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Abstract:

Heat loss measurements from 20 gin. and 50 gin. hot-wires with aspect ratios between 95 and 420 were
obtained in air flows in the range 0<3.0 and 0.1 < 10. Measurements in compressible flows were
obtained in the throat region and test section of the Montana State University Supersonic Wind Tunnel.
An alternative theory suggested by Demetriades is used for determination of the Nusselt number and
recovery temperature of the hot-wire. The heat loss measurements were corrected for conductive end
losses to the hot-wire supports and compared to the correlations of Dewey and Collis and Williams.
The results indicate that flow conditions in the vicinity of lower aspect ratio wires are altered so that
heat loss from the wire may not be correctly determined from theory. High aspect ratio hot-wires
converge toward Dewey's correlation for M>2; however, similar hot-wires may behave differently and
individual flow calibration for each wire is necessary for quantitative flow measurements. Nusseit
number measurements in low velocity flow fall below the correlation of Collis and Williams by 5 to 20
percent. Recovery temperature measurements in M=3 flows vary considerably (30 %) for probes under
similar flow conditions and show no distinct dependence on either SI/d or Kn. Recovery temperatures
of the hot-wires in low velocity flows indicated the stagnation temperature w ithin 2 .5 %.
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ABSTRACT

Heat loss measurements from 20 pin. and 50 pin. hot—wires with
aspect ratios between 95 and 420 were obtained in air flows in the range
0<{M<{3.0 and 0.1<{Re<10. Measurements in compressible flows were obtained
in the throat region and test section of the Montana State University
Supersonic Wind Tunnel. An alternative theory suggested by Demetriades
is used for determination of the Nusselt number and recovery temperature
.of the hot—wire. The heat loss measurements were corrected for
conductive end losses to the hot—wire supports and compared to the
correlations of Dewey and Collis and Williams. The results indicate
that flow conditions in the vicinity of lower aspect ratio wires are
altered so that heat loss from the wire may not be correctly determined
from theory. High aspect ratio hot-wires converge toward Dewey’s
correlation for M>2; however, similar hot—-wires may behave differently
and individual flow calibration for each wire is necessary for
quantitative flow measurements. Nusseit number measurements in low
velocity flow fall below the correlation of Collis and Williams by 5 to
20 percent. Recovery temperature measurements in M=3 flows vary
considerably (30 %) for probes under similar flow comnditions and show no
distinct dependence on either %/ d or Kn. Recovery temperatures of the
hot-wires in low velocity flows indicated the stagnation temperature
within 2.5 %, :




CHAPTER 1
INTRODU CT ION

Hot-wire anemometers have become an important instrument for the
determination of flow properties and are especially suitable for
measuring turbulence. This application utilizes the relation between
heat—loss from the hot—-wire and the mean properties of flow and
therefére requires the measurement of the Nusselt number, Nu.

In general, the Nusselt number dependence for an infinite cylinder
in a transverse flow may be expressed in terms of dimensionless
parameters as

Nu=Nu(Re, M, Pr, Gr,T_) " (1)
where Re, M, Pr, and Gr are the Reynolds number, Mach number, Prandlt
number, and Grashoff number and ‘cw=(Tw—Taw)/Taw is the temperature
loading. Equation (1) mneglects radiation effects which have been shown
to be negligible up to high temperature loadiné. The complexity of (1)
has prevented the establishment of a universal relation, however, for
special applications (1) may be simplified. For measurements in air
flows the dependence of Nu on Prandlt number may be eliminated
(Pr=constant). Furthe;, if we comnsider omnly forced convection for zero
overheat (t,=0), equation (1) may be expressed as

Nu=Nu(Re, M) (2)
In actual applications, the length of the hot—wire must be restricted
for greater resolution and to prevent wire breakage. For these wires,

the infinite wire solution is no longer valid. For a finite hot-wire, a




percentage of hgat,is lost by axial conduction to the supports and the
Nusselt number is dependent on an additional parameter, S, such that
Num=Nu(Re,M,S) (3)
where | ' o= %@%)1/2
The standard pfactice is to evalﬁate the Nusselt number assuming all
heat transfer from the hot—-wire to be convective and applying a
correction factor, wN(S), to account for the losses by conduction: Thus
a measured Nusselt number is evaiuated from
%k, Nu AT=i R, (4)
and.Num(Re,M,S) is then corrected to obtain the actual Nusselt number
Nu(Re, M, S==) from
Nu(Re, M, S==)= ) (S)Nu, (Re, M, §) - (5)
The early work .of Betchov {1} and more recently studies by
Kovasznay and Tormark {2}, Dewey {3}, and Behrens {4} addressed the heat
transfer from finite wires using the above procedure. The heat loss
correlation presented by Dewey for the special case
Nu,=Nu_ (Re ,, M, S==,t=0) (6)

where the subscript "o'.

refers to the evaluation of the air properties p
and k at the stagnation temperature, was determined utilizing (4) and
(5) and remains the state—of—the—art for low Reynolds number air flows.
Dewey's correlation, shown in figure 1, is based on hi; measurements
from lOO‘pin; (.00254 mm) hot—wires and on supplemental data of Laufer
and McClgllan {5}, Cybulski and Baldwin {6}, Vrebalovich {7}, and
others, and the theory of Stalder, Goodwin, and Creager {8} and Cole and

Roshko {9}. An outstanding feature of Dewey’s correlation is an
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Figure 1. Correlation of end loss corrected hot-wire characteristics (reproduced from {3} ).




.....

independence of Nu, on M for M>2.0.
For actual applications; it is desireable to utilize the above heat
transfer correlation to predict properties of flow. If (5) and (6) are

known, the flow Reynolds Number may then be predicted using Dewey’s

‘correlation. (note that additional measurements of flow properties are

required for the determination of the mean velocity.)

Figure 1 is in some ways’restrictive in that (1) the data are from
hot—wires of relatively large diameter alleviating problems of quality
control associated with smaller configurétion probes, . (2) the data are
limited to larger aspect ratios where the correction wN(S) was
relatively small,‘an&(3) there is insufficient data to guarantee the
correlatign over the entire range of Reo and M. ‘Therefore, additional
data are needed for smaller diameter wires of a wide range of aspect
ratios in low Reynolds number flows in the range M<3.

Finite hot—wire data (Nu (Re ,M>3.0,S)) obtained from a number of
sources and compiled by Demetriades {10} (hereafter referred to as
MSU/SWT Catalog data) were.corrected using (S)Iin an attempt to verify
Dewey's correlation for M>2.0. These-data, shown in figure 2, differ
from the data of Dewey's correlation inm that (1) the heat loss"
measurements were not the focus of investigation and the data were
obtained under more severe éonditions, and (2) the hot-wires were of
smaller diameter and aspect ratio. Figure 2 shows that a fit of these
data to Dewey's correlaiion is non—existant for Reo<i.5 leading to the
conclusion that (5) is invalid or that some additional factor has been
overlooked such as the prope? measurement of NuO(Reo,M,S) or the

aerodynamics of the miniature probe configurations of the hot—wires used
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in {10}.

Considering the preceding discussion, the problem of predicting
fluid properties from the heat transfer characteristics, | Nuo(ReO,M,S),
of finite hot—wires of the type used in {10} is relevent for actual
applications in steady ana unsteady flows but has not yet been fully
examined. This -investigation, conducted at thé Montana State University
‘§upe¥sonic Wir;d Tunnel La;L)oratory, w.as undertaken to provide ;J.dditional
heat loss data for smaller diameter hot—wires over a wide range of 91/&
for low Reynolds numbers in the range O0<{(M(3 and to'present an

alternative technique for the actual measurement of the Nusselt number

and .recovery temperature.




CHAPTER 2
THEORETI CAL REV IEW

This investigation 1is concgrned with the heat transfer
characteristics of fine wires and, therefore, requires the evaluation of
the Nusselt number  and recovery temperature of the hot wire. Assuming
negligible hgat loss by radiation and natural convection, the Nusselt
number may be expressed as

Nu=Nu(Re, M, 8, t) (7
Flow measurement based on the characteristics of an unheated wire (t=0)
further simplifies the correlation as does the wuse of (5) which
theoretically eliminates the dependence on S. Thus, in order to utilize
figure 1 in actuallapplications, the correction factor wN(S) must be
~accurately predicted.
. Consider the 1lumped -evaluation of the heat loss from the hot—wire

‘ i%Ry = TRKGNUGAT - 1d2k,dT | (8)
‘ ' 2 a32.:_2(=5L/2‘

i
where AT=T_-T, _. Eq#atioh (8) m%& be simplified using a rough
approximation of dT/dx=—(Tw—Taw)/(272) where the support temperature is
assumed equal to the equilibrium temperature. This is a va1i§
assumption comsidering ‘the relative size of the supports with respect t6
the hot-wire. Equation (8) themn reduces to

i2R=inkaNumAT (9)
where - Nu,=Nu, (1+1/5%)

Although the above analysis provides only a poof estimate of the




magnitude of conductive losses, it is useful in that it provides.
justification for equation (4) (i.e. measurement of both convection and
conduction losses uging_a single convective type relation) and presents
the parameter S on which . the correction factor wN(S) is dependent.
Axial conduction and the gnd 10;5 correction factor are addressed in
more de£a11 later in this chapter.

The mechanisms of energy transfer between the hot—wire and the gas
vary depending on the fhysical characteristics of the fluid and are
generally separated according to the continuum, slip, and free-molecule
flow regions.

In continuum flow the heat transfer is, for the most part, a
function of the Reynolds number (indicating viscous effects) and the
Mach number (indicatiné effects due to compressibility). Thus, the
.transfer of energy is related to the drag on the wire surface due to
viscosity and the conversion of kinetic emergy into therﬁal energy. At
low velocities (incompressible flow) the energy associated with the
velocity is less influential. As the véiépity increases, the
compressible effects become more dominant and a large Mach number
dependence is evident. At M=1, a boﬁ shock forms ahead of the wire, and
the flow field in the';icinity of the wire again becomes subsonic.
Depending on—thé strength of this shock, we expecf the hot—wire to

~behave'as in the subsonic case. An unheated cylinder piaced in a low
velocity incompressible‘continuum flow will attain a temperature equal
to.the'static temperature of the fluid while at high velocities the
r;covery temperature of the cylinder will approach or equal the

stagnation temperature of the flow.




'For smaller diameter wires and low density (rarefied) gasses, the
flow field in the vicinity of the wire no longer behaves as a continuum
and the thermal behavior of the’hot—wire is dependent on the molecular
structure of the fluid. The apprgach to free—molecule flow is indicated
by the Knudsen numbef; the ratio of the mean free molecular path of the
fluid molecules to the cylinder diameter (Kn=A/d). Fully developed free
molecule flow has been shown by Staider et al. to exist at Kn=2.0. The
energy transferred between the hot—wire and the fluid is in the form of
molecular energy incident to and re—emitted from the surface of the
cylinder. In free—molecule flow, the Reynolds number dependency
reflects density effects rather than viscosity effects of continuum flow
while the Mach number reflects effects due to free steam velocity rather
than compressibility effects. Experimental evidence and theory have
shown that the recovery temperature of an unheated wire in free-molecule
flow will exceed the stagnation temperature of the wire. The theory of
hot-wire behavior.iﬁ free—molecule flow is aadressed later in this
chapter.

Most supersonic and compressible subsonic hot—wire data falls in
the slip flow region, that is, the region between continuum and free—
molecule flow. In this region, the boundary layer associated with fully
developed contiﬁuum flow is altered so that a non—zero velocity occurs
at the surface of the hot—wire. In slip flow, the fluid retains some of
its continuum characteristics while also exhibiting free-molecular
behavior. The heat transfer behavior of the hot—wire in the slip flow:
region will therefore show dependencies both on Mach number and Reymnolds

number, the magnitude of which are dependent on the magnitude of the
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Knudsen number.

Evaluation of (4) is non—restrictive as to the type of flow (i.e.
continuum, slip, free—molecule, compressible, or incomp;essible flows)
as long as the heat transfer coefficient is defined by q,=hAT where g,
is the convective heat transfer. The value of h, however, is heavily

dependent on the flow parameters Re, M, and Kn.

Incompressible Flows

The heat transfer from cylinders im low velocity incompressible
air flow is well represented at high Re (see McAdams {11}), however,
hot—wire data at low Re (Re<10) has been obtained only by few
investigations.

There is some disagreement among researchers as to what comnditions
the Reynolds number and Nusselt number should be evaluated. The most
common practice is to evaluate the air viscosity and thermal
‘conductivi.ty at the free stream temperature or the mean (film)
temperature between the free stream and the hot—-wire. For an usnheated
wire, the film temperature is equal to the free stream temperature.

One of the first and most widely applied relations used in
incompressible hot-wire anemometry was developed by King {12}. King's
law,

Nu=0.318+0.690 (Re)L/2 (9)
was determined theoretically assuming two—dimensionall inviscid
incompressible flow and constant heat flux over the boundary. King's
relation has been used by many in slightly modified forms retaining the

squaré—root dependence on Reynolds number with empirically determined
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constants. Cole and Réshko obtained the relatiog
2/Nu=%n(8/Pe')—Ye Pe'=Re;Pr (10)
based on the Oseen viscous flow theory valid for the 1limit as Re~0
-(Ye=Eu1er'$ constant=0.577). Hilpert {13} investigated the heat
transfer from fine wirés in the Reynolds number range from 2.6 to'3x105.
Hilpert's dafa in the range of Reynolds numbers between 2.6 and 4.0 may
be expressed as -
Nu=.891 [Re(T_/T,)1/41-330 ' (11)
where the conductivity and viscosity are evaluated at the film
temperature. Meésurements in low Reynolds number incompressible flows

by Collis and Williams {14} were best expresse& by the relation:

N_<TW+T°\->—'17[.24+.56Re'45] 1<Re <44 (12)
) |

Again, thelfluid propertiés‘were evaluated at the film temperature,
Baldwin, Sandborn, and Laurence {15} have summarized the data of Cole
and Roshko, Hilpert, Collis and Williams, and others in the Reymnolds
number range between .01 and 1x106. This summary is compared with

Dewey's correlation for M=0 in figure 3.

Compressible Flow

A considerable volume of research in the 1950's and 1960's was
directed toward hot—wire behavior in compressible flows. Investigations
in supersonic flows at higher Reynolds numbers (Re>20) by Kovasznay
{16}, Laufer.and McClellan, and Spangenberg {17} have shown a dependence
of the Nusselt number on the square—root of the Reynolds number as was
seen in the ipcompressible flows. Kovasznay's data in the range of Mach

numbers from 1.15 to 2.05 also showed that for small temperature
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differences between the hot—wire and air, the hot—wire behaves
independently of the Mach number. This Mach number independence for
supersonic flows has been varified many times and is gemnerally accepted
for Mach numbers greater than 2. Baldwin et al. summarized the
supersonic data of Kovasznay and Tormark, Winovich and Stine {18},
Lowell {19}, Sandborn and Domitz {20}, Laufer and McClellan, Stalder et
al., Weltmam and Kuhns {21}, and Wong {22} for air flows in the range
of Mach numbers from 1.155 to 6.083. A portion of the data for Re<10 is
shown in figure 4. Data obtained by Dewey in air at M=5.8 was in close
agreement to the data of Laufer and McClellan and is also shown in
figure 4.

As with the incompressible case, the choices for the evaluation
of the flow properties in compressible flow vary widely among

researchers. In addition to evaluation of properties at the free stream
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conditions or film temperature, p and k may also be evaluated at the
stagnation temperature or, in the case of supersonic flow, at conditions
behind the shock. As with the more recent investigations, in this
study, p and k were evaluated at the stagnation conditions.

The MSU/SWT Catalog data shown in figure 2 merit further
discussion. These data were collected under the following conditions
distinguishing them from the data presented above.

1. The data were not the focus of investigation but were a
consequence of turbulence, boundary layer, and wake studies. As such,
the data were obtained under conditions more severe than normally
encountered in hot—wire heat transfer studies.

2. Most of the data were from hot-wires of 10 pin. (.000254 mm),
20 pin. (.000508 mm), and 50 pin. (.00127 mm) diameter with aspect

ratios much lower than encountered in previous hot-wire investigations
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e RN
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BALDWIN, SANDBORN, N
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— — DEWEY’S CORRELATION <<§x
N
g?‘%?
N N
NN o 0
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<
$o¢
el Q. 1.0 10

Reo

Figure 4. Hot—wire characteristics; supersonic flow.
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(2/d as low as 120). Some scatter is expected for these smaller
configuration probes because of fabrication difficulties resulting in
poor quality comntrol. This scatter is evident in figure 2 in which the
data for larger hot—wires (Reo>1.5) show less scatter and approach
Dewey's correlation. Data collected by Dewey for 50 pin. hot-wires (not
included in his correlation) were also scattered and in poor agreement
with the 100 pin. hot-wire data shown in figure 1.

3. The small aspect ratios result in greater conductive heat
losses than for wires of pfevious investigations, thus resulting in
larger errors associated with (5).

Subsonic compressible flows have been investigated by Cybulski and
Baldwin, Baldwin {23}, Spangenberg, and Vrebaloviéh. Baldwin, Sandborn,
and Laurence suggested the relations shown in figure 5. The data of
figure 5 is qualitatively similar to the relations presented by Dewey
(figure 1) however the values of Nu, in figure 5 are considerably lower
tﬁan the data by Vrebalovich (Dewey's correlation for M(1) shown in
figure 1. This discrepancy and the limited améunt of available data in
low Re compressible subsonic flows suggests the need for further
research in this area., Measurements in subsonic compressible flows were

made in this investigation and will be discussed in chapter 4.

Free—Molecule Theory

Stalder et al. have theoretically determined the Nusselt number

and recovery temperature relationships for a hot—-wire in free—molecule

Nu, _ _(y—-1) aRe_Pr g(s]) (13)
° 2(n) ° )

flow The infinite wire Nusselt number may be expressed as

S1
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and the recovery factor as

My - Toy o _v—1,2\ £(sq) (14)
T <l 2 M > glsq)

o

where o is the thermal accomodation coefficient, sj is the molecular
speed ratio (sl=¢§7§1M) and f(sq) and g(sq) are functions dependent only
on sq and the number of excited degrees of freedom of the gas. Thé
thermal accomodation coefficient is an indication of the efficiency with
which energy is exchanged between the solid hot—-wire surface and the
impinging air stream molecules and is determined experimentally. The
above relation applies to dinfinite unhéated wires and exciudes
radiation. Equations (13) and (14) were formulated by equating the
joule heating (i2R) to the molecular energy (both translational and
rotational for a diatomic gas) incident on and re—emitted frém the
surface of the cylinder using a simplified kinetic theory assﬁming
classical Maxwellian velocity distribution. A detailed analysis and
tabulated values of sy, f(sqy) and g(sq) may be found in reference {8].
Equation (13) is shown in figure 1.

As was ‘indicated earlier, the recovery temperature of a unheated
wire immersed in a free-molecule flow exceeds the stagmation
temperature. Stalder et al. explained this phenomenon by comparing the
magnitudes of incident and re—emitted molecular energies. The
translational component of the incident molecular energy is the total of
the free stream kinetic energy supqrimposed on the random thermal
translational molecular kinetic energy. The incident energy per
molecuie has a value ranging from Zka to S/Zka (depending on the speed

and orientation of the flow) as opposed to a value of 3/2ka per
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molecule for continuum flow. Similarly, the emergy of the re—emitted
stream is Zkaaw for free—molgcule flow and S/Zkb'l‘aw for continuum flow.
Thus, under steady state conditions, if the re—emitted energy equals the

energy incident in each case, the temperature of the body, T must be

aw’
higher in the case of free—molecule flow.
As in the continuum flow case, the Nusselt number and recovery

ratio are mnearly independent of Mach number for M>2.0. This effect can

be seen in figure 1.

End Loss Correction

If the term for axial conduction is included, the steady state

heat equation for the hot—wire is:
2 2 .2
nd“k._d ! + i*R (15)
ﬁkaNquT =y vdx bt 2w

The average wire resistance is determined by calibration and may be
expressed as a linear function of temperature as

R, =R_[1+a (T T )] (16)
where R, is the resistance at some arbitrary réference temperature T,
(usually 0°C). The solution to (15), expressed in terms of the average

wire temperature is:

rw=C+(gs—C)tanh - B B=/b/a (17)
) 5 B -
where a= Ky(d 2 b=Nuo—i2R e c= iR [1+a. (Taw—Txz)]
: &, \ 7, 2nk, _ I”kaiaw

In a similar manner, equation (4) can be nondimensionalized to obtain:
Nu (v -7, )=ctzt ' (18)

where iZR o

Z=TJT-t](;L
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Substituting (18) into (5), the Nusselt number correction factor becomes:

N =Nug (T, (19)
c+z‘l:w
The nondimensional recovery temperature, t,,, may be obtained by
substituting i=0 into (17) to obtain:
_Tg tanmh S (20)
'caw—-§————-s

Then equation (19) becomes:
i . Nug |:C + (vt —c)tanh B - T tanh S]
o = b b B S (21)
w’N - c + z [c + (t_ - ¢)tanh B:l
B

L s — &
b b

For the limiting case of i=0, equation (21) may be simplified and

2

linearized in i“to obtain:

tanh S _ (22)
N1 T

The above analysis was first presented by Dewey.

Nusselt Number Measurements

Consider now the actual measurement of Nu  in (4). Using (16), the
temperature difference in (4) may be expressed as:

R -R (23)

The heat loss equation for the infinite wire becomes:

i = i2Ry [ Ryor | (24)
iN = L1oig __IR__.r
! Um kg Q?m‘- aw ,
The usual technique used in many earlier investigations involves
linearizing (24) in the limit as i=0. Then:
| @_R) 1im _i%R « R_R (25)

o B = R Jah .
i~0 (R_-R,.) dR,/di%) 4o

O
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Substituting, wé then obtain:

Nu_ _ O RayR '
m —ﬁ]ﬁ; (—a&‘LZ—de/di _)j_:O (26)

In order to déterm'ine the Nusselt number in this manner, measurements of
Rw are necessary at very low values of i. Accurate measurements of i
and Ry at small i are difficult and invite error.

Demetriades {24} suggests an altermative procedure that eliminates

the need to restrict measurements of Nup at low values of current.

Equation (24) may be written as:

RR _+ L, 1% = A Nuy g2 (27)
aw’ g m .
Ty arRr

A linear fit of R vs. W may ';herefore be used to. obtain Raw and Nu, if
kNu is assumed constant. This method offers an advantage over (26) in
that (27) is exact and the range of i is limited only by the melting
temperature of the wire. Since k is a function of temperature, however,
the actual relation between R and W should not be linear. However,
Demetriades points out that the dependence of kNu on temperature must be
weak for the following reasons.
(a) Conduction, k, is mnot a stromg fumnction of T.
(b) The temperature controlling k is only partially
due to the wire temperature (e.g. film
temperature=(T+T, )/2.)

(c) Itis known from earlier works that Nu is
affected by T, in a way balancing changes in k.

Based on the above observations, the variation of kNu with W may be .

written as: i 1 : 1 9-(1/kNu)
: : © XNu - kNg(W=0) + A
i=0
1. 1 ko Nu Nuak]
(Nui=0 (u)” L 3w W J i=0 (28)
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Substituting into (27), the wire resistance becomes:

i .
) R.= R + OL]:Rr - OLrRr 2
' aw T NG W ==\ CW
m <2'Tr aNU>aw <2‘1TkaNU aw (29)
Where
'u oW kg oW i=0

Thus, if we measure R, and W and fit the data to a second order
polynomial

— 2

R=Ag+Aq WAy W (31)
then the hot wire heat loss characteristics (Num) may be determined from
the known coefficients Ay, Ay, A, and (29). The recovery temperature is

obtained from the intercept Ap=R and the resistance—temperature

awm

relation (16). From the coefficient Al and the evaluation of kaw using

T the Nusselt number at ©=0 is determined from:

aw’

a R (32)

__ T
Nuaw_lnkaﬁl

The coefficient A, provides the coefficient C=—A,/A; and integration of
(30) provides the Nusselt number for W#0. Performing the integration of

(30) results in:

Nu(T‘)_ k } eXP[“(Az/Al)W] (33)
P Nu,, Tk -

The above analysis was used in the present investigation. The data were
fitted to a second order polynomial using the method of least squares in
computer codes LOFLOWO02 and HIFLOWO2 written by Demetriades and modified
for this investigation to include the end loss correction procedure
preﬁented by Dewey (egqn (21)). These codes are included in the

appendices.
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Recovery Temperature

As noted earlier in this chapter, the hot—-wire recovery
temperature may vary from a value equal to the free stream temperature
in incompressible continuum flow to a value greater than the stagnation
temperature in free—molecule flow. In continuum flow, the recovery
temperature is mainly a function of the Mach number. In slip flow and
free-molecule flow, the recovery temperature is also dependent on the
Knudsen number as well as the Mach number. Vrebalovich proposed a
normalized recovery ratio given by

ﬂ=ﬂy'"g (34)
Mf Me

where M, is the experimental continuum recovery factor and ng is the
theoretical free-molecule recovery factor. The normalized recovery
factor minimizes the Mach number effect as was shown by Vrebalovich for
M>.4 . Normalized recovery temperature data compiled by Dewey from

several sources is shown in figure 6.
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Figure 6. Normalized recovery factor data (reproduced from {3}).
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CHAPTER 3
EXPERIMENTAL APPARATUS AND PROCEDURE

Hot—wire Probes

The hot—wire probes, shown in figures 7-8, were fabricated at
the MSU/SWT lab. The primary probe body is a 2 inch length of 1/16 inch
diameter 2—hol§ alumina tubing. The secondary body is a 1/2 inch length
of 1/32 inch diameter 2-hole alumina tubing. ~Pyroceram glass cement,
manufactured by Corning Glass Works, is used to attach the secondary
body to the primary body. Current is supplied to the hot-wire through
.012 iﬁch diameter armoured polythermaleze copper leads arc welded
(using a thermocouple welder) to the .003 inch diameter nickel hot-wire
supports. The supports are shaped with an acid etch and fine sandpaper
to.provide a suitable contact surface for the hot—-wires. Pyroceram is
applied to the forward end of the probe to provide =2 smoofh rounded tip.
Silicon rubber applied at the end of the p%imary body where the
leads enter helps to prolong the 1life of the lead wires through
continued use.

Hot-wires used in .this experiment were 90% Platinum-10% Rhodium
with diameters of 20 pin., and 50 pin. A liquid gold resinate was used
to attach tﬂe hot-wires to the support prongs. After mounting, the hot—
wires were baked.at 10005F to burn off the orgamnic vehicle of the liquid
gold as well as to anneal the hot—wire in an effort to-eliminate the
strain gage effécts reported by previous researchers.

A constant current control <fabricated especially for
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Figure 7. Hot-wire probe configuration.

Figure 8. Photographs of hot—wire element and supports.
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turbulence research at Philco—~Ford Aeronutronic was used to heat the
hot-wire. The constant current control system (model ADP-13) provides
15 individually adjustable pushbutton current settings. Pushbutton
operation‘is designed for quick disconnect current change and is ideally
suitable for automated data recording with swiching transients of only a
fraction -of a second. Power is supplied to the heating circuit through
ten 19,000 milliamp—hour mercury batteries or three 12V 350 amp
automotive patteries. The mean voltage and current outputs may be
simul taneously recorded from jacks located 6n the rear of the unit. The
voltage and current signals were amplified as much as 10 times before
recording. The digital conversion and data recording are discussed

later in this chapter.

Supersonic Wind‘Tunﬁel

The Montana State University Sﬁpersqnic Wind Tunnel, shown in
figurés 9 and 10 is an”openycircuit continuous. flow facility, using air
as the working fluid and producing Mach numbers of 3.0 over a Reynolds
number range of 48500-145000 per in. (19000-57000 per cm.). Under
normal operating conditions, the SWT is capable of stagnation
temperatures as high as 145°F (62°C) and stagnatién pressures as low as
300 mm Hg absolute. Automatic or manual comtrol of fhe flow conditions
Iis maintained from the control console located in the test area. The
rectangular test sectisn has a cross sectional area of 3.1x3.2 inches
(7.87x8.13 cm.). »’For this in?estigation, the éntire length of the Laval

nozzle was utilized. The variation of the Mach number with axial

position is shown in figure 11, The test section is accessed through
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removable optical—quality glass panels extending the length of the

nozzle. A detailed description of the SWT may be found in {25].

Low Velocity Tunnel

The Low Velocity Apparatus (LVT), Shown in figure 13, is a fan
operated suction venturi manufactured by Aerolab Supply Company. The
LVT has a 12 inch (30.48 cm) diameter plexiglas test section capable of
operating over a Reynolds number range of 4300-23000 per in. (1700-9000
per cm) at room temperature with a maximum velocity of 56 ft/s (1700
cm/s). This corresponds to a Mach number range of .007<(M<.05. The mass
flow in the test section is controlled by allowing air to enter the
diffuser behind the test section thereby decreasing mass flow entering

ahead of the test section at the intake manifold.

Figure 12. Low velocity tunnel (LVT)
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Flow Measurement Apparatus

Flow conditions for tests conducted in the SWT were determined
from two separate sets of measured flow properties. For tests conducted
at M=3, the flow conditions were determined by measuring the stagnation
temperature and pressure (To,Po) and the pressure ratio across a normal
shock Poyp/Po. The stagnation conditions were measured upstream of the
nozzle using a type J thermocouple for temperature measurement, and a
pitot tube for the determination of the stagnation pressure. The
pressure Poy Was measured using a .029 inch i.d.—.063 inch o.d. pitot
tube positioned in the same vertical plane as the hot-wire as shown in

figure 13.

Figure 13. Probe configuration; MSU/SWT (M=3.0),
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For tests conducted in the range .18{M<{2.2, where the hot—-wire was
traversed through the throat, the flow conditions were determined by
measuring the total pressure ratio and the static pressure—stagnation
pressure ratio P/PO. The stagnation properties were measured in the
same manner as in the M=3 tests while the static pressure was determined
using a static pressure probe attached in the same horizontal plane and
parallel to the hot-wire probe and shown in figure 14. The separation
distance between the static probe and the hot—wire was .90 inches. The
probe was fabricated from a .032 in o.d. hollow tube tapered to a point
and sealed at the tip. Four .0145 inch static pressure taps were
drilled around the perimeter a distance of .25 inches from the tip. The
hot-wire was aligned such that the element was at the same upstream

location as the static pressure taps. The pressure transducers were

Figure 14. Probe configuration; MSU/SWT (.18<M<2.2),
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located outside the tunnel and were connected to the total and static
pressure probes by flexible tubing extending through the hollow sting
and exiting the tunnel through ports located in the diffuser.
The pressure transducers consisted of a Dynisco 0-15 psi transducer
energized by 5 vdc and a Kulite 0-15 psi transducer energized by 10 vdc.
The signals were amplified 30 and 100 times and were dynamically damped
before recording. The probes were axially and vertically postitioned
using an electromechanical actuating system located above the test and
diffuser sections of the tunnel as seen in figure 10.

The flow conditions in the vicinity of the hot—-wire for tests
conducted in the LVT (M=0) were determined using the ambient temperature
and a pitot—static probe positioned in the same vertical plane and below

the hot-wire as shown in figure 15. The pitot—static tube consisted of

Figure 15. Probe configuration; LVT (M=0),




concentric tubes, the smaller of which was a .04 inch i.d. tube open at
the tip for total pressure measurement and the outer tube, a .120 inch
o.d. tube with eight .0145 inch static pressure taps drilled around the
perimeter a distance of .6 inches from the probe tip. The static and

dynamic pressures were indicated on an inclined micromanometer with a

scale to .6 inches of Hy0 and accuracy to .001 inch HyO using alcohol as

the working fluid.

Calibration Oven

The temperature—resistance characteristics of the hot—-wires were

calibrated in the calibration oven. The oven, manufactured by Sigma

3

Systems, measures 1000 in”® and is regulated to maintain constant

temperature. A six-position probe holder, shown in figure 16, allows

Figure 16. Oven calibration equipment.
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the simultaneous calibration of six hot—wires. A seventh position on

the holder allows for the caliﬁration of a shorted hot~wire probe which
was used to account.for resistances in the probe other than the hot—wire
element. The holder is enclosed within a tin box to isolate the hot—
wires from the light air currents caused by a small circulation fan in
the oven. A.tybe J thermocouple monitors the oven temperature in the
vicinity of ‘the hot wire. The hot-wires are heated by the ADP-13
described on fage 23 with voltage and current recorded in the same

manner as in the flow calibrations.

:

Data Acquisition

The block diagram of figure 17 shows the electronic components
used in data acquisition. The hot-wire signals from the constant
current control p;nel were amplified before conversion to a digital
signaltfor storage. The signals from the static and total pressure
transducers were likewise amplified and‘d&namically supressed with a
resistor—capacitor (R/C) circuit prior to digital comnversion. The
analog to digital (A/D) converter ( a Spectral Dynamics model SD-133)
linearly converts the analog input signal to a digital signal
proportional to the voltage range of the specified input channel. The
SD-133 is accurate to 1 part per 1000 over the input changel vqltage
range. The 6utput<from the SD-133 was then‘recordéd directly to 5 inch
disk using the Intertek Superbrain microcompufer and also to a Texas
Instruments Silent4700 ASR compﬁter terminal which provided temporary

back-up storage on cassette tape as well as a hard copy of the ‘data.

The above procedure was applied to oven calibrations, LVT flow
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cﬁlibrations, and SWT flow calibrgtions.

Experimental Procedure

The procedure for preparing the hot—wire probes is described in

detail in {26}. The Pt-10% Rh Wollastin wires were first etched to

remove the silver cdating, then mounted on the probe with the aid of a’

microscope, and annealed to remove the thermal stress effects that
occure at high overheat. Each wire was checked under the microscope and
any wires showing obvious imperfections or improper mounting were
discarded;

The wires were then oven calibrated to determine the temperature-
resistance characteristics from equation (16). This method of
calibration utilized an  overheat traverse . The wires were placed in
the calibration oven and the resisfance measured at fifteen pre—set
current settings. Using the ADP-13 as described on page 23, voltage and
current measurements were obtained at twelve constant temperatures in
15°¢ C increments rangeing from room temperature to 190° C. At each
témperature, the R vs. W data ﬁere fitted to a quadratic. Figure 18
shows typical R(W) vs. T oven calibration data. The intercept (W=0) of
each polynomiaL provides the resistance of the wire at the temperature
of that particular overheat traverse. The R(W=0) vs. T data were then
linearly fit to obtain the coefficients R. (R) and a_ (1/9°C) of equation
(16). Figure 19 shows the resistance—temperature correlation using the
intercept data of figure 18. Calibrations showing rms deviations of
R(W) greater tham .1 in the quadratic fit were discarded. A summary of

coefficients R. and . for hot-wires wused in this investigation is
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Figure 19. Resistance—temperature correlation obtained from the
intercept data (R(W=0)) of figure 18.
given in the appendices. The reduction of data was accomplished using
the OVENCAL5 code written by Demetriades and Fishbaugher. The code is
included in the appendices.
The flow calibration process is similar to the oven calibration
described above. The purpose of the flow calibration is to obtain the

heat transfer and flow data for the determination of Nuo(Reo,M,S=w).

The flow calibration, like the oven calibration, utilizes the overheat

traverse. For calibrations in the LVT, overheat traverse measurements
were recorded along with P, T, and P, for the determination of the mean

flow properties. In the LVT tests, the Reynolds number was varied by
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regulating fhe velocity in the test section. The heat transfer
characteri;tics were then determined using a quadratic fit of the R vs.
W data and equations (29)-(33). The end—-loss correction factor,
U’N(S) was determined from equation (18).using an interval halving
iteration procedure. Data reduction was facilitated using the code
LOFLOWO2 listed in the appendices.

The procedure for the SWT calibrations was identical to the LVT
calibration except that variation of Reynolds number was accomplished by
regulating the totalhpressure in the tunnel. The data recorded for the
M=3.0 tests ?ncluded i, R, Py, Py, and T, while i, R, P,, P, and T,
were recorded for calibratioms im the throat regiom (.18<{M<K2.2).
Typical flow calibration overheat traverse data is shown in figure 20.
Data for the SWT calibrations were reduced using thé code HIFLOWO02
listed in the appendices.

Measurements using hot—wires of 10 pin. were attempted, however,
consistent wire breakage in the SWT prevented the collection of data.
Wire failure has been a persistant problem in ¥esearch using fine hot-
wires and is caused by a number of factors including high pressure
loading anduéollisions with the hot—wire element by dust particles.

Fishbaugher {27} approximated the hot—wire stress loading using
simplified‘beam and cable theories. He determined that the maximum

aspect ratio for each theory may be obtaiﬁed from
L
beam theory - L._ |3 Oyp |2 (35)
) d :‘4"CDP
or

cable theory (36)
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~where Syp is the maximum yield stress (48000 psi for Pt—~10% Rh wire),
CD is the drag coefficient, Py is the dynamic pressure and © is the
angle of deflection due to loading. The beam theory models the hot—wire
as a uniformly loaded beam with fixed supports while the cable theory
uses small angle approximation and a uniform load distribution model.

A comparison of the above theory with actual conditions encountered

in this investigation showed the following.

Conditions: M=3.0 Re =1.2
' P4=2 psi (min. dynamic pressure of M=3 tests)
h Cp (free-molecule)=4 (from {8})

Cp (continuum)=9 (from {28})
Results: &/d

Beam  Cable (8=.1) (9=1)

continuum . 80 7 , 73
free-molecule 120 16 164

The beam theory gives a better approximation, however, the predicted £/d
is quite comnservative for these comnditions. In the M=3 SWT
calibrations, wires of 2/d<250 had a good survivability rate and
unavoidable wire failure for 20 pin. wires genérally ocurred for wires
greater than about 350. In order for the cable theory to predict a
maximum wire 2/& of 350, the value of 8 is greater than umnity, thus
violating the assumption of small angles in the development of (36).
Note that (35) and (36) do not depend on the diameter of the hot—wire.
In practice, however, higher aspect ra£io wires show better

survivability for larger diameter wires.
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CHAPTER 4
RESULTS

General

The purpose of this investigation was to determine the heat
transfer cha?acteristics of small configuration hotfwires in low
Reynolds number air flows. IXn particular, it was desired to evaluate
Nusselt number and recovery temperature data in low Reynolds air flows
of Mach number less than 3. The reéults, which are tabulated in the
appendices, are discussed under the subheadings of

1; End loss corrected Nusselt number ﬁuo(Reo;M,S=®)
2. End loss correction Yy(S)
3. Recovery Temperature nawz(Taw/To)

The following discussion presents the results of this experiment in
comparative form with previous investigations. The correlations
presentéd by Dewéy have been verified by data from several sources and
are used as a bésis for comparison of the compressible flow data of this
study. The correlation of Collis and Williams for incompréssible low
velocity flows was used for comparison of data obtaimed in the LVT

(M=0).

Nusselt Number Nu (Re .M, S=<)

The variation of the end—loss—corrected zero—current Nusselt
number, Nu,, with Reynolds number, Re;, is shown in figures 21-29.

Nusselt number data collected in the M=3.0 test section of the MSU/SWT
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is shown in figures 21 and 23. Several distinct characteriséics are
immediately apparent in these data.

1. Nu_, varies inversely with %/d even though axial
conductive end losses have been theoretically eliminated
from the total heat loss.

2. Data for very low aspect ratios (£/d<130) are more
scatttered than data for wires of larger %/d.

3. Data for high aspect ratio wires converge toward Dewey's
correlation.

Possible causes for the observations 1 and 2 may be found in the
assumptions used in the solution of the heat loss equation (15) and the
end loss correction factor equatiom (19). The assumptions used in the
solution of (15) were: (1) the heat transfer coefficient, h, is constant
along the length of the wire, (2) Both hot—wire supports are maintained
at a temperature Ts,(3) the thermal conductivity of the wire, k., is
constant, and (4) a uniform temperature exists at any cross section of
the wire. For this study, assumption (2) was'further restricted to
Ts=Taw (‘Cs=0)'.

Assumption (1) requires that the flow be uniform over the length of
the wire. If the flow near the supports is affected by their presence,
the resulting effect on the measurement of Nu0 would be more pronounced
for smaller £,

The assumption ts=0 may be questionable especially for small aspect
ratio wires. Because of their relative size, the flow in the vicinity

of the hot-wire supports behaves as a continuum, and therefore, the

temperature of the support tips should be equal to or less than the
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Figure 21.

1 i T » I» i ™ 1
.9} "y .
.
-8 F M=3 D=20 uIN
SYM. PROBE L/D
.7 F > 30/4/2 128
> 26/4/1 138
A 25/3/1 166
o .B } A 25/3/2 166
SR N 27/3/1 188
= O 27/3/2 188
o" v 29/3/1 207
s T x§ 28/3/1 289 i
06/2/1 292
o %  25/4/l 307 DDDD'
X 4 F € 20/4/ 33 DERPP>
— M>2 (DEWEY) D»DDD

X10 ~=Re,

End loss corrected heat transfer data;

M=3,

d=20pin.




43

1 T T T T T
MSU SWT CATALOG DATA |
-9 ' M3  D=20uN.
SYM. PROBE L/D
S 8 = Gl n
0 E 153 0
A 7 144
~ 1 < 9 150 )
i v o 191
—— DEWEY'S CORRELATION
DO " 6 & ﬂ] A
74
I 0 g O
O .5 ¢t i
-4 . J
« <«
] 0 <« < <
. i A\ T
<™ e
AN
> L A A i
T 1
O 1 1 1 . 1 1
O F S L W =] 1 e P
X10 P=Re,
Figure 22.

End loss corrected heat transfer data; MSU/SWT catalog data
M=3, d=20 pin.




44

1 L T T ] T
M=3 D=30IN.
.9 r SYM. PROBE L/D ]
v 29/7/2 94 v
<« 09/4/2 177
8 > 06/5/2 185 T
B 29/5/2 225 v
i Q7/7/2 227 v
.7 L A 09/372 420 ¥ .w ¥ 1
— M>2 (DEWEY) : \AY ‘
ﬁD - 6 =
z
i
O .5
@)
"ot 4 P
Sl e
e
et
O ST e U S sDl e, oW oy P - T 1
O s 1 155 2 2.5 3
10 O=fe

Figure 23. End loss corrected heat transfer data; M=3, d=50 pin.
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stagnation temperature of the air stream, Tg. For hot-wires in free-—
molecule flow, theory and results from previous investigations indicate
To<Ty .Thus, the evaluation of IPN assuming T =T  would result in a
lower calculated value of Nu,. Note, however, that a higher proportion
of heat is conducted to the supports for smaller aspect ratio hot-wires,
tending to raise the support temperature, decreasing YN and resulting
in an increase in the calculated value of Nuo. The sensitivity of Nuj
to the support temperature was calculated and resulted in deviations
less than2 % for T~ +10 . The codes HIFLOWO02 and LOFLOWO02 provide
for input of specifed values of T

The 20 pin. data (M=3.) are shown in figure 21. The observations
(1-3) noted on page 41 are clearly visible in these data. This behavior
was verified (in figure 22) by 20 pin. MSU/SWT catalog data in Mach 3
flow. All corrected MSU/SWT catalog data show a gemeral £/d dependence.
Although figure 22 indicates that end loss correction satisfies Deweys
correlation for a hot-wire of 2/d=200, the data of the present
investigation show a much higher 1imit on 2/& for a fit to Dewey's
correlation. The 50 pin. data (M=3) of figure 23 show similar behavior
although the approach to Dewey’'s correlation occur at a lower value of
/4 (%/4=185).

The corrected Nusselt number data presented in figure 24 clearly
shows the effect 6f wire length on the measured Nusselt number. The
fact that the 50 pin. data converge to Dewey's correlation at a loyver
2/d4 than the 20 pin. data leads to the conclusion that the separation
distance betwéen the supports affects the flow distribution over the

hot-wire resulting in a higher heat loss than that measured by longer
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wires. It is interesting to note that an increase in the heat loss
indicates a lower local Mach number or higher Reynolds number. If we
assume %/d =180 as the limit for 50 pin wires where the support effect
dissipates then we would expect a limit of 2/d=450 for the 20 pin. wires
in order to maintain the same separation between prongs (.0093 in./.235
mm). However, figure 24 indicates a limit of approximately 300 at which
point the prongs no longer affect the measured Nusselt number for 20 pin
hot-wires.

- Verification of Dewey's corrélation for M<2. and 20 pin. hot—wires
is shown in figures 25 and 26. Data for two longer hot—wires (%£/4>280)
are shown in figure 25. These data agree with Dewey's correlation
within 18 % at M=.4 and 14 % at M=1. The data collected at M=.2 agree
to 13 % with the empirical correlation shown. Data for a shorter wire
(£/d=207) are shown in figure 26. The higher heat loss that was evident
for low aspect ratio wires in the M=3 measurements is clearly evident.
Qua;itatively, the data of figure 26 agree with Dewey’s correlations,
showing a decrease in Mach number dependence of Nu0 with increasing M.

. The hot-wire heat—loss behavior in low velocity incompressible
flows (M=0) is presented in figures 27 and 28. The support proximity
effect which was evident in the compressible flow calibratiomns appears
to exist in the M=0 calibrations, although it'is of lower magnitude.
All the 20 pin. data deviate from Collis and Williams’ correlation by
less than 23 %. Although the 50 pin. data of figure 28 agree within 26
%, the data are extremely scattered with the exception of ome wire
(probe 29/6/1). The origim of this. scatter is unknown, however,

considering the uniformity of data from probe 29/6/1 and the
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relatively well behaved data of figure 27, the sc;tter in the 50 pin.
data are attributed to some extermal source (i.e. electromnics).

Figure 29 summarizés the data presented above. Data for hot-wires
of aspeét ratio less than 185 for 50 pin wirPS and less than 280 for 20
pin. wires are not included in the figﬁre because of a definite support
proximity dependence for hot wires of 2/d less than.these values. The
data of figure 25 was used for the compressible range of M<2. and the

scattered 50 pin. low velocity data was not included.

End Loss Corrections

The variation of Yy(S);_o (eqn. (2)) is shown in figure 30. For
shorter wires where the support proximity‘affects the flow over the
wire, the éorrection equation is of little value since the actual flow
conditions in the vicinity of tﬁe hot—wire are not kno@n. The magnitude -
of typical meésured correction factors with Reynolds number is shown in
figures 31—34; A correlation of Yy with 2/d ﬁas not attempted because,
as shown in the Nusselt number éata, Nu  may vary considerably for hot-—

wires of nearly equal aspect ratio.

Recovery Temperature

Recovery temperature data are presented in figures 35-38. The
recovery facpors for 20 pin. hot-wires used in this experiment are
compared in figure 35 with data of similar flow conditions obtdimed by
Demetriades {29}. No dependence on aspect ratio is evident in either
the. present data or the data of Demetriades. Attempts to correlate
Mgy (Kn) were not made considering the large variation of N,y in figures

35 and 36. A surprising note is that . these recovery temperature data




19 N !
— 3
= —— o

. - . g / == |
cbn SOLN - /K X,* )0‘1,; Jl
; - et Emc e L i ° * i
| /[//0/‘/"/ ; X ¥ **“*“*)éﬂ . |
et LT e i
{ _—
l
|
|
I e y i ///
SYM. Dfun) M / b
b 20 0 A
19 gl ey O x 50 0 - Z
O i o 20 02 i
e —
T s * 04 2y ,/
= 2 o i ]
[8 30 /
> .50 30
— DEWEY'S CORRELATION
R — ——  COLLIS 8 WILLIAMS
i o —{— L/D > 185 FOR 50uin. DATA
L/D > 280 FOR 20xin DATA
Ol
0.0l Q.1 10 10
Re

_ Figure 29. Summary of heat transfer data.

- L] L L ] L ® ®

€S




54

1 T T il T
ANH S
THEORY /= I—H
g L N S
i \
N\
S L8 b
Il
(@)
>
4
.2t
O 1 | 1 1

Figure 30. Theoretical

RID T=1,8

end loss correction function.




939

1 T T T T ¥
M=3 d=. 00002 1in.
SYM L/0
A 128
O 138
.9 X 207
> 289
o 33
9~Z
I
@)
o -8 r
N
o® ©
A A
a4 AALSA RAS >
" 3 & %
pae )= el
il B D>
>
DD
O
D[jD
x 6 1 1 D 1 1 1
O 25 S 795 1 T2S
%10 "=Re

Figure 31.

Typical end loss correction data; M=3, d=20 pin.

=




56

X10

A
Al

M

]

3 =, 00005 in.

4

LD=225, 4 = < O

p=igs O U 4

Figure 32.

O_
X10 “=Re,

Typical end loss correction data;

M=3,

d=50 pin.




3

1 T T T T
M=0 d=. [HEO0Z2 in.
s Yk
v Vv
UID2a0d. | o T N d T Y ¥ ¥
2 b RE K ;i S
= L/D=334 pagdbaR
I
O
8 b
@ |
»: L/D=216 op O 0o H b
10
e i
AN A L
LD =132 AL A A
6 S | " 2 4 L
O i) = 3 4
X10~ l=Re
0

Figure 33. Typical end loss correction data; M=0, d=20 pin.




58

1 T T T T
M=0 d=. 00005 in.
L/D = 420
Y
8T vvy 7 1
Yy V ¥ A A Lp=346
Y A
oy ¥ A A A A =
i pADL B
O
O
x i < 4 L/D=225
ol E < 4 < , _
- < < « > > L/D= 186
“ e -
< > > >
Dp >
s
>
;! '7 i ] 1 1 1
. . 4 Fn e = 1 I 1. 4
X10 “=Re,
Figure 34. Typical end loss correction data; M=6, d=50 pin.




59

indicate continuum or slip flow when recovery temperature data of
Stalder et. al. at similar values of Kn (0.6<{En<2.5) and molecular speed.
ratio (Sl=2.5) showed recovery factors consistently greater than unity
indicating free-molecular flo.v(r.

The recovery factors for the M=0 data are shown in figures 37 and
38. For the continuum flow conditions of these tests (.06<Kn{.12), the
actual recovery temperature will not excegd the. stagnation temi)e;:ature.
Recovery temperatures for 20 pin. hot—’wires in the low velocity tests
were consistant at a value of M, 4=1.00 i.OlSA, with the exception of
probe number 30/2/2 (figure 37). :The‘ scatter of the 50 pin. Nusselt
number data is also evi‘dent in the re'cov‘ery temperature data of figure

38. The recovery factors of the well-behaved probe (29/6/1) also

indicates the total temperature with naw=1.0i,025
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CHAPTER 5

CONCLUSION

The preceding results show that the heat loss characteristics for a

finite hot—wire with configurations of the type used in this

investigation may not be accurately predicted, and that individual flow

calibration is required for each hot—wire used in guantitative flow

study.

Specific behdvior patterns for these probes are summarized in

the following discussion.

1.

The heat loss from the.hot—wires used in this investigatiom is
clearly affected by the proximity of the support prongs. The
¥esu1t is an increase in the indicated Nusselt number with
decreasing aspect ratio. An increase in heat tramnsfer
indicates either a decrease in the local M or an increase in

the local Re. The effect is evident in the compressible flow

“data for 50 piﬁ. hot—-wires with %/d less than approximately

200 and 20 pin. wires with 2/d<300. The theory assumes a
uniform heat transfer coefficient over the length of the wire
(i.e. uniform flow distribution) which may be a poor assumption
aonsidering the actual geometry of the hot—wire.

The compressible flow Nusselt number data of longer wires show
general agreement with Dewey’'s correlation. The Mach number
dependence indicated by previous investigations extends to the
sﬁaller'hot—wires indicating a Mach number independence of Nu,

for M>2.
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Incompressible heat loss data also appear to be affected by
aspect ratio., The general trend is similar to the effecf‘at
higher velocity although a clear limit on &/d is not visible in
the data. The data for higher aspect ratio wires indicate
values of Nuo smaller than values predicted by the correlation
of Collis and Williams (by 5% — 20%).

As with the Nusselt number data, the recovery temperature of
supersonic flow may not be accurately predicted and individual
hot-wire calibration is necessary for quantitative recovery
temperature measurements. Recovery temperatures im the range
-85<naw<1.12 were measured in Mach 3 flow at 560 °R.
Demetriades measured recovery factors in the range .94<n,,<1.01
using similar probes  subjected to similar fiow conditions. No
aspect ratio dependence is visible in either the data presented
here or the data of Demetriades. Data obtained by Stalder et.
al. for hot—-wires in a rarefied supersonic flow with Knudsen
numbers and molecular speed ratios équal to those of this
experiment consistantly indicate a recovery factor greater than
unity.. Possible causes for the discrepancy in the recovery
factors between the two experiments is (1) the flow imn the
vicinity of the probe is affected by the support prongs so that
the acfual Reynolds number and Knudsen number are lower than
for ideal conditions, and (2) the R vs. W polynomial fit of the
flow calibration data usiﬁg the method suggested by Demetriades
incorrectly predicts the intercept R(W=0) which determines the

recovery temperature.
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APPENDIX A

OVEN CALIBRATION DATA REDUCTION CODE

10 REM QVENCALS

20 REM :

30 REM This oven-calibration srodgram ueses quadratic fit of resistance vs
40 REM current seuared or current-seuared-times-—resistance to find the
90 REM zero-current resistance at each temrerature.

60 REM «iovisisAssumption? wire diameter=0,00002 1rcCha . ¢es s oo oosss

70 REM Line 180 was added to correct wrong data file info during runs of
80 REM 1/26/82, If line resistance is correctly writterm in future dats file
Gy

90 REM line 180 can be removed.

PG REM ssseviciire-UPDATER S MAY. 62l FBA oo covevstivsosnsyniie

100 DITHM TC1S)+C1EIBIVTIC181) vC(TBT I UCIBL YR GEBL ) C2¢181)»RE181 12 B1C181)
120 DIM R2(181),RB3(181)

130 DIM R2(18)

140 DIM R3(14)

130 IITM GF(14)

160 IIM R&6(16)

170 TIM C3¢181)

180 DIM DCR0),D1(20)s02(¢20),00(20)sA0(20)5A1(20)5A2(20)

190 DIM VOLT(1081,2)

1923 . DIM N2C7)

200 INFUT "INFUT OVEN CALIEBRATION DATA FILE:!:'iF1$

210 OFPEN "I*s3l.F1%

220 FRINT :

230 FRINT "THIS IS A QUADRATIC RESISTANCE-CURRENT FIT WITH OFTIONS!®

240 FRINT * TYRE 41 2°TO EIT R=F2 (R=at+RII+EI4)"
250 ‘FRENT y
260 PRINT TYPE 2% TO FIT R—RI2, (R=A+BRIZ2 . +CR2T4)°

270 FRINT

280 FRINT "WHICH OFTION DO YOU WANT"S

£470 ENPUT Z

300 INFUT *INFUT THE NUMEBER OF WIRES IN THIS OVEN CALIERATION "iN1
310 INFUT *INFUT THE NUMBRER OF CURRENTS FER WIRE FER TEMFERATURE 'jA3
320 INFUT *INPUT THE NUMEER OF TEMFERATURES USED ';Ti

230 FOR I=1 TO T1

340 FRINT "INFUT TEMFERATURE NUMEER *51

STOGENPUT TCT)

360 NEXT I

370 FRINT

380 FRINT °* i(ma) = D1 + D2%k(DIGITAL COUNTS)®
SPR RTINS vimv) = D3 + DA4XK(DIGITAL COUNTS)*
400 FRINT °* LINE RESISTANCE = DS + D&X(TEMF. C)

410 INFUT "INFUT D1*;D1

420 INFUT "INFUT D2*3D2

430 INFUT *INFUT D3*3D3

440 INFUT “INFUT D4°"iD4

450 INFUT "INFUT DS*s5R1

460 INFUT "INFUT D&"3S81

470 FOR I=1 TO N1

4680 FRINT *INFUT THE INSTRUMENT NUMBER FOR FOSITION NUMEER *;I

4920 INRFUT N2(I)

00 NEXT -1

310 INFUT "INFUT STANDARD WIRE RESISTANCE (OHMS/FT) (CR=277%970)"iRé
520 IF R6=0 THENMN R6=277970!

330 FOR I=1 TO AJXN1XT1

540 INFUT #1,VOLTC(XI,1),VOLTC(I,2)

290 INEXT -1

551 K=1

G40 FRINT
G970 X2Z=1
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580 FOR I=1 TO T1

590 I2=I-1

600 C10 = I2XN1KAZ + (K-1)%A3 +1

610 FOR J=C10 TO (C10+A3-1)

620 V1(X2) = VOLT(J,1)

630 C1(X2) = VOLT(J,2)

640 X2 = X2 + 1

441 NEXT J

642 NEXT I

650 FRINT

660 FRINT

670 PRINT *THIS IS ’‘OVENCAL2’ FROGRAM., ZERO-CURRENT RESISTANCES COMFUTED®
480 IF Z=2 GOTO 710

690 FRINT "BY QUADRATIC FIT OF R VS I2"

700 GOTO 720

710 FRINT "BY QUADRATIC FIT OF R VS I2R"

720 FRINT oo om o o o o o et e e et e e et e ot e e e e e e e .
730 FRINT

740 FRINT

790 FOR J=1 TO T1

800 LET G1=0

810 LET G2=0

820 LET G3=0

830 LET 64=0

840 LET GS=0

850 LET G6=0

860 LET 58=0

870 LET G7=0

880 FRINT

890 FRINT

500 FRINT DATA FOR T(DEG C)="3T(J)

910 FRINT "= oo oo ————— ’

920 FRINT *T(MA)®, *UC(HU) *,*I2(MA2)*s *T2R(HAZOHM) * s 'R COHM) *
930 FRINT

940 FOR N=(J~1)KA3+1 TO J*A3

950 LET C(N)=D13+D2%XC1(N)

960 LET V(N)=DI+04KV1(N)

$70 LET R(N)=U(N)/C(N) - (R1 + S1 % T(J))

980 LET C2(N)=(C(N)"2)XR(N)

990 IF Z=1 GOTO 1020

1000 LET C3(N)=C2(N)

1010 GOTO 1030
:1020 LET C3(N)=C(N)"2

1030 PRINT CCN)»U(N)sCINI"2,RINIK(CIN)"2)>yR(N)

1040 LET G1=G1+C3(N)

1050 LET G2=G2+4C3(N)"2

1060 LET G3=GI+C3I(N)"3
1070 LET G4=GA+C3(N)"4
1080 LET GS5=GS+R(N)

1090 LET G6=6G&+R(N)XCI(N)

1100 LET G7=G7+(C3I(N)"2)XR(N)

1110 NEXT N

1120 LET D(J)=A3XG2%GA+2XG1X62%G3-G2"3-A3X(63"2)-(61"2)%G4
1130 LET DO(J)=GSXG2¥GA+G2XG3IKG6+G1XGIKG7-(G272) %67~ (63 2)¥G5-G1XGAXG6
1140 LET D1(J)=A3KGAKG6H+B1KG2KG7+62XKGIXKGS~(G272) ¥G6~A3KGIXG7-G1X¥G4*GS
1150 LET D2(J)=A3XG2XG7+G1XGIKG5+6G1XG2%66~(62"2)X65-AIXG3IXG6-(G172) %67
1160 LET AOCI)=00CJ)/I(J)

1170 LET A1CI)=D01(J)/DCJ)
1180 LET A2¢I)=D2(¢J) /D)

190 FOR N=(J-1)%A3+1 TO JXA3

(]

u’) N O
Voo I = I+

<

1200 LET G8=0G8+(R(N)-A0(JI-AL(IIXCI(N)-A2(JIX(CI(N)"2))"2
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NEXT N

LET G9(J)=8QR(G8B)/A3

FRINT

IF Z=1 GOTO 1270

PRINT. “CURME-FET, OF R US ' I2R GIVESERGI=010=" tA0LJ)

GOTO 1280

FRINT *CURVE: FIT OF R VS I2 GIVES R(I=0)=°3iA0(J)

PRINT *RMS LEVIATION OF R FROM CURVE-FIT AT THIS TEMP: (OHMS)=*3G69(.))
FRINT

FRINT

NEXT J

FRINT *SUMMARY! ZERO-CURRENT RESISTANCE VS, TEMFERATURE®
FPRER T =S = % i amas e n o codan o=i9n =5 Ssies p-on 55 solps = s B8/s= oo ples = S 0w Sioe o inam te 2o ot St
FRINT

FRINT °*T(DEG C)"y"R(OHMS)"®

FRINT

FRINT

G=0

FOR "J=1-T0O" Tl

FRINT T(J)»A0(J)

LET F=F+Ti(J)

LET F1=F1+A0(J)

LET F2=F2+T(J)%A0(J)

LET F3=F3+FedI T2

NEXT J

LET RA4=(FXF1-T1¥F2)/(F"2-T1%F3)

LET R=(F1-RA%F)/T1

FOR J=1 TO T1

LET F4=F4+(A0(J)-R5~-R4%XT(J))"2

LET ES=FO+BF1))

NEXT J

LET R7=(SQR(F4))/T1

LET R8=F5/T1

FRINT

FRINT “DATA FILE FOR THIS CALIERATION IS *iF1%
FRINT *INSTRUMENT NUMEBER IS "3iN2(K)

FRINT

FRINT *CURVE-FIT OF R(I=0) VS T GIVES:®

FRINT *AVERAGE RESISTANCE-CURRENT DEVIATION FOR ALL TEMFS (OHMS)=";iR8
FRINT *"RO(COHMS, AT O DEG C)="jiRS

FRINT "ARO (OHMS/DEG C)="iRA4

FRINT "OVERALL RMS DEVIATION OF R FROM R-T CURVE (OHMS)=°"jiR7
FRINT 'ALFHA (REFERRED TO RO AS AROVE: FER DEG C)="iR4/R3
PRINT "LCcm)="; (12%(RS+20%R4)/R6I%2.84

FRINT *L/D="312%(R5+20%R4)/(.00002%Ré)

FRINT

PRINT *HIT CRTO CONTINUE B ITh=nNEXT sl RE"
INFUT Z10

IF K=N1 THEN GOTO 1700

K=K+1
GOTO 560
CLOSE #1
ENI
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FLOW CALIBRATION DATA REDUCTION CODE
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210

+CCIZRI 2 Y™

EIZ2R
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<

R=

(5]

Q
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CId

RATURE

e
o

FRINT

280
380
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FOR N=«(J=-1)*A3+1 TO A3 *J

LET V(N =D1+D2x*xV{(N)

LCT C(N)=D3+D4*C1(N)

LET RI(N)=(V(N)/C(N))-R1

LET C2(N)=C(N) "2

LET C3(N)=(C(N) *2)*R(N)

LET T2(N)=273.15+R(N)/S-1/A
PRINT CiN) ,C2¢N) JCIINY ,R(N)Y ,TZ CH)
LET B1=B1+C3 (N

LET B2-=DB2+C3(N) "2

EET S=DB3+C3(N) "3

LET Bi=33+C3(N)"*4

LET E3=DS+R(N)

LET BE=DS§+R(NIXC3 (M)

LLT C7=D7+(C3 (M} 2% R (N

NEXT N

LET D(J)=A3*D2*C4+2*D1*D02%03-02"3-A3%#(E3°2>-(B1"2)*
LET DO(J)=B3*B2*B4+B2*xDB3#B6+B1*B3*B7-(B2°2)%B7-(B3"
LET DI1(J)=A3%XD4*B6+B1*EC2*C7+E2%*E3%B5-(B2°2)*DE~-A3XD
ET D2(J)=A3*32*37+B1*33%xB3+B1*B2*xB§-(B2°2)*BS-A3*B

LET A0(J)=DOC(J)/D(J)

LET Al(J)=D1(J)IDC(J)

LET A2(J)=D2(J)/D(J)

FOR N=(J-1)*%A3+1 TO J*A3

LET B8=D8+(R(N)-AQC(J)-A1(J)*CI(NY-A
NZAT N

LET B17(J)=SQR(CC)> /A3

PRINT

(5}

(JI%X(CIINI"2))°

PRINT “RISULTE OF THE ACOVL R(W)»=R(I2R) 2ND DEGREE
PRINT "AQ0=";A0(J),"Al=";A1(J),"A2=";A2(J),"RM5 DEVI
PRINT "AND:"
LET THCJI=d0 0 iS<(1L/AY %273 .45
PRINT "“RECOHEMS)s*;A0(J) ,"TECDEGKI =" Ti(J) ., *REC.FACT
PRINT 1¢(J) RNOUT I AT I=0(M
LET" NO &.3 L238*T1C(J))=AL(d)
REM ZE= 55 SER CALCULATI
NOC=NJI(J) f
K0=4.463+.072338+7
PRINT "Note k is assumed const =ke in this conven
KW=30230%(1+.C00107%4(T1(J)-2923))
S1=L/D*x(NOCAKJO /KW’ -]
i {S=(ELAP(S51)I~-ZX2(-31 )/ (EXP(31)+ZXP(=-51))
NIC(J)I=NO{J)*(1-1/351*TANHS)

DIFF=NI{J)-NGC

L RBSADIET 361007 GOT0 L0850

IF DIFTECO0 THEN NOC=(NI(J)+NOGC)/2

¥E O DIEER 001 THEN MOC=NOC-DIFF/Z

COoTO 77

PRUINT, Yoo AR
PRINT ¢

FRINT

PRINT

PRINT "OVERKEAT DEPEMDENCE OFf NUIZSLCLT NO A U(CCli/
PRINT

PRINT I{HA) N1 iNC 2S5IN WEE TIW/TLC
PRINT

FCR M=(J-1)*A3+1 TGO J*AJ

LET 1 £ XC3 (N3

RM=N1

ET~ 2

B4
2:*B3-BL*E4*”Bé
3XD7-Di*D4*CS
3*Bé~-(B1°2)%B?7
2

FiT:"
ATION=";B17(J)

s e
JihiNw g
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1170 LET NC=NM

1180 KW=302304(1+.000107%x(T2(NJ)-223))
1190 TW=(T2(N)-T1(J))IT

1200 IF TZ(NIKTL1(J) GOTO 1470

1210 CTAM=TZ(N)/T

1220  ETAS=TS+TIL(J) /T

1230 TI=TW

1240 SZ=A*T/(1+A&(T1(J)-223))

1250 RV=4%A0(J)/(3.1416%D"°2)

1260 P51iC=0

1270 REY CALCULATE Ti
e Cx

IE CORRCLCTIOM PARAMETLRS
(KC

1280 LAMBDA=L/D*(N FRWY 3% . §

1290 NMU=(LAMDDA" .;—C(N:-'“*ﬂ\/”'2*:2/(%'5»:‘.."?):-‘,3

1300 X1 I 3 I-EP5)/ (TW*NM)

1310 N N 2RT" ‘.S*/.;

1320 O = ) P(-NUIY/(ELD(NU) +E

1330 Or T= }-CAD(-NUT) )/ (CXT(NUT)Y-CAZD(-NUT))

1340 G1=0OMEGCAT/NUT

1350 G2=0OMECA/NU

1360 EP3=-TSA(GL/(1=-G1})

1370 TI=(TW-TS*G2)/(1-G2)

1380 TC=2TW/(TI-EPS)

1390 PSIN=TCA(1+S2*TI)/(1+S2ZxTW)

1400 PSIR=(L{-ETAS/ETAM%XC1)/(1-C1)

1410 IF ABS(PSIN-PSIC)><.001 GOTO 14460

1420 REM CALCULATE THE NEW PARAMETERS

1430 NC=PSIM*NHM

1440 P3IC=P3IN

1450 COTO 128¢0

1460 PRINT USING "®.&3% #.owEd dHE #.858% $.4%4 FLoanAw FL.RHER
&

(NDY,NM,NC,PSIN,NC/NICI) , T2(N)/T1(J) ,(T2(N)-Ti(J) /T, ,PESIR

1470 NEAT N

1420 FRINT

1490 PRINT

1500 PRINT "= = = = = = = = = = = = = = = = = = = = =« = = = = = = = =
[3:10 PRINT

1520 N J

1533 FRINT

1590 FRINT

15350 PRINT “SUMIMARY NUSSLCLT NO. AND RCCOVLRY T[ACTCGRS™

15860 PRINT "Musselt nos shown below are for the limit of zero current."
£5370 PRINT Memmmrm e e e e e e e e e e — -

1380 PRINT

1590 PRINT "RLYNOLDS & NUSSCLT MNOS. & RCC. TACTOR BASLD ON STAG. CCKDI
1600 PRINT

1610 PRINT "U(CCHM/SCC) RE WU PE TN ET A8

1620 PRINT

1625 T=5/3%T-460

1636 FOR J=1 TO 2

1640 LET R2=(1337%P11)/(2.882C+06*(T+460)*C(S/%))

1650 LET M2=.0000109%(C460+T) " “L1.5)/(T+659)

1660 LET R3(J)=D*RZ%U(J) /M2

1670 PRINT USING "#nsd.hé . Fa# (N R w.nRw §.488", UL(J
MI(I: NICIIINOLI)Y , TI(JII(S*(R850+T3 12

680 NCKXT J

b o g
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-




——
(=]
=3 e s |

3

BN e e
O OO0 @6 NN
s

[ gle il o e i o
e B s B A R R R S I T I o I = B o0
=3

~
oL
(<=}

2
n

DWW M- O NoEm NN
o

OO0 o0oOCcC o0 o0 oo

(= &)

2w W WL WwWWW W WM
Rl = S

B DD DD DD D
o

S I I B O

[~

C OO0 OoOO0OO0O0OC OO 0o o0 oo

(3 R N

o 0

73

APPENDIX C

FLOW CALIBRATION DATA REDUCTION CODE: COMPRESSIBLE FLOWS

HIFLOWEC2

TH1S PROGRAM :WSES THE TLOW DATA FILE TO DETERMINE THL CORRECTED
HOT-WIRE CHARACTERISTICS USING DEWEY'S CORRECTION FACTOR ITERATON
FROCEDURE.

L B O R i I S S G A S
vV(300),v1(300),C(300>,C1(¢(2300)>,R(300),C2(¢(300),C3(¢(300)
F1(300),P2(¢(300) ,NC300),B12¢(20) ,M(C(20),J(20)
D(20),D0¢20),D1(¢(20) ,D2(¢(20) ,A0¢(20),A1¢20),A2(20)

£17¢(20),T1(¢(20) ,NOC20),T2(¢(300),T3¢(300),N1(¢(300),NICZ20)

M4 (200, R2ZCZ0)., P3C2:00) , KR 200

g g

s e s e Sl

M T4(20) ,M5¢(20),R3(20),M6(20),R4(¢20) ,K1(20) ,N2(20),R5¢20)

PUT "“INPUT FLCW CALIDBRATION DATA FILE:";F1%

ENM F1% COR IMNPUT AS -FILE #1

NPUT #1, RIL,AL2,A13,A3,D1,D2,D8,D4,D5,D6,D7,08,R},P,A,S,T,L,D
OR N=1 TO A3*PD

#1,VI(N}Y ,PYON),P2(N},Cl (N)

)
e
"

- C
]

N

EX

LET T=57/9*(T+460)

PRINT

PRINT

PRINT “THIS 1S THE ‘'HIFLOWO01' PROCRAM WHICH COMPUTES RESISTANCES AND"
PRINT *“SLOPES BY QUADRATIC R-RI2 FITS (I.E. R=A &+ BI2ZR +C(I2R)2)"
T O S O e e i
PRINT

PRINT

PRINT "PROBE HOLDER NO.:";Al1

PRINT "WIRE NO.:";A1l12

PRINT "TLOW CALIERATION NO.:";A13

PRINT “ALL DATA SHOWN ARE EOR' STAG. TEMPERATURE (DEG K) QF:“;T
PRINT “THE SUEPPORT TEMPERATURE SLOUADING (TS<TE)/TQ I5"%
INFUT TS

FRINT "“INPUT PRESSURE MEASURED FOR DETERMINATION OF M (1-3TATIC, CR-PI
INPUT PR

PRINT

PRINT

FOR Jd=1.TO P

LET B=0

LET B1l=0

LET B2=0

LET B3s0

LET B4=0

LET "BS=0

LET ~B6&6=0

EET DB?7=0

58=0

B?=0

Bt10=0

N=(J-1)*A3+1 TO J*A3

B?=B?2+P1(N)

E10=EB10+DP2 (M)

v T ey eal pal

_—

"M M0 MM N

1=8B9/A3
2(J)=D3+D6*3B11
3=010/A3
4=D7+DE6*DB13
]

i

il

»1»14»«1—!»}»!»2::»14»1

2 I o= e I oo B o5 I o>

=014/B12(J)

PR=1 GOTO 344

M=1+SCR(-3ALOG(E15))

Bléu=(C1+1 . 166758 (M* 2132 (-2.8))%(CC2.4%2CHM*"2))/€.4X(M"2)+2)2"°3.8%)
(B15-816)/73815 (= .001 GOTO 540

[l el ol ol o
-

H
~ Mo
-
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0 LET Mi=M*(1-(B15-B16)/(4*%BE15))

0 LET M=M1

0 GOTO 490

0 LET M(J)=M

2 GOTO 550

4 MCJ)ulCCL7B1E) . 285714-13%8)°.§

0 PRINT "OVERMEAT TRAVERSES FOR PO(HMM HC)Y=";B12(J)
0 PRINT “LOCAL M=“;M(J)

0 PFRINT

L1 LA LA LN Ch LN Lh €Y e e
O NN D DD W e

O SRRENTT S ECHA %, ST 20 MAR Y, YT 2 RS RO HMS ) 2, P TN CDRG: K"
90 PRINT
6§00 TOR N=(J-1)*A3+1 TG A3*J
610 LET V(N)=D!+D2%Vi(N)

620 LCT C(N)>=D3+D4x*xC1(N?

630 LET R(N})=(VI(N)/C(N) 3} -R1

€490 LET C2OND)=CCN)°*2

650 LET CI(N)=(C(N)“Z)*R(N)

660 LET T2(N)=273.15+R(M)/S5-1/A

670 PRINT C(N),C2(N),C3(N),R(N), T2 (N>
680 LET B1=B1+C3(N)

690 LET B2=DB2+C3(N) ‘2

700 LET B3=D3+C3(N)*3

710 LET B49=B4+C3(N) ‘4

720 LET BS=DBS+R(MN)

730 LET B&=B6+R(N)I*C3 (M)

740 LET B7=B7+(C3(N)*2)*R(N)

7% NEXT N

760 LET D(J)=A3*B2*E4+2*D|{*D2%B3~DZ2°3-A3*(E3°2)~-(E1°2)*B4

tal LET DO(J)=33%B2%34+52*B3*B4+51%B3*%37-(E2°2)*%*B7-(B3“2)%B3~-B1%B4*Bé
780 LET D!(J)=A3*B4*56+B1*B2*B7+B2*02%B5-(B2°2)%B4-A3*B3*%B7-D1*B4*BS
7?0 LET D2(J)=A3%82%B37+B1*B3%35+B1*x3B2*%34§-(B2°2)*35-A3*83*B4~(B1"2)*B7

800 LET A0(J)=DOC(J)/DCJ)

810 ET A1(J)Y=D1(J)/D(C(J)

. 820 LET A2(J)=D2(J)/D(J)

830 FOR N=(J-1)*A3+1 TO J*A3
C=BO+(RIMNI-AQ(I)-AL(JI)XCI(N)I-AZ(J)I*(C3(N)Y"2))" 2

P X

880 PRINT "RESULTS OF THE ABOVE R(W)=R(I2ZR) ZND DEGREL
EVIATION=";B17(J)

8920 PRINT "AQ0=";A0(J),"A1=";A1(J),"A2=";A2(J),"RMS D
900 PRINT  "AND"
910 LET T1(J)=AR0(J)I/S~-C1/AY+273.1%
220 PRINT “"RECOIMS)a"; ACCIY,"TECDECK)=" ;T1¢J),"REC.FACTOR=" ;T JI4T
730 PRINT "KE(CGC3)=";60+8.583*T1(J),"BURNOUT I AT I=0(MA)=";1/5QR(A1(J))
940 LET NOC(J)=10%45/(3.1416*%L*(444.5 +7.238*%T1(J))*A1(J))
23S REM ZERO CURRENT CORRECTED NUSSELT NUMBER CALCULATION

v/
(e gl S5+.07238*T
S KW=30230%#C1+.00010724x(T1(J>=223))
6 ETAMO=TS+TL1(J)/T
7 KR({J)=X0/KW
0
U

9t S1=L/D*(NOC=XO0/KW)"* .3

990 TAMHS<-(CAXL(S1)-CAL(-S1))/(EXP(SL1)+CXT(=-51))
1000 WNI(J)=NOC(J)*(1-1/53:=TANHS)

1010 DITF=NI(J)-NOC

1020 IT ADS(DIFF) ¢ .00t GOTO 1040

1030 II' DIfFf ¢ 0 THEMN MOC=(NIC(J)+NOC)/2

1040 IF DIFF > .001 THEN MOC=NOC-DIFF/?2

1050 COTO 980
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1060 PRINT “ZERO-CURRENT NUO (CORRECTED)=" ;NI(J);"EXP. C=";-A2C(J)/A1(J)
1065 PRINT "CORRECTION FACTOR PSIN=";NI(J)/NOC(J)

1070 PRINT

1080 PRINT

1090 PRINT “OVERHCAT DEPENDEMCE OF NUSSLCLT NO. AT PO(HM KCHY-";Bi2c¢J)
1110 PRINT

120 PRINT "I(MA) NM NC BSTN NC/NE TWI/TL (TW-TE) /T BE T
130 PRINT

140 TFOR N=(J-1)*A
160 LET NI(N)=EXP
NHM=N1(N)*NO(J)

3+1 TO JxA3
((=A2(J)/AL (I3 I*C3(N)Y)

D T SN S PPN
e
c

120 LET EP5=0

194 LLCT HNC=z=HHM

220 KW=3023C0*%{(i+.0001072*%(T2(N)-223))

230 TW=(T2{(M}-T1(JIIT

123% I¥F TI(NILATILI)Y COTO 14%0

1240 ETAM=TZ(MN) /T

12491 ETAS=TS5+T1(J)I/T

12495 TI=TW

1250 S2=A*T/(1+A*(T1(J)-223))

1260 RV=4*AK0(J)/(3.1416%D"2)

1270 PSIC=0

1280 RCM CALCULATE THE CORRECTION PARAMETLRS
12720 LAMBDA=L/D*(NC*(XO0/XKW))* .5

1300 MNU=(LAMEDA 2-C(N) "2*RVAL*2*%52/(4*KWXT))"* .5

=NI(JI®X(TI-EPS5)/ (TWxNM)
1310 NUT=NUX(1+S2*TW) " .5%X1I

-
w
o
(2
"
=
~r

XPD(NU) +CXPF(=-NU))
I{EXP(NUTY-EXDC(-NUT))

~

=(CXP(NUT)-EXP(-NUT)

Te=

: 1 EG INUT
23 G2 CCA/NU
1360 EP TE3*(GL1/(1-C1))
1380 TI *G2)/(1-G2
1385 TC=TW/(TI-EP2S)
1390 BS 1+S22TI)/(1+5Z*TW)
1400 PS -ETAS/ETAM*C1)/(1-C1)
1410 IT PSIN-FPSIC)><.001 GOTO (480
1420 RE CULATE THE NIW PARAMETERS
1460 NC= *NM
14635 25 IN
1470 COTO 20
1480 PRINT USING "# . &4 8. REH LI H.RRE LI R 3 w.REH LI R . #a8"
C(N? ,NM,NC,PSIN, NC/NICJ) , T2Z(NY/T1(J),(T2(N)-T1(¢(J))/T,PSIR
1490 NEXT N
1500 PRIMT "= - = = - - - 24 e e e e e e [ et e e i e e e el e e et
1510 PRINT
1320 NEXT J
1330 PRI
1540 PRIMT
1550 PRINT “SUMMARY: MNUSSELT NO. AND RECOVERY FACTORS"
15360 PRINT Memmm e m e e e e e e e e e e e e e e e e e e "
1370 PRINT
1380 PRINT “RCLO & CORRECTED MNUSSLCLT NOS. & REC. TACTOR BASLCD ON STAC. COND.*
1520 PRINT
1600 PRINT "TO(MM) M RE MU P8I ETA rsin K"
1610 PRINT
1615 T=7/34T-4460
1620 POR J=t TO P
1630 LET P3C(J)=1337*2012(J)
1640 LET MZ=.0000102*((4460+T)"1.5)/(T+659)
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1650 LET M3=.000&696/SAQRC(S/7F)*x(T+460))

1660 LET MA(J)=(1+ 2% (M(JI}*2))

1670 LLT R2(JI=P3(JI*M(II*X(L1/M2)*MIA(MI(T) (-1 .5))*XL(C1/M4(J))+(198.6/(460+T)¢&
)/ ((1+1978.67C460+TH23))

1680 LET TQ(JI)=(G/9)%(T+4960)/H4¢J)

1679 LET MS&(JY=,00001098%xCC((9/SIXKTQ(JIY) L. .§)I/CCR/SYXTA(JI)+198.8)
1700 LET R3(J)=R2Z(J)*MSC(IJ) /M2

L7300 EET 1té CJ.)ie 00001 09% €¢I 948 Y 2T1 I ¥ 100 L GO A8 YT ECT ) 4198 . &)
15 LET RQ(J)=R2L4TI 2SS (I ) M8 Cd

£730 LET Kild)=6014+8,883%T1¢J)

1740 LET K2=60+8.3583*%(35/92)*%(460+T)

1780 LET N2(J)=NO(ID*2LILJI) /K2

178600 LET RE(CII=HQARCEBARI (I 3

17262 ETAMO=TL(JYIT

1764 CTASO=TS+T1(J)/T

123 NUO=L/D2(NI(J)XKR(J})"* .S

1780 OMEGCAO=(EXr(NUC)-CAP(-NUQ))/(CAC{(NUOQO)+EXT(-NUC))

17?20 FSIRO0=(1-ETAS0/ETAMO*OMECAQ/INUD)/(1-OMEGAOQ/NUG)

1800 KN=1.48294*1M(J)/(RZ(J)*D)

1810 FPRINT USING "##% . &% R.o#aew fLoRER fL.oRRE R.®ER #.888 #.8%%8 wh LR
&

B12¢(J) ,M(J) ,D*R3(J) ,NIC(J) ,NICJ)/NOC(J) ,TLi(J)/(5*(460+T)/9),PSIRO,KN

1820 NEXT J
1830 PRINT
1840 PRINT
1845 CLOSE &1
1850 END
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APPENDIX D

HOT-WIRE RESISTANCE-TEMPERATURE COEFFICIENTS

20 yin. Wires

PROBE /4 R (2@0°C) o,.x103(1/ %)
30/4/1 128 57.45 1.773
30/2/2 132 59.4 1.579
30/3/1 134 60.37 1.559
26/4/1 138 61.99 1.581
25/3/1 166 74 .41 1.549
27/3/1 187 84.22 1.566
29/8/1 206 92.78 1.574
29/8/2 211 94.68 1.530
29/3/1 207 92.9 1.546
25/2/1 216 96.97 1.632
25/2/2 216 96.94 1.571
06/6/1 224 100.56 1.572
06/6/2 231 103.97 1.511
29/1/1 235 103.7 1.594
29/1/2 235 105.17 1.600
29/1/3 235 105.6 1.583
27/2/2 246 . 110.4 1.587
27/2/3 245 110.09 1.587
26/3/1 274 122 .65 1.705
17/5/1 281 126.56 1.547
17/5/2 282 126.56 1.567
28/3/1 289 129.78 1.613
06/2/1 292 131.2 1.568
06/2/2 293 131.6 1.565
25/4/1 307 137.95 1.573
29/4/1 331 148.81 1.568
29/2/1 405 181.9 1.567
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50 uin. Wires

PROBE 2/4d R_(Q@0°C) a.x103(1/ 0C)
29/7/1 94 16.96 1.419
29/7/2 94 16.74 1.624
09/4/1 176 31.7 1.602
06/5/1 186 33.23 1.674
29/5/1 225 40.34 1.591
07/7/1 227 40.59 1.657
26/5/1 259 46 .52 1.562
07/4/1 293 52.56 1.606
17/4/1 295 52.86 1.634
06/4/1 413 74 .14 1.626
29/6/1 416 74 .65 1.590
09/3/1 419 75.15 1.679
07/6/1 448 80.39 1.575
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APPENDIX E

FLOW CALIBRATION RESULTS

M=3; d=20 pin.

FLOW CALIBRATION RESULTS: PROBE % :30/4/2
M RE NUM NUC PSIN ETA KN 1i8
3051 e S 2. 1T 067 02 7.98 RS 1 Arteidl- ~ 253
OB R OrEn, 153728 SI.028 L0792 02965 b.o%% 4Z58
35082 08 T 3586 . 000% 079 Vel o S T R |
3005 o0 998 sl 3 dau of L0 08T 48 0567 i Bah - 255
31018 00 AR0 595 173090 Soliere i MnC 7 34 0:8906.00, K1 maiFal- Fags
3.08% 00vEe . 1 e3 1.069 0.748 0..975% 1. 955 - 1252
3-.066500.881 1,360k 21 007740~ 740 O s e R R o
306 78 0839 Sy e s G 0.8 TR0 740 05970, 2. P41 %60
30049 108068 1,227 . 0.888 _i0-724 %959 2,228 277
07005746 1 3N E S 1052735 (sTREF S e L L3
3,008 9 E0RS228 1, 24890~ 902 0 728 0096 3RFD a8 275
3064 U693 ¢ 1,267 10920 700729 0 9 &6t 591 292
3.084508.85 333005982 500757 0 297650 NT2S Pulb3
SL0SSN L OINET 0 1 37D T ROt 0.9746. . 2.852 264
3RO TR o 1., 1 84 0 JBugsl0 T T 0.959  3.0851 283
fLOW CALIERATION RESULTS: PROBE # :28/471
M RE NUM NUC FSIN ETA KN 175
040 MN08T7 L0722 0 46000 valap 0.'818:80 Il 690, | 358
8570400 1003 0.703 0.452. 0.643 0879 51,751 = 340
83,0400 0,994 07068 10/95% 0.645 0890, ‘=814 2,358
3.040:-0.958 " 10,682 v0.440 " 0.639 0.880 1,883 ' .3é64
0Ot -9 20, 0. 6T F0MaZTLE 0. 834 0287 642 129601115370
37060001 88% 0,656 04t D627 0.873 2,049 .327
30400845 <10, 662 0. 44880085829 0.884 052 33" . 375
3,090 '0.810 ‘0.640 0.3%8" 0.621 0. 8785 2:225 . .383
FLOANEE DL 27T 006520 0%A0ET 0 625 e T o R
U500 0.. 734 0,448 0,409 9082 0.fags ! SZua5g . LS80
3.0490 0.69%6 0.608 0.369 0.608 0 B 4600 LZig8 et 398
350808 F00 560 o819 0. 3RS L0 el (VR P W e A e R
040 TR0 SR G 24 10 e 08 0883 2ie9w  .advo
3., 0400 20L1S6 % 104600 0,364 0,805 0,873 8082 ~.4901
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FLOW CALIBRATION RESULTS: PROEE # :07/8/2

M RE NUM NUC PSIN ETA KN 1/5
0.851 4.644% 0.763 0.669 0,877 el i e 0.245 s &
0.851 4.327 0.782 0.686 0.878 0.78¢ 0.263 <122
0.85 $50172 0.72¢ 0.634 0.873 0.984 0.283 e Wy
0.852 3.710 0.649 0.962 0.865 G.v80 0.307 139
0.852 3.41 0.685 0.593 0.869 0.987 0.3338 - dad
0.85% 3.037 06.598 0.514 0.85¢9 0.98¢ 0.375% 141
0.854 2.766 0.528 0.44°9 0.284% 0.981 0.4912 . 151
0.85 2.4930 0.49¢ G.419 G.3844 0.9€¢ 0.470 .15¢
0.858 2.122 0.491 0.4914 0.843 0.994 0.53¢ W&

FLOW CALIBRATION RESULTS: FROEE # :07/8/3
M RE NUM NUC PSIN ETA KN 1/85
1.607 3.7354 0.801 0.705% 0.880 0289 0.433 120
1.564 3.611 0.7079 0.618 0.872 0.%%¢ 0.467 .128
S 3.448 0.698 0.480¢8 0.871 0.298 0.481 129
1,457 3.282 0731 0.63°9 0.874 1.002 0.497 .126
1.392 3.09%3 0.693 C.6GS 06.870 1.001 G.9i3 .130
1.321 2.89%1 0.5%9¢9 0.518 0.635Y (B 27 0.393% wid
1.24¢ 2.685 0.578 0.495 0.857 B 4 0.5356 +1493
) s BB 2.430 0.566 0.483 0.85% 1.003 0.584 .145
1.033 2.138 0.438 0.384 0.837 D321 0.61¢ . 163

FLOW CALIBRATION RESULTS FRCEE @ 07/8174

i Rz NUM sUC FSIN cTA nid 245
0.400 2.964 0.741 0.é648 0.875 0.98&3 0.19S 1495
0.400 2.763 0.80¢8 07181 0.880 0293 0.210 120
0.400 F N G.659 [ et By | 0.2867 0.988 0.22% 133
0.400 2.372 0 739 0.703 0.8¢80 QL ¥97 U.Zs4 1Zvu
0.400 2.143 0.733 0.641 0.874 (R U.Zé¢ ~12&
0.400 1.,947 0.704 R 0.871 U299 G.z2%4 5 B Ay
0.400 ) AL G.6356 C.3567 0.866 05298 Q.3%9 . 134
0.400 i.331 C.5380 0.4997 0.8957 05974 0% -143
0.400 1.343 0.3546 .465 0.852 0., 993 0. 146
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FLOW CALIBRATION RESULTS: PROBE # :29/8/1 L/D=207
" RE NUM NUC PSIN ETA KN 1/5
0.200 1.586 0.991 0.813 0.820 1.020 0.186 180
0.200 1.483 0.935 0.761 0.814 1.021 0.19%9 18¢
0.200 1.370 0.844 0.678 0.803 13009 0.213 e B
0.203 1.28¢6 0.89¢9 05 728 0.810 1.022 0.235 « 490
0.207 1.192 0.8é68 0.700C C.80¢ 1.023 0.255 194
0.210 1.08¢ 0.7%3 0.632 U.2%46 1 0ld v.28% 204
0.2135 RECISS (B AR ¢ 0.602 0.72%1 1.618 0.518 2Gy
0.223 0. 3487 0.669 0.515 7748 1.04635 6.358 iio
0.233 0.815 0.670 0.520 G.776 1.021 0.420 <223
FLOW CALIBRATION RESULTS: FROBE # 291812
M RE NUM NUC PSIN ETA KN 1/S
) i3 5 4 q9.687 1.1358 Q..74% 0.634 1.010 U.28¢ ico
1.061 4.384 1.044 0.862 0.826 1.01% 0.30¢ 174
1.060 4.04°9 1.031 0 S0 0.824 1.023 0.330 i76
1.061 3.737 G6.903 0.732 o813 14018 0.35¢ 189
1.061 3.438 0.867 0.699 0.806 1.020 Q.39%21 + 194
1.063 3.082 0.8079 0.646 Q799 1.022 0.43¢ 201
1.064 2.776 0.761 0.620 0.794 1.628 0.48¢S 206
1.Goo0 2.6492 0.69¢ 0.%44 0.78¢ 1.C20 3.3%z2 2290
1.0s2 2.072 G.o214 C.a78 C.7¢é 1.0Z3 G.643 34
FLOW CALIERATION RESULTS PROEE # 271813
M RE NUM NUC PSIN ETA KN /5
0.168 1.302 1.079 0.894 0.829 1.034 0.185 171
0.18¢ 32331 0,858 0.6879 0.805 1.030 0.206 195
0.182 1.209 0.9354 0,773 0.816 1.036 0.223 184
0.183 p S 7 e § 0.8612 0.649 B, 799 1.02°9 0.242 201
0.184 1.018 0.813 0.650 0.7%% 1.032 0.266 201
0.182 0.90¢8 QUL 0.556 C.783 1.026 0.296 S
G.183 G.&00 0.763 0.6G4 Q732 1.033 0.337 .208
0.187 0717 0.762 0.589% 06.78% 1.035 0.385 212
0.18¥9 0.624 0.676 0.5295 0.776 1.034 0.448 . 224
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FLOW CALIBRATION RESULTS:. FRUbL # :2y/8/4

" RE NUM HNUC PSIN ETA KN 115
0.239 1.883 ) S Al 5 0.83:& 0.8623 1.036 Q.20 857 b B3
0.235% .65 7 J2.8792 0.722 0.&807 1. 029 0.202 = ]
0.234¢ ) A T B 1.030 0,849 0.824 1.038 0.2244 174
0239 11410 0.€953 0.68¢ 0.804 1.030 0.2495 176
0.285 1.72:89 C.876 0.70e 0.80¢8 1.024 0.2¢8 193
0.233 2ri 2190 0.780 0.620 W2 ¥4 s SBRJ 0299 2300
0.233 1.013 0.766¢ 0.607 0.792 1.028 0.338 .208
0.23595 05896 0.722 0.567 0.2 785 1.030 C.38¢ 213
0.237 @1'7.7:0 0.69%1 0.353°9 O BRZ9 1.031 0.433 s 2 1

FLOW CALIBRATIONW RESULTS: PROBE # :29/8/3

M RE NUM NUC 2SIN ETA KN 1/5
0.395 2.94S5 0.9 18 0.743 0,812 12 QL8 07394 +188
0.3%4 2.624 1.026 0.845 0.824 1.02 Q217 o i
0.393 2.82¢6 0.984 0.807 0.820 1.02¢8 0.235 .180
0.3¢93 2.214 0 902 0,789 5 ol 1 15 15027 0.257 <18y
0.3%2 2.003 0.%902 0.732 0.811 1.927 0.284 . 189
0.392 1.823 05,819 0.656 0.800 1.0294 0.312 .200
6.392 1.607 QL7649 0.607 05,293 1.022 0.33 .207
0.392 1,388 0.6%0 0.537 0 79 1019 Q. 4911 221
FLOW CALIBRATION RESVULTS PROBE & 291816

i RE NUM NUC PSIN ETA KN /5
0.9591 3.9486 0.925 0.752 0.813 1.012 0.211 .187
0.59%1 3.3933 1.027 0.846 0.824 1.0620 0.239 ok, 26
0.3590 3.287 1026 0.84¢ 0.824 120321 0.258 o
0.58¢9 2.%974 (¢ s iR | 0.793 g.818 1.021 0.279 .182
0.58¢9 2.680 1.000 0.321 0.821 1.025 0.310 o S
0.588 Z.447 g.933 06.7061 0.814 1.0295 0.33° 186
0.5¢¢ 2.173 8.7%93 0.631 0.796 10109 0.382 204
0.58¢ 1.9C2 05792 0.62°9 Q756 1,023 0.436 204
FLOW CALIERATION RESULTS ¢ROBE # 2721817

M RE WUt HUC PSIN ETA KN 175
0.766 4.49612 1.103 0.71¢ G.e831 Ptle 0.234 S T
0.7é4 4.017 1 07N 0.8¥%4 v.827% i.01e¢ 9.259 ) S
0.765% 3.703 0.5%01 G.730 G.&11 1.007 RBie 281 187
0.763 d.411 L0l 3 0.834 0.823 Vi, 018 0.303 Sl
0.7 3.0%6 T, o | 07287 0.815 Y0z 4 0.3356 w183
0.7e¢2 W 0.87¢ 85,767 GC.E807 20 0.377 ) & 4
L T Z2.4981 G.677 0.3526 (O MRS G Y g 1.0G3 U.418 223
0. P Z.180 U= 834 U.o42 (e ] 1.021 ¢.47¢ 201
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