately as it is hot

part of the hot wire anemometry instrumentation. Default

value = 0,495 psi. _
3 :

T1, WR1, T2, WR2
where
WR1, WR2 - the wire resistances as measured by the anemometer
bridge at the corresponding temperatures. Default
values = 2.6, 3.047 ohms,
T1, T2 - the corresponding temperatures. Default values = 492,
672 °R.
6
WRWM, RESISL
where
WRWM - overheat resistance. No default. Omission causes
program termination.
RESISL - hot wire lead resistance as measured by the hot wire

anemometer bridge. No default.
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13

THETAI, THETA1, THETAZ2

where

THETAL -

THETAT -

THETAZ -

The execution

parameter to be set to 1 or 2 if the program is to
determine local flow direction. If THETAI = 1., then
data following is for THETAT, and if THETAI = 2., data
following for THETA2, Default = 0.0. If omitted, no
angular calculation.

wire orientation or angle for the first Mach number
component as shown in Figure 5. Default = 90°,

wire angle for the second Mach number. Default = 45°.

starts after reading in VOLTS{K). Hence the data sets

2, 3, 6, 13 must precede set 1. If THETAI is non-zero then two sets

of data must be read in each with the same K. PINF need not be same

but should not differ by more than 10%. The two data sets for the

angles need not be together. A maximum number of profiles or data

sets can be read in at one angle and then the profiles at the second

angle may be read in. The only restriction is the number of profiles

at each angle must be the same and the-sequence of profiles.must he

in the same order for each angle.
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5.0 CONCLUSIONS
The data reduction procedure is limited by the following restrictions:

1) fluid can be gases only, which approximate the ideal gas law,
2) overheat ratie < 0.5,
3) Reynolds number based on wire diameter 0.1 < Re < 300, and
4) wire diameter should be calibrated.

Other than these restrictions, the program is quite flexible. There are no

restrictions on the Mach or Prandt] number.

The default values in the computer program for the fluid and wire
properties are those for air and a 0.0004 inch diameter platinum-10% rhodium
wire, These values may be changed if other gases and wires are used. The
data input requirements are given in the previous section. The program

Tisting is in Appendix A.
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APPENDIX A
PROGRAM LISTINGS

PROGRAM HNTWIR( INPUT+OQUTPUT«TARPESO = INPUT)

~

C  PRAGPAM HOT WIDRE #4% COMPUTES MACH NUMARFRS AMD VFLOCITIFS

C

LNGICAL IFOF

DIMEMNSION XMTHI (204200 o XMTHZ2(20:200) o PINF L1 (20) «PINF2(20)
COMMON/RESILT ZXMeRET+CNUT s CKNT+CNUMCNUIC

COMMON/ETAZ ETAWETACIWFTAFRETASIETABRBARIETAMIETAMI 4FTADEL
COMMON/CCRCOF Y CNaCR

COMMONZENDLOS/ S+ AWBARP¢AWSTAR s AWRA +OMEGA +OMGRA
COMMON/TUNNEL /P INF « TTa TINF
COMMONAYIRCAL/TET oK1 « TWRIWIKPITL «WRT « T2 ¢ R2 2 WK e TR W CALCON
COMMON /W IRE AU s WL s ALFAWRETA+WIKIWREMaWRWM s WRME TEFM o TYMDELT
COMMON/GAS/GAMIPRsPR «CMURGAM

COMMOMN AVOLTS/VOLTSE200)

COMMON/RFSIST/RFSIST«RFSISL

COMMON /IKOMS T /K

COMMON/INDFEX/TJ1T

COMMON/INDEKFS/ZKJT s dJdd sLLL « ITMARNS [ TETAM
COMMONAPRECIS/DNMUIC +DETAM

COMMON/EBL T/FEBLT

COMMON/DETAIL/DETATL

COMMON/THETAI/THETAT+THETALl « THETA?

COMMON /NPROFL /MPROFL.

PATA
DATA
DATA
NATA
DATA
DATA
DATA
NATA
DATA
DATA
DATA
NATA
NDATA
NATA
DATA
NDATA
DATA

(VOLTS{IYeI=1e200) /200%040/
ALFAZWPETA/ e QEF =3 4= 462F =T /0TI VWK /B2T e T457e 25/
WIK1 aTW1 /43435450 /4 WIKZ s TWR/42e4T 7206/
RyGAMIPR /S3e561401440¢710/

TL1eWR1I T2+ WR2 A4914 742660671 a74¢3e047/
PINF«TINFaTT/+495 445004535/

WD WL AN e COU L4y « D446/

RESIST/S5Ce/

RESISL/«24/

DNUIC«DETAM/ 6002 002/

CALCON/L o/

FRLT/0.10/

NETAIL/040/

(PINF1{TIal=1420)/20 %00y
(PINFR(TYs12120)/20 %040/
THETAI+THETAL1 s THETAZ2/ 00043044454/

I TMARMY ITEFTAM/ 1045/

_REPRODUCIBILITY OF THE ORIGINAL PAGE 1S POOR,



ONnDN

DD

OO0

15

16

4000

50

40

NPTHL = 0
NPTHZ2 = N
AOMT MU

CALL DATA({IEOF)

IFt IEQF )} GO TO 5CN0

I[F 1 THETAT «EQs le} GO TO 15
IF { THETAL «FEQr 24) GO TO 16
G0 TOHO 4000

CONT IMUE

MDTHE = NMRTHI + 1
PIMFI{NPTHI} = PINF

GO TO 4000

CONT [NUF

MPTH2 = MPTH2 + 1
FINFRINPTHPY = PINF

CONT INUE

RGAM = (GAM = 14172
SGAMPI = SORT(GAM%] «5708)
FAAMDE oz AP, | TASTIRGAM '

NETEFRMINE AIR THERMAL CONMUCTIVITY (BTU/HP=FT-R) AND
VISCORITY { LEBM/AFT=SEC)

T =TT

Ti5 = THHR] 5 '
AlKM = JOOT1ACBRTIS/UT + 441727010 %%(2P1 86/T)))

cmMmu 2 {Te32JESTIHTISAIT + 198472)

CALIRARATE

(=18 = WR

R2 = MR2

ALFA = (RE=RI)/(R1#*(T2=T1))

ViR = PR1%(] «+ALFAX{TK=T1))

WL = WRAWK

PRINT 2000

DETERMINF MFASURED HEATED WIRE TEMPERATURE

TWM = T1+({WRWM~=WR1)/(ALFA*WR1) I *{ 1 +~BETA* {WRWM=WR1 )/
1 (WRIFALFA®ALFAL}Y}

WIK = WIKI+ (TWMaTWI IR IWIKI=-WIK2) Z/{TW]=TW2)

XM =z W05

ASSUME VALUE FOR THE ETAM

ETAM = 1

PAGE 15 POOR,




M

C

a0

4

DO 1000 1 =21,K
JJJ = r
75 TEM = FTAMKTT
JJJ = JJJ + 1
DELT = TYM=TECM
WREM = RI%{1e+({TEM=TI}H{ALFA + BFTA¥{TFM=T1))}
"WRM = LRIk
Fu'p = WRFM
VOLT = VOLTS I Y HWRUM AL URWMERES I STH+RESTISL )
v = {VOLTHVOL TR0
CNLUM = 134742 % QM AKMEWLHDELT)
< = (W /WL I HSQRT (W I KHWRMALAKMEEWRFCNUM)Y ) #CALCON
AWBIAR = (WRM=EWR) /EWR
AVRA T le + SH(wlal+5%{,COF94+5H(~2425)))
250 AWSTAR = AWRAR/AVRA
N = AWRAH (] ¢ +AWSTARY /{1 e+AWRAD)
CHNU T = CNH#CNUM !
I1JI =1
SHALVE FOR MACH NUMBRER VIA ITFRATION
KJI =0
CALL MARFM)
IF ¢ DETAIL ¢eZ0e 0N} GC TO 13
IF ¢ TJl oNFs 1 ¢eANDe 1J] #NEe K} GO TO 13
S H I A I 9E 6 36 30 E 3 6 K 26 W I I I W N NI I I K
PRINT 10
10 FORMAT (# ALFASWLIWIK WRMIEWR s TTAaTEM /DELT+ETAMeVOLTsQMaCNUML S
i AWHAR/AWRAAWSTARSCNICNUL ¢CNUTICsRE T + XM * )
PRINT 12+ ALFAWL «WIKIWRMIEWR«TT « TEM
PRINT 12+ DELTETAMAVOLT+MICNUMs Sy AWBAR
PRINT 12 AWRAJAVMSTARGCNACNUYT s CNUTC A RF T o XM
12 FORMAT {(7F1l14.4)
W g 3 A S e I R I IR I I I W I JE A NN I I I NN
1.3 CONTINUE '
CKNI = (XM/RET)*SCGAMPIT
RM35 = XMAXZ 5
ETAC = ] em a(ISXRMIS/ (11 75+RM3B)
RM28 = XM¥%7.8
ETADEL = +2167#RM28/(«8521+RM2H)
RK11 = CKNI®%¥1,4193
ETABAR = RK11/(«493+RK11)
ETA = FTABAR¥ETADEL4ETAC
RMPAGAM = DREAMEXMEWM
COMPUITE. SUPRORT RECOVFRY RATIO = ETAS = TS/TT
ETAS = (1 4SORT{PR)I*¥PRMA2GAM)I /(] + +RMPGAM)
OMGRA = S5¥(4T7+S%#(+1125+5%11425 )}
o900 CONTINUE *
OMEGA = OMGRA/(1 «4+0OMGRA)

REPRODUCIBILITY OF THE ORIGINAL PAGE 15 POOR, J
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SOLVF FOR FND LOSS RECOVFRY FACTOR CORPRECTION RATIO
CR = (1e~OMEGA¥(FTAS/FTAM)} § /{1 4=0OMFGA)

COMPUTE FQOR FTAM

FTAM]1 = ETA/CR

COMPARE COMPUTFD AND ASSUMED ETA

IF(ARS((ETAM=ETAMI Y /ETAMY oLLEe DETAMY GO TO 950

CONT INUE

IF(JIJeGTe ITFTAMY) GO TO 951

FTAM = FTAM] ~{FTAMI=FTAM) /2,

GO TO 75

CONT INUE

PRINT 718

FORMAT (# SOLUTION NOT ACCURATE=- MORE ETAM [TFRATION NEFDED *)
CONT INUE

IFILLL«GTeaITMARN) PRINT 717

FORMAT (% SOLUTIONM NOT ACCURATE = MORF MARENU ITFRATION NECSY *)

COMPUTE LLOCAL FRFE STRFAM TEMPERATURE «DENSITY+MASS FLOWe AND VELOCITY

TINF = TT/{1e+RMPGAM)
RHO = 144 ¥PINF/(DPETINF)
v = XM#SORT (GAMRCH*TINF)

IF ( DETAIL +EQe 0e0Q) GO TO 14

IF ( 1J!D «NFs 1 «ANDs TJ!D oNFe K ) GO TO 14
HHH R H I R R AR R R

PRINT 7001

FORMAT (% CNsCNUI+CKNIZETACIETADELETARARIETA/ETASOMGRA +OMEGA ¢
1 CRAETAMIWTINFJPINFA/WDWRETI 4R ¢RHO4TIS +VeRM2GAM  *)

PRINT 5001« CN2CNUI «CKNIWETACIETADEL+ETABARWETA

PRINT S0014s ETASsOMGRAVOMEGASCRIETAMITINF AP INF

PRINT S5N01s WD+REITI Ry RHOWTIS «V+RM2GAM

FORMAT (7 1444)

PRINT 6002

FORMAT (# TWMeDELT ¢WIKsTICNUICIRET 4 XM *)

PRINT 5CC1 o+ TUMDELTIWIKITICNUICIRET] o XM
XL E T L LT RS EELE L LS

CONT INUE

Al = 1

PRINT 9804 Al «XMaV4RHONTINF
FORMAT(I1XeFReN1E20 4+ 1NXF20 04 41 OXIEZ2040 410X E20e4)

FORMAT {1H +10Xe19H LOCAL MACH NUMBER +10Xs20H LOCAL VELOCITYsF/S
1 +10X+20H 1LLOCAILL DENSITY+LACF+3X+22H LOCAL FRFE STREAM TEMPERATU
2REWR ) :

IF { THETAI +EQs 1e) GO TO 1015

IF ( THETA! +EQe 2e) GO TO 1016

GO TO 1020

HE ORIGINAL PAGE IS POOR, §
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1015 CONTINMUE

KMTHLI(NPTHL o 1) = XM
GO TO 102N

101A CONTINUE
X¥MTHP(NRTHR 1) = XM

1020 CONTINUE
IFI(NPTHL+NPTHZ2) «EQe { 2¥NPROFL} sANDe T4EQeK) GO TO 3000
1111 CONTINUE
100D CONTIMUE
GO TO 1
3INNN CONT INUE
IF ( THETA] oNFe 1o «ANDTHETAI oNFe 24) GO TO S000
PTET! = THETAL1/574296
RTET? = THETA2/57.796
DO 8100 NP = 1+NPROFL
IF { PINFL1(NP) «NEe PINFZINPYIGO TO 1017
PINF = RINF1{MP)
GO TO 1018
1017 CONTIMUFR

R INF = (PINF1(NFR)Y + RINF2(NP))/7.
1018 CONTINUE
ANP = NP

AEINT ANOA. AND
BONO FORMAT (1H11F3.0s% PROFILE # )
PRINT 8001

BOO1 FORMAT{8Xs22H LOCAL MACH NO. ANGLF s DEG +24H LOCAL VELOCITY
1 F/5 + 2X421H LOCAL DFNSITYs L/7CF +2Xe35H LOCAL FREE STREAM TEMP
PERATURE s R ) :

DO 8arPa0 J = 1.K
AJ = J
RTETA = ATANC(XMTHI(NPs JI*SINIRTETZ2)= XMTH2(NP+JY*SINIRTET1))/

1 {(XMTH] (NP JI*COS(RTETS) = XMTH2I(NP e I#COSIRTFT1) ) )

THETA = RTETAXS7.296

XM = XMTHIINP+J)Z7COS{1 45708 -~ RTET1 + RTETA)
PM2GAM = DEGAMEXMEXM

TINF = TT/(1le + RM2GAM)

RHO = 144 %PINF/(R¥TINF)

v = XM#SQRT (GAMRC*TINF }

PRINT B002+ AJsXMeTHETA$VIRHOSTINF
8002 FORMAT{IXF3eM1E1Se4 12X sFS5al e3X1E1S5e40TX4E20e4410X0ER004)
8200 CONTINUE
8100 CONTINUE
NPTH1
NPTHZ2
THETAL
THETAZ
GO TO 1
S000 CONTINUE
STOP
END

nunun
2509520
20

REPRODUCIBILITY OF THE ORIGINAL PAGE 1S POOR,
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CLRROUTIME MARPEM)

COMMON /DESULT /YMyRPETSCMUTICKNT s CNUMCNUTC

COAMMAN/ETAZ FTAFTAC YT TAF JFTAS s ETARMR JFTAMFTAM] JFTANEL
COAMMOM/CORCOE/ CM¢CR

COMMON/ZENNLOS/ © s AWBARIAWSTAR AWRA ¢ OME GA ¢ OMGRA
COMMON/TUNMEL /P INFa TT+ TINF

COMMON /Y IRCAL/TW] oW IK] «» TW24WIK23 T e WR1 ¢ T2 ¢ WR2 ¢ WKy TK s CALCON
COMMON /W TRE /WD + WL« ALF A WRETA W1 KK s WREM ¢ WRWM ¢ IRM s TEM o TWM DELT
COMMNON/GAS/GAM s Ry PR+ CMU + RGAM

COMMON/VOLTS/VOLTS{200)

COMMON /K NNST /i

COMMON/ TNRFX /T U1

COMMON/RES ST /RFSISTeRFSIRL

COMMON/ INPERS /KJT e JJd sl loe ITMARPNS T TETAM
COMMON/PREE TS /NNUTC aNETAM

COMMON/ERLT /FEBLT

L = N

YO = ALOGIO(CNUITY

nDLX = N4l

%1 = ALOGIC{XM)

KKK = 1

GO TO 100 ,

1 CONTINUE ]
IF(ARSCICNUTIC=-CNUT)I Z/CNUIC)Y oLEs DNUIGY GO TO 600

¥l = ALOGIO(CNUIC)
1000 CONTINMUFR

®e = X1 + DLX

KKK = P

XM = 10D %*¥X2

GO TH 100
2  CONTINUE
LLL = LLL + 1
IF( LLL +GTe ITMARN } GO TO 600
C COMPARE CNUIC AND CNUT AMD RETURN IF GOOD
IF(ABS ( {CNUTIC=-CNUT)/CNUIC) «LEs DNUICY GO TO 600

Y2 = ALOGIO(CNUIC)

DLX = (YD = ¥Y2)H(XP = X1 V/UYE2 ~Y1 )
X1 = W2

Yl = Y2

GO TO 1700




C
~

100

IF XM LF5S THAN .4 THEN AN AVERAGE [S5 TAKEN OF THE VALUES OF CNUIC

AT

annb

450

500

600

CONTINUF

RE] =
1 SORT(GAM

WM = N0

IF(XMmgd)
CONT INUF
P&
SN
R7?
CN1
CNZ

H]

wiamnn

PHI 1
R11
PHI?
PHI3
PHI
CNU M4
CNUTMO
FF
cNUTIC
GO TO 200

(T2 LTI T T B 1 |

CONT INUE
R6
SN
R7
CN1
CNZ2
RM1 2

nouonoonu

PHI1

1]

n

RI11

PHI?
PHI3
PHI

cnUIC
CONT INUF
GO TO (1.

RETURN
FND

45

68+ D6655% ( XMRD ITNF#YD/CMU ) #CALCON®
#(le + RGAMEXMREXM)/(R*TT))

AN XM = 49 '
AN 44NN 4 450

PFI##04,6717

1e={(RAEV/(Re 14242 %R6)

REI#%0+7114

Ne PRALPHRT/ 18, 444RT)

(e 01569/ ( e ACTTHREI # ¥ TIATRIIH (15 /(154 4+RETH%X30) )

100283
REIX%*1.10G
1eR34 = 1407 4#(RI1/(2.765+R11))
le = +DNNOPAZRIRE]/(4s + RELD))
1e + PHI1#PHIP¥PHI3
(e 14+CMNIHCNP ) ¥ (RF I %HSN ) ¥PH]
s 19 4+ JHERRFIH4,45
e BHIB034 A 1o /{{XM/ eG4 )RR 49 4+ 4618034)

FQ¥H{FF*ALOGIO(CNUIMOY + (1es = FFI*ALOGIO(CNUIM4G))

REI#%Ca6TL13

1e=({REI/(Se142+2+#R6)

REI*%¥07114

Ce23N2%RT/(15.444R7)

{ e N1S69/( «30T7HREI X% e 73781 ¥ { 1G5 /({ 1Se+RF I # %3 ) )
XMRK] 4227

2 BO3D/KM 4+ JSTOIXHLIIRMIZ2Z/(1e + RMI2)}XX] o560 ~ 1.}

REI#%1100

1s834 = 146U4H(RI1/(2.76F+RTI 1Y)
led{s3™e0GBS/{XMEXT1«ETII*¥IREI/Z(4e+REI)) .
1e + PHIIXPHIZ2*PHIZ ‘
(o 14+CNTIHCNZ ) # (RE TH#SN) #PH1

2) KKK

o S

POOR, j
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NONNO0000NN0NDN

TN 0On

SURROUTINF DATAL

LOGICAL IFOF

IFOF )

COMMON/RESULT ZXMaRET +CNUTeCKNTsCNUMGCNUIC
COMMON/ETA/Z ETAETACFTAFWETAS+ETABARSFTAMIJETAML +FTADEL
COMMON/ZCORCOE/ CNWCR

COMMON/FANNL.OS, &

s AWRAARGANMSTAR s AWRA SOMFGA ¢ DNGRA

COMMON/TUMNEL /P INFoTT ¢ TINF
COMMONMZU TRGAL/TW L aW T s TWASIWIKA 4TI o WR1 4 T2 ¢ WRA ¢ MK ¢ T« CALLGON
COMMONUTRE WD oML s ALF A ¢RFTA W W T s WREM o WRUM s WM« TRM ¢ TWMy DELT

COMMON/GAS /GAM R

PR CMU I RGAM

COMMON VAL TS/VOLTS(200)

COMMON/FOMST /K

COMMON/RESIRT/RESISTWRESTSL

COMMON/ INREKS/KKJ

TvdddeblLL s ITMARN I TETAM

COMMON/PRFCIS/ZDMUTC o DETAM

COMMON/EBLT/ERLT

COMMON/DETAIL/DETAIL
COMMON/THRTAT /THETAT A THETAL s THFTAR
G OMMON /NPROFL /NPROFL.

1000 CONTINUF
DFAN 100811 4KK
100 FORMAT ( 12415}

IF ( EOF+50C 3y 200024101 .

131 CONTINUE
IEOF = oFALSE .
IF (KK«GTs 0) K

Kie SHOULD BE READ

= KK

IN ONLY JF Il = 1 AND IF NUMBER OF

VAL TAGE REANINGS PER RUN CHANGES

46

GO TO (142930445460 71845410011412413¢1401541601 7018019200411

NOTE ALL UNITS ARE AS FOLLOWS

RESISTANCES OHMS

TFMPERATURES DEGRFES RANKINE

LENGTHS  INCHES

VISCOSITY LBM/AFT=SEC
GAS CONSTANT FT-LBF/LBM=R
CONDUCTIVITY BTU/HR=FT=~R

A CARN MUST PRFECEDF EACH NDATA BLOCK TO LARFL THE FOLLOWING DATA

THE CARD PRFECEDING

THE VOLTAGE DATA CONTAINS TWO INPUTS»

IT AND K

THE LAREL CARD FOR ALL OTHFf2 DATA BLOCKS CONTAINS ONLY ONE INPLUT.

3

. [ERr

15 POOR,

It
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1l =
[ M

1 SHOWS THE VOLTAGFS GF ANFMOMFTFR READINGS
NUMAFR OF VOLTAGE PFANDINGR TAKEN FOR THAT RUN

Il = p LOCAL FOEF STREAM STATIC PRESSURE. PINF

Il = 3 WIRFE CAL:BRATIONS T1eWR1+T244R2

Il = 4 GAS NDATA JGAMIRIPReCMY)

Il = 5 WIRE DIAMFIFRy WD

Il = & HFATED WIRF RFSISTANCE«WRWM o AND LEAD RFSISTAMCE«RESISL

Il = 7 PBRIDGE RFSISTANCE PIWPRFSIET

IT = 8 CALIARATION CONSTANTe CALCON

1T = 9 WIRFE UNIT LENGTH RFSISTIVITY{OHMS/ING ) 4Wike AT TEMPess TK

I = 17 PRECISION ON NUSSFLTS NQOe AND EQa TEMP. RATIOWDNUICWDFTAM

I1 = 11 ESTIMATFN PelLe THICKNESSs EBLTY (INae)}

Il = 172 PARAYETIFR TO RE SFT TO NON«ZFRO IF A DETAILFD PRINTOUT IS
REQUIRENs DFTAIL THE PeQs WILL BF FOR THFE FIRST AND LAST
RUNS ONLY.

11

13 PARAMETER TO BE SFT TO e OR 24 IF ANGLE NDFRENDENCE 15 REQD
THFETAL = 1« FOR IST ANGLE
THFETAL = Pe FOR 2NN ANGLE
AND THE VALUES OF THOSE TWO ANGLEFSe THETAle THETAZ

14 NMUMARFR OF PROFILES TO RE READ IN AT FACH AMGLE +NPROFL

18 NUMBFR OF ITERATIONS TO COMPUTE NU«ITMARNG AMD COMPUTED
RFCOVERY RATIOITETAM

16 THERMAL CONDUCTIVITIES OF WIRE AT TWO TEMPERATURESa
WIKYL o TWLaWIK2eTW?

I = 17 FIRST AND SECOND TEMPERATURE COEFFICIENT OF RESISTIVITY.

ALFA AND BETA
Il = 18 TOTAL TEMPERATURETT

1mn

Il

i

ALL DATA MUST BE RIGHT JUSTIFIED

{ DBEAR 200
N0 FORMAT (70H
1 )
IF { EOQF«50 ) 2C00.201
201 CONTINUE
1E0F = oFALSF e«
PRINT 300G
300 FORMAT (1H1}
PRINT 200
PRINT 350
350 FORMAT (1H )
READ 401+ (VOLTS{I)Yel=14K)
401 FORMAT (FRe445F10e48)
400 FORMAT (6F10D.4)
RETURN
2 READ 400Gs PINF
GO TO 1600
3 READ 4C0s T14WR1sT2sWR2
GO TO 1000
4 READ 400+ GAMIR«PRICMU
CO TO 1000

e e L

> POOR,
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S READ 400 WD
GO TO 1000

6 READ 4004 WUPYMIRESISL
GO TO 100N

7 READ 400s RFSIST
GO TO 170n

8 READ 4004 CALCON
GO TO 11700

9 READ 4NNy WKy TK
GO TO 1000

10 REAND 4060+ DMJICDETAM
cn o TA 100N

11 READ 440 BBRLT
PRINT 9B2s FRLT

GAP FORMAT (% FSTIMATFD POUNDARY LAYER THICKNESS =  #sF6He34 *INCHESH#)

GO TO 1000

12 READ 40 .4 NDFTAIL
a0 TO 1200

1.4 READ 400y THETATWsTHETAL+THETA2
GO TO 1000

14 RPEAD 1CDs NPROFL,
GO TO 109CnH

15 READ 100s ITMARMGITETAM
GC TO 1060

16 READ 477, WIKLeTWE ¢ WIKP2sTW2
GO TO 100D

17 READ 4004 ALFARETA
GO TO 1200

18 READ 4NNy TT
GO TO 170N

19 COMTINUF
GO TO 1000

20 CONTINUE
GO TO 1000

2000 CONTINUE

IEOF = ¢TRUF e
RETURN
END
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APPENDIX B
NON-LINEAR RESISTIVITY EFFECTS

The effects of neglecting the second temperature coefficient of
resistivity are considered in this appendix.

The resistance of the wire at temperature Tﬁ is

Py = r°[1 + a](Tw-TO) + az(Tw-To)z]
where
ry = resistance at temperature T,
@, = first temperature resistivity coefficient (iinear)
o, = second temperature resistivity coefficient.

Rewriting in terms of overheat ratio

r =r
W o _ 2
ro = a'i (Tw TO) + Gz(T T )

and solving for (T,-T.)

1 "W
To-T. = b if a, =0
W o W T, 2
G
T, -T, = 3o 510+ —% ‘;.’0 W2 11 4f a4yt 0

1

expanding the bracketed term with

b r -y
2 ( 2 0 ) < 1
thy 0

yields
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1 "W 1% w2 1 % YT 3
T -T = — - _( ) + ( ) + se s
w- o q T, ¥ a]3 Ty 37 015 v

therefore the error in the temperature due to neglecting the non-linear

effect oy is

2
@ollyTo) 1 % Moy 1% Twfoy2,
"o ¥ ;]"Z "o 3z ;?I "y

The temperature error for typical values of lazl ~ 1077 and ay ~ 1073

(Ref. 2) is 1% for an overheat ratio of 0.4 and 2.5% for an overheat
of 1.0.
The non-linear i&mperature coefficient of resistivity may be

safely neglected if the overheat ratio does not exceed 0.4,



51

APPENDIX C
UNCERTA:NTY ANALYSIS OF THE WIRE DIAMETER

The effects of the wire diameter uncertainties are considered
here. The uncertainties of all the required input data should be con-
sidered in determining the uncertainty of the output of the computational
procedure of Section 3.0, i.e., Mach number. However, the diameter of the
wire is the most uncertain of all the data inputs, and furthermore, the
diameter is not readily measurable, either directly or indirectly. Usually
the manufacturer's nominal diameter is used (accuracy *3%). The remaining
data can be determined rather accurately, hence their uncertainties will
not be considered.

The uncertainty of a function, Af/f (e.g., Mach number), is

defined by Kline and McClintock (13) as

N Xs
AX
PR i b

where f = f(x,), and the x;'s and (Ax;/x;)'s are the independent data
inputs (and their respective uncertainties) required to determine f.
The uncertainty of mass flow due to uncertainty of wire diameter

is determined as follows
Nu = A (Re)V2 + B

where for

incompressible flow A = 0.690 B = 0.318
(King's Eq., Ref. 1)
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and
supersonic flow A = 0,580 B =
- hd ] _ pld
From the defining uncertainty equation
2
IS B R
znpu=znu-nnd+2£n({}ﬂ--%)
9 an pU .
LT
g432npoU _ hd+Bk _ Nu+B
ad = hd - Bk Nu - B
. ApU _ Ay 2 Nu + 8.2 . Ad 1/2
ool s B2 (MR (4
For typical values in the subsonic range
Apt . 2 . (2+0.318 42 4 40)2 1/2
( '%U')M<<] £ {(0.01)° + ( 5515 ) (0.10)°]
= x4y if M o= i0
and éﬁ- = = 1%
and Nu = 2

For typical values in the supersonic range

-0,795



u 2, (80795 2 2
(%)m = & [(0.01)% + ( 8373812 (0.10)

% 484 if é% + 10%

and & -+ 9y

and Nu 8

Therefore the uncertainty in the mass flow is of the same order as the
uncertainty in the wire diameter., Since the mass fiow is divectly

proportional to the Mach number, the uncertainties in Mach number have
the same values. Hence an effort must be made to corvrect for uncertain

wire diameters,

83
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