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ABSTRACT

An apparatus was constructed for the determination of
thermodynamic properties and convective heat transfer coeffi-
clents for propane in the supercritical region. Propane was
circulated through a closed heat transfer loop containing an
electrically heated, horizontal, 0.3 inch I.D. Inconel tube.
The tube served as a flow calorimeter to measure specific
enthalpy changes at 700 psia as a function of the inlet and
exit bulk fluld temperatures in the range 165 - 250F. The
enthalpy-temperature behavior was constructed by a least
squares computer fit utilizing the Schmidt orthogonalization
algorithm. The data are believed accurate to 0.5 Btu/lbm.
The 1sobaric heatlcapacity was calculated from the enthalpy
data. The thermodynamic results are tabulated and presented
graphically as a function of temperature. Calorimetric data
were not previously avallable for propane in this region.

Heat transfer coefficients were determined from meas-
urements of the wall temperature profile and heat flux, and
calculations of the bulk fluid temperature at various posi-
tions along the tube. The range of variables studled was:

Reynolds Number: 80,000 to 800,000
Heat transfer rate: 10,000 to 120,000

Btu/hr.sq.ft.
Bulk fluid temperature: 165 - 250F

iv



The experimental coefficlents exhibited normal behav-
ior. Arfter entrance effects, the heat transfer coefficients
increased, decreased, or remained essentially constant with
length depending primarily on whether the ratio ¢f the wall-
to-bulk specific heat capacitles was greater than, less than,
or approximately unity. Relative maximums were observed in
the heat transfer coefficients as a function of bulk or wall
temperature at constant heat flux and Reynolds number. The
relative maximums became smaller and less pronounced and were
displaced further from the transposed critical temperature as
the heat flux was 1increased.

An expression for the heat transfer coefficient is
proposed which represents an extension of Petukhov's equation

to account for density effects:

. h'éb (gpﬂ >o.5u ( k_b >o.20 ( fp >o.27 < Hy >o.02
pb ky Pu My
This equation correlates successfully local heat transfer
coefficients for propane in the supercritical region. The
correlation reduces to the conventional expression when applied
to regions where property variations are small and ylelds con-

servative estimates in the near transposed critical state.
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FORCED CONVECTIVE HEAT TRANSFER AND THERMODYNAMICS
IN THE SUPER CRITICAL REGION

CHAPTER I
INTRODUCTION

With the development of equipment for heat transfer
at extreme operating temperatures and pressures, the problem
of varliable fluid properties has become more severe. Large
temperature differences between the fluid and the contact
surface at ordinary conditions can cause a severalfold change
in the physical and thermodynamic properties. However, as
long as these variations are uniform, the usual empirical or
semitheoretical correlations using constant or reference
state properties have generally been successful in predicting
the heat transfer characteristics. When the property varia-
tions are both irregular and large, such as occurs in the
critical region of a fluid, the conventional correlating
techniques have not been successful.

The major objective of this investigation was to
study forced convection heat transfer in the supercritical
region and to develop a method of correlating the results
so that predictions might be made without heat transfer meas-
urements. Propane, whose critical point occurs at 206.3F and

1
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617.4 psia, was selected for study for two reasons: (1) the
ease of attaining the critical state without adverse effects
due to high preésures and temperatures, and (2) the availa-
bility of physical property data for the critical region.

In addition to the physical properties, viscosity,
thermal conductivity and density, it 1s necessary to have an
accurate knowledge of the specific enthalpy or isobaric heat
capacity in order to determine the accuracy of the results
and to study the effect of property variations on the heat
transfer coefficlient. 1In the critical region, these thermo-
dynamic data are either non-existent for most fluids or they
have been calculated from volumetric data, and as such, are
subject to large errors. Hence, the apparatus was constructed
to operate as a flow calorimeter in order to measure the
thermodynamic properties of propane.

The experimental method consisted of measuring the

~ energy tfansferred to propane flowing turbulently through an

electrically heated Inconel tube, 0.358 in. outside diameter,
G.0285 in. wall thickness, and 21 in. long. The variables
measured were: (1) bulk fluid temperatures at inlet and
outlet, (2) mass flow rate, (3) electrical power dissipation
or heat flux, (4) static fluid pressures, (5) pressure drop
across the tube, and (6) the external wall temperature profile
as a function of tube length. A local rather than an average
heat transfer coefficient was determined because of property
variations and entrance effects. The coefficient was defined

by the expression:



—_ (1)

where:

q, = local rate of heat transfer per unit inside

wall area

tw = inside wall temperature

tp = bulk fluild temperature

The problem of heat transfer in the critical region
has at least two important aspects. These are: (1) the
effect of variable fluid properties on the rate of transport
and (2) the effect of the proximity to the critical state on
the transport mechanism. The present investigation is a

study of these problems.



CHAPTER II

SURVEY OF THE LITERATURE

Heat Transfer Correlations

Most empirical and semitheoretical correlations for
convective heat transfer attempt to correlate the heat trans-
fer coefficient in terms of dimensionless grouplings of the
var;ables characterizing the geometry and fluid properties.

A typical example of such correlations is

Nu = a ReP? pr° (2)

where

]

Nu = Nusselt number, hD/k
Re = Reynolds number, DG/u

Pr

Prandtl number, Cpu/k

a,b,c constants

These correlations have not been successful in the critieal
region. This i1s probably due to the rapid and irregular
variation of the physical and thermodynamic properties wlth
temperature so that it 1s difficult to decide what value to
use for these properties in the correlation. Deissler (7)
has proposed a reference temperature rule for evaluating the

Nusselt and Reynolds numbers which he formulated from

N
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calculated Nusselt numbers for supercritical water. Bringer
and Smith (5) have tested this rule on experimental heat
transfer data for carbon dloxide at 1200 psia. They found
that the correlation did not fit their data.

Other workers (15,19,32,36, and 40) have suggested
the use of reference temperatures. Utilizing both theoretical
and experimental results, Rubesin and Johnson (32), and later
Eckert (15), Sommer and Short (36) and Young and Janssen (40)
found that heat transfer correlations with constant properties
could be applied to cases with property variation if <the
properties were evaluated at an appropriate reference tempera-
ture. These studies were concerned with both laminar and
turbulent boundary layer flow across flat plates. Knuth (20,
21) has extended the analysis further with considerable success
except for certain types of chemical reactions (139). The study
of reacting systems was more pertinent to studies in the near-
critical region because these systems have high effective heat
capacities. However, the variation of heat capacity with
temperature in all these studies was never so large or irregu-
lar as the varliation in the critical region. Because the
reference state procedures have been successful only with
small or uniform changes in properties, it would appear doubt-
ful that such an approach would be successful in the near-
critical region.

Shitzman (35) has presented a dimensionless correla-
tion in the form of Equation (2). The Reynolds and Musselt

numbers are calculated using physical properties evaluated at
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the bulk fluid temperature. The Prandtl number is taken as
the smaller of the values computed at the wall and bulk tem-
perature. Koppel and Smith (23) applied Shitzman's correla-
tion to their data and those of Bringer and Smith (5), Dick-
inson and Welch (13), and Powell (30). The correlation was
not satisfactory on a Shitzman type plot.

Deissler (7,8,9,10,11) has proposed a model for the
calculation of temperature and velocity profiles for turbu-
lent heat transfer to fluids with variable physical properties.
This model is based on the anology between heat and momentum
transfer. The following equations for the rates of momentum
ahd heat transfer perpendicular to the direction of flow have
been used by Deissler to predict semitheoretical expressions

for the heat transfer coefficlents :

'f=§l:(u+p€m)g-;—; (3)
q = -(k + pChe, ) % (%)

where: Ve
T = shear stress
u = bulk viscosity
p = density

€ = eddy diffusivity of momentum transfer

=)

local fluid veloecilty

<
H

= perpendicular distance from wall

rate of heat transfer per unit area

L < I
n

= thermal conductivity
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C.. = 1sobaric heat capacity
€y, = eddy diffusivity of heat transfer

8. = dimensional constant

d
L

local fluid temperature

Deissler defined dimensionless veloeity, temperature and

distance variables,

ut = e (5)

+ Ve ¥
Ao ©

(t., - t)p . C.V 1 1
£t e . W pW % _ 5.(1 - E; > (7)
W
1/2
Ve = ( ZeTw ) (8)
Pw

which upon substituting into Equations (3) and (4) yield:

Too[u,e Sn 7du (9)

+-—
Tw Hy Py /Py 1 ay*t

pC € + |
= S +.__§2_ h at (10)
Qy [ karw PuCou uw7pw'] dy+

where the subscript w denotes conditions at the wall; the
superscript +, dimensionless variables; and B 1s the dimen-
sionless heat transfer parameter defined by Equation (7).
In order to integrate Equations (9) and (10) to ob-
tain the velocity and temperature proflles across the tube,

Deissler assumed:
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(1) The eddy diffusivities of momentum and heat are

equal and are given by: . .

e [ B ] e
" (11)

2 du
€ dy+

; oyt > 26 12
uwfp" <d2 y ( )

where m and n are experimentally determined
constants.

(2) The variation in the shear stress and the heat
transfer rate across the tube has a negligible
effect on the velocity and temperature profiles,
i.e., v/, and q/q, are unity.

(3) The physical and thermodynamic properties may be
represented by a logarithmic relationship of the
form:

Wiy =a(l - 8t%)° (13)
where:
¥ =4u, p, Cp, or k
a,b = constants, different for each

property

With these three assumptions, Deissler solved Equations (9)
and (10) simultaneocusly by iteration to obtain the velocity
and temperature profliles. The profiles were then integrated

to give the bulk temperature and velocity which were used to
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calculate the heat transfer coefficient from Equation (1).
Deissler (10) has presented results for supercritical water
in the form of a Nusselt-Reynolds number plot with various
parameters of B at constant wall temperature and pressure.

Deissler's model has been fairly successful in pre-
dicting Nusselt numbers. The solution, however, involves
lengthy iterative calculations and hence is limited to use
with high speed computers. It is also based on the assumption
of constant heat flux and shear stress, assumption (2). Cal-
culated evidence indicates that the variation of shear stress
and heat flux with radial position does not significantly
affect the profile. It would appear, however, that the ac-
curacy of this supposition could be Jjustified only on the
basis of experimental velocity and temperature measurements.

Hsu and Smith (18) have modified Deissler's expres-
8ion for the eddy diffusivity to account for the effect of
density variation. Their results show that the density effect
improved the agreement with the experimental data of Bringer
and Smith (5).

Goldmann (16) has developed a theoretical analysis
of turbulent heat and momentum transport with variable fluid
properties. His analysis differs from Deissler's in that the
coefficients in the expressions for the eddy diffusivity are
assumed variable. Goldmann defines a turbulence damping
function which he determines from Delssler's calculated uni-
versal velocity profile. He integrates simultaneously the

radial transport equations, (3) and (4), to obtain the



10
velocity and temperature distributions. These integrations
are also subject to the assumption of constant radial shear
stress and heat flux. The results are, however, only slightly
different than those of Deissler.

Dickinson and Welch (13) have measured heat transfer
coefficients for supercritical waﬁer at 3500 and 4500 psia.
They obtained film conductances greater than those predicted
by either Deissler's or Goldmann's analysis. The heat trans-
fer coefficients were correlated as a function of the wall
temperature.

Visual observations by Griffith and Sabersky (17), of
free convective heat transfer from a hot wire to Freon 114A,
tend to confirm a boilling-like mechanism for heat transfer at
supercritical pressures under certain conditions. G@Goldmann (16)
first postulated a bolling-like mechanism in his §iscussion of
Deissler's paper (7). He surmised that ". . . macroscopic
clusters of liquid-like molecules 'explode' at the heat-
transfer surface, move as gaslike aggregates into the bulk of
the fluid where they 'collapse' agaln into liquidlike clusters.
One may speculate that the growth and collapse of these clus-
ters, like the growth and collapse of bubbles during boiling
at subcritical pressures, cause enough agitation to result in
heat transfer coefficients that are significantly higher than
predicted in the paper (Deissler's)."”

Powell (30) has investigated supercritical heat trans-
fer to oxygen and nitrogen in a vertical electrically heated

tube. Under certain conditions, he observed a "hot-spot", a
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region of the tube which attained a much higher temperature
than the rest of the wall. The "hot-spot" seemed to oeccur
when the bulk fluid temperature approached the transposed
critical temperature. The transposed critical temperature
is defined as the temperature at which the isobaric specific
heat capacity is a maximum. Powell was able to move the
"hot-spot" up and down the tuﬁé by changing the location of
the transposed critical temperature. No explanation has been
found for this unusual phenomena.

Perhaps the first practical problem in which physical
property variations were severe was in the heating and cool-
ing of viscous petroleum fractions where the viscosity change
was large. An empirical modification, using the wall-to-
bulk viscosity ratio was successfully introduced by Sieder
and Tate (34) to correct the conventional correlation.
Petukhov, Krasnoschekov, and Protopopov (28) recently extended
the empirical approach to account for other property varia-

tions in addition to viscosity. They obtained the expression,

, . C._ 0.35 . .0.33 0.11
-y (27 (27 (2

where: HQ Bb
W b

H = specific enthalpy
b = subscript, denoting bulk fluid conditions

from the analysis of their data together with test data of
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other investigators on heat transfer to supercritical carbon
dioxide (5) and water (13,25, and 35). In all, 720 experi-
mental points were correlated, including 307 for carbon di-
oxide. Approximately 90% of the correlated data was within
120% of the value predicted by Equation (14). The isothermal
bulk Nusselt number, Nu;, was given by the expression of
Petukhov and Kirilov (27),

Ny, = Rep Fro 2 (16)

LA (T} W2 (er,2/3-1) + 1.07

where fb is the friction factor defined as
fh=—=2 (17)

Physical and Thermodynamic Properties

The experimental determination of the heat transfer
coefficient by the method used in this investigation required
knowledge of the pressure-temperature behavior of the specific
enthalpy and fluid density. 1In addition to these variables,
it was also desirable to have similar information for the
thermal conductivity, viscosity, and the isobaric heat capac-
ity, in order to determine the effect of property variations
on the heat transfer coefficient.

The variation of thermal properties in the critical
region has bean well established by numerous investigators.

However, recent measurements of the transport coefficients,
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i.e., viscosity and thermal conductivity, have indicated an
unusual behavior for these properties in the near-critical
region., This section 1is a survey of the literature on the

physical and thermodynamic properties for propane.

Density

The PVT data of Sage, lLacey, and co-workers (31,33),
Deschner and Brown (12), Beattie, Kay and Kaminsky (4), and
the American Petroleum Institute Research Project 44 (3)
establish the volumetric behavior of propane in the critical
region. These data have been used as the basis for calculated
thermodynamic functions for propane recently reported by
Canjar, Patel, and Manning (6). Accordingly, their values
were used 1n'this investigation.

Figure 1 18 a plot of the density-temperature rela-
tionship at 700 psia. The functibnality at other pressures

in the critical region is similar.

Viscosity

The viscosity behavior of prcopane in the critical
region has been accurately determined by Starling (38) and
Starling, Eakin and Ellington (37). Their results were ob-
tained using an improved capillary tube viscometer developed
at the Institute of (Gas Technology. Abnormalities in the vis-
cosity-density isotherms, such as reported for carbon dioxide
in the near-crifical region, were not observed with propane.
The viscosity-temperature behavior at 700 psia is shown in

Figure 2.
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Thermal Conductivity

Leng and Comings (24) have measured the thermal con-
ductivity of propane in both gas and liquid regions at temper-
atures and pressures above and below the critical point. They
observed 'humps' in the thermal conductivity-pressure isotherms
at pressures in excess of the saturation pressure. The magni-
tude of the hump decreased as the temperature increased and
was scarcely detectable above 190F.

Their measurements along the isotherm at 222F showed
a sharp peak in the neighborhood of 50 atmospheres. This peak
was believed to be due to convection since the thermal con-
ductivity decreased appreciably with a decrease in the tem-
perature difference across the fluid layer in the cell. Ac-
cordingly, they adjusted their values to smooth out the peak.

Owens and Thodos (26) have reported the thermal con-

O, where ko is the thermal conduc-

ductivity increment, k - k
tivity at one atmosphere pressure, to be a power function of
the density in the case of argon. They show a single curve
representing the thermal conductivity for both gas and liquid
phases. This interesting relation has been attributed to
Abas-Zade (1). When plotted in this form, the data of Leng
and Comings formed a single curve (within experimental error)

as shown in Figure 3. This correlation was used to predict

the thermal conductivity for the heat transfer studies.

Enthalpy and Isobaric Heat Capacity

These thermodynamic properties are reviewed Jjointly
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because they are rélated:- The isobaric hea3—922231322_991_33_______
the derivative of the specific enthalpy with respect to tem- »
peratufe at constant pressure. Prior to this investigation,
caloriometric data were not available for propane in the
eritical region. The thermodynamic functions reported in the
literature have generally been calculated from PVT data and
low pressure specific heat values determined caloriometrically
or from spectroscopic measurements. The calculated functions
require both differentiation and integration of the PVT meas-
urements. This procedure generally gives reliable results
for most regions of pressure and temperature. However, it
is clear from the volumetric behavior in Figure 1, that the
determination of derivatives is inaccurate in the critical
region.

The errors 1nherent in differentiation of PVP data on
the critical region are inuicated in Figure 4. The data
plotted are those of Din (14), Canjar, Patel and Manning (6),
and Sage and Lacey (33). The ordinate represents the differ-
ence in specific enthalpy between the temperature in question
and 180F. Hence, all curves have a value of zero at 180F.
This method of plotting was used to eliminate the various
reference states employed by the different investigators. The
data of Din and Canjar et al. were calculated essentially from
the same set of PVT data. The difference in the enthalpies
primarily represents differences in smoothing and differentia-
tion of the volumetric data.

Specific enthalpy data are required for the
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determination of the bulk fluid temperature, which subsequently
is used to calculate the heat transfer coefficient defined by
Equation (1). The accuracy of these data are included in the
overall accuracy of the heat transfer coefficient. For this
reason, and because of the differences in the available en-
thalpy data noted above, the experimental determination of the
specific enthalpy was necessary in order to conduct a meaning-

ful study of convectlive heat transfer in the critical region.



CHAPTER III

" THEORY

-

The present discussion will be concerned with the
development of an equatlion to accurately predict heat trans-
fer coefficients for fluids with large and irregular physical
property variations. In order to simplify the development,
the discussion will be confined to fully developed turbulent
flow through cylindrical tubes. Aside from this limitation,
the equation 18 to be completely general and applicable to
any fluld at any thermodynamic state for which the physical
properties are known. In the 1limit, the equation must pre-
dict heat transfer coefficlients for cases where property
varliations are small or negligible.

The problem of turbulent heaf transfer in cylindrical
tubes 1s usually solved by one of the following methods:

(1) the simultaneous solution of the partial differential

equations for the conservation of energy and momentum, and

(2) integration of the one dimensional transport equations

(ef. Deissler (10)). The first approach is lengthy and con-

sequently has been used only with the assumption of constant

properties. The second method has been employed by Deissler

(10) and Goldmann (16) to solve the case of variable properties
21
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for supercritical water. Both procedures require extensive
terative calculations and as such are limited to application
with high speed computers. Because of this limitation,
neither of the above methods were considered in the present
investigation. It may be that further study with similar
techniques might prove fruitful.

Conventional correlations such as Equation (2) have
been very successful for predicting heat transfer characteris-
tics 1n the case of small property variations. Hence the
approach used in this study was to examine the effects of
property variations on the parameters involved in the Nusselt
number,

Ny, = %3 (18)

Equation (18) can be rearranged utilizing the defini-
tions for the heat transfer coefficient, Reynolds and Prandtl

numbers, and the dimensionless velocity to give

Rey, Pry, (py/Py)

¢ e ::)pwv. ) oo vy

Nub = (19)

If the first term in the denominator of (19) is multiplied by
the specific heat capacity at the wall, pr, the result is
Deissler's dimensionless bulk temperature, t'. However, in
order to determine the bulk fluid temperature, the enthalpy
flux must be integrated across the tube. The bulk temperature

thus corresponds to the bulk specific enthalpy as determined
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by
R R
S Bour dr 2 S Rpur dr
% = 0 = 0 (20)
R a, B2
S pur dr
0
where:

r = radius variable
R = inside tube radius
H,p,u = point values of the specific enthalpy, density
and fluid velocity as functions of the radius
variable

Gb = bulk mass velocity

From the expression for the bulk enthalpy, it is convenient

to define a dimensionless enthalpy and mass velocity,

H+ (Hﬁ "H) Pw Vu

T (21)
and
+ pu €]
@ = by Ve by Ve (22)
such that
+ (Hw = %) Pw Va cpm +
H = ==ty (23)
q, pw

«°

where v, is the shear velocity defined by Equation (8). The

mean integrated specific heat capacity, C is evaluated

pm’
over the temrerature interval between the wall and bulk

temperatures.
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tw
S cp dt
tp "w Hb
N T

Equations (19), (22) and (23) may be combined to yield an
expression'fof the Nusselt number in terms of the new dimen-

sionless variables, i.e.,

Pr
b b
Ny, = . ( —2- ) (25)
(HB Q)
The dimensionless enthalpy flux in (25) is given by the dimen-
sionless form of Equation (20),

R
+.R£;Sn+a+(%;—ﬁ)dy+ (26)
0

where RY is the dimensionless tube radius defined by Equation
(6).

The integration of the enthalpy flux across the tube
requires knowledge of the temperature and veloclity profiles.
However, this information 18 not known since the profiles are
functions of the system parameters. Deissler (11) and others
(5,16) have integrated the radial transport equations to ob-
tain the velocity and temperature distributions. They sub-
sequently integrate these results to yield the bulk tempera-
ture and velocity. The purpose of the present development is

to investigate the feasibility of replacing these integrations
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with an integration at constant properties which is then com-
bined with parameters involving the property variations.

The integration of Equation (26) can be expressed in
the form

l-g‘ a; - (ut c;‘f)aws (27)

which satisfies the relation

+ At + At + .+
where the subscript (1) refers to the edge of the laminar

layer and (c) to the tube center. The inequality expressed

by (28) 1s valid regardless of the property variations.

The basic form of the Nusselt number given by Equation

(25) yields a better correlating function when expressed in
the form,

+ +
_ _Tep Py g (By Glty
" (& a"’) ( ) (H" o%), (&9

where the subscript t, refers to constant properties at bulk

conditions. If the properties did not vary across the tube

radius and they were the same as the bulk values, Equation
(29) would reduce to

Reb Pl'b ' '
Ny, = ————— = N (30)
® (H!.; G;)tb ®

The term Nu; is frequently referred to as the isothermal bulk
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Nusselt number since only in the isothermal case would the
properties be constant. Combining Equations (29) and (30),
+ At
c (B, o,)
1
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pb 7 (#t aﬂm (V)

The average or bulk enthalpy flux 1is principally
affected by the heat transfer resistance near the tube wall
as indicated by Equation (28). This resistance is character-
ized by the thermal conductivity, and to a lesser degree, the
heat capacity and density in this region (cf. Equation (4)).
Since the integrated enthalpy flux evaluated at bulk condi-
tions is only a function of bulk properties, it would seem
reasonable that the ratio of the two enthalpy fluxes might be

represented by an expression of the form

(H; 0;)t Cob \2 / Pp P ~ kp \C / Hp 4
— =& () (g) () e

(H* @ )avg pw w Hw
where a, b, ¢, and d are empirical constants. The viscosity
ratio has been introduced to account for its effect on the
velocity profile.

It has been determined by calculations that when the
ratio of the bulk to wall heat capacity 1s replaced by the
bulk to mean value, a better correlation 1s obtained. This
is probably due to the irregular variation of the heat capacity
with temperature. Incorporating this idea with Equations (31)
and (32),



27
m (2 )( ¥ (2 2 )

Equation (33) has been used to predict heat transfer

Nub = Nub ( Cpp

coefficients for propane in the supercritical region. The
results of these calculations are presented in the Results

section.



CHAPTER IV
DESCRIPTION OF EXPERIMENTAL APPARATUS.

The experimental apparatus consisted primarily of two
elements, a clcsed heat transfer loop and an external pressure
control system. A schematic flow diagram of the apparatus is

shown in Figures 5 and 6.

FPlow Descriptlon

Instrument grade propane, 99.5 mole per cent minimum
purity, was circulated through the system by a canned rotor,
centrifugal pump. ILeavipg the pump, the fluid passed through
a tufﬁine-type flow meter and on through a needle valve which
was used to manually control the flow rate in the loop. The
average flow conditions at the meter were determined from a
pressure and temperature tap downstream from phe meter. The
fluid then passed through a shell-and-tube preheater where it
was heated by low pressure steam to the desired temperature.
The fluid was mixed and 1ts bulk temperature measured with a
bare thermocouple in the entrance mixing chamber. The fluid
was heated electrically in the Inconel test section. Thermo-
couples were located on the outside of the tube wall to deter-
mine the tube temperature profile. At the outlet of the test

section, the fluid was mixed and its bulk temperature again
28
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measured with a bare thermocouple. Pressure taps were located
at each mixing chamber to measure the system pressure and the
pressure drop across the test section. The hot fluid from

the test section was cooled by tap water in two shell-and-tube

aftercoolers and returned to the pump suction, completing the

flow cycle.

Test Section

ThHe test section consisted of an Inconel tube, 29 in.
long, 0.301 in. inside diameter, with a wall thickness of
0.029 in. Portions of the tube, 4.5 in. at the entrance and
3.5 in. at the exit, served as flow straightners. The re-
mainder of the test section was used as an electrical resist-
ance heater. Detalls of the testAsection and the mixing
chambers are shown in Figure 7.

Electrical power was supplied to the tube through
rubber insulated arc welding cables. The cables were fastened
with cap screws to the ends of two copper lugs. The lower
ends of the lugs were drilled with 0.3 in. holes. The test
section was inserted through the holes and silver soldered
to the lugs.

In order to use the test section as a resistance
heater, 1t was necessary to electrically insulate the test
gsection from the rest of the heat transfer loop. The insula-
tion was accomplished at each end of the test section with
electrically-insulating pressure fittings as shown in

Figure 7. Each fitting consisted of a 1/2 in. male connector
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with a teflon bushing and sleeve. The teflon bushing elec-
trically insulated the test section from the fitting and the
rest of the loop. The pressure seal was formed by extrusion
of the teflon sleeve with the connector nut. The 1/2 in.
connectors were screwed into 1 in. high pressure pipe tees
with 1/2 in. bushings.

Thermocouples were silver soldered to the outside of
the tube wall at 1 in. intervals. These thermocouples were
24 gage, copper-constantan with fiber glass 1nsulatiqp, The
thermocouple leads were wound around the test section several
times before passing to the teﬁperatﬁre measurement system.
This procedure aided in reducing heat conduction loéses along
the thermocouple lead wires by forming a nearly isothermal
length, It also helped to prevent breakage at the thermo-
couple Junction on the tube wall during the movement of the
test section.

The mixing chambers were 1 in. high pressure pipe
tees., Sufficient mixing of the fluid occurred in the piping
prior to the entrance mixing chamber so that no difficulty
was encountered in the determination of the entrance bulk
fluid temperature. The expansion of the fluid from the test
section into the exit mixing chamber, however, did not create
sufficient turbulence to 1nsuré a uniform fluld temperature.
This problem was eliminated by welding a baffle inside the
mixing tee. The baffle was constructed from 1/8 1in. angle
iron with 16 - 1/8 in. holes.

The fluid thermocouple assemblies were screwed into
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the sides of éhe mixing chambers. Each assembly consisted of
a 3/16 in. male connector (Ermeto type) and 2 in. of 3/16 in.
0.D. tubing. The thermocouple wire was sealed in the base of
the tubing with epoxy resin. The fluid thermocouples were 24
gage, fiber-glass insulated copper-constantan.
The test section and mixing chambers were insulated

with 3/4 in. of asbestos tape and 2 1/2 in. of fiber glass.

Pump
The fluld was circulated through the closed loop with

a canned rotor, centrifugal pump, Chempump Model CF-3/4-3/4S.
This unit was designed to handle 30 GPM of fluid at a 30 ft.
discharge head. The pumé'was totally enclosed and all parts
in contact with the fluid were made of type 316 stainless
steel. The unit was water cooled and equipped with a thermal
cut out. The major advantage of this type of pump was that
the circulating fluld was not contaminated with lubrieants.

Electrical Power System and Measurement

Electrical power for the test section was obtained
from a 210 volt, single phase, AC source. The source was
applied to a Superior Electric, Model F1256, autotransformer
(variac) with a power rating of 7.5 KVA. The variable output
#oltage of the variac was supplied to a Westinghouse 20/10:1
step-down transforme:r and its output was fed through rubber
insulated cables to the test section. The low voltage power
system, including auxiliary equipment, had a maximum power

rating of 7.5 KVA.
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The power input to the test section was determined
from voltage and resistance measurements. The voltage across
the test section was measured with a Weston Model 904 (8 range)
AC voltmeter which had a rated accuracy of 1/2 per cent of
full scale deflection. The resistance of the test section
was determined indirectly from the average tube wall tempera-

ture and a resistance-temperature calibration curve.

Flow Meter

Flow rates in the closed loop were measured with a
Waugh Model FL-8SB turbine flow meter. The meter was designed
with a flow range of 0.9 to 7.5 GPM and had a maximum pressure
drop of 4.5 psi. The frequency of the output signal from the
turbine meter was measured with an electronic scaler and a
precision electrical timer, accurate to 0.1 seconds. The
volumetric flow rate through the meter was proportional to

the frequency.

Heat Exchangers

The test section effluent was cooled in two shell-and-
tube heat exchangers. One of the exchangers, Ross Model 201-
6EF, contained approximately 2 sq. ft. of surface area made
up of 3/8 in. x 20 BWG seamless steel tubes in a single pass.
The other aftercooler was constructed with 6 - 1/4 in. stain-
less steel tubes 16 in. long. The propane was circulated
through the tube side of the exchangers and was cooled by tap
water flowing through the shell side. ‘

The shell-and-tube preheater was constructed with 9 -
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1/8 in. Schedule 80 seamless steel pipes 24 in. long. Propane
was circulated through the tube side of the exchanger and was
heated by low pressure steam. The fluid temperature at the
entrance to the test section was regulated by adjusting the

steam pressure on the shell side of the exchanger.

Pressure Control System and Measuring Elements

The pressure control system for the heat transfer
loop 18 shown in Figure 6. The primery element of the control
system was a Jacketed cylinder. The cylinder was fabricated
from 8 in. double extra heavy seamless steel pipe and had a
volume of approximately 4 gallons. Accurate control of the
system pressure was achieved by regulating the condensation
pressure of steam in the Jjacket.

Static pressures in the heat transfer loop were
measured by a 1000 psi Heise Bourdon tube pressure gage with
2 psi scale graduations. The pressure drop across the test
section was measured on a Barton Model 200 pressure differen-

tial indicator with a range of 0-100 in. of water.

Temperature Measurements

The test section and fluild thermocouple leads were
connected to three, Ieeds and Northrup, 10 position, thermo-
couple selector switches. The connections and selector
switches were housed in an insulated box to reduce thermal
EMF's at the copper-constantan-brass Junctions. The thermo-
couple voltages were referenced with a Joseph Kaye and Company

reference junction and power supply. The reference Jjunction
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was maintained at 32F i 0.O34F.

The output voltage from the selector switches was
grounded through a 25 MFD condenser to reduce AC noise in
the recording system. The test section thermocouple voltages
were suppressed with a Ieeds and Northrup precision potentio-
meter, Model 8662. The resulting EMP was observed on a
Bristol Dynamaster, Model 1PH-560, 0-1MV range, recording
potentiometer. The EMF determinations for the three fluid
thermocouples were made with a Leeds and Northrup precision

potentiometer, Model K2, accurate to 0.0002MV.

General

The loop and pressure control system was equipped
with a vacuum pump and water aspirator for evacuation before
the introduction of propane.

The equipment was designed for a maximum working pres-
sure of 1200 psia. The piping was primarily 1 in. Schedule 80
seamless steel although other sizes were used for the pump and
flow meter connections.

The maximum flow rate was limited by the system pres-

sure drop and pump capacity to approximately 5.5 GPM.



CHAPTER V
EXPERIMENTAL PROCEDURE

System Preparation and Data Collection

The pressure control vessel and heat transfer loop
were charged with propane according to the following proce-
dure. The system was first evacuated with a water aspirator
and then with a vacuum pump. The pressure was checked with
a mercury manometer and when complete evacuation was indi-
cated, the valve was closed between the vacuum pump and the
loop. Propane vapor was bled into the loop through the pres-
sure control vessel until the pressure was approximately 30
psig. The propane was vented to the atmosphere and the system
was evacuated using the vacuum pump. The same procedure of
pressurizing, venting, and evacuation was repeated. After
the second purging, the pressure control vessel was charged
with approximately 12 1lbm of liquid propane. The system was
then ready for operation.

The data for each run were collected after the appa-
ratus was at steady state conditions. This was determined by
monitoring the inlet and exit mixing chamber thermocouples on
the temperature recorder at approximately 10 minute intervals.
If the recorded temperature change was no greater than 0.2F

38
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over a 30 minute span, the system was assumed to be at steady
state. As a further check, the fluid temperatures were meas-
ured at the beginning and end of the period required to col-
lect the data (approximately 15 minutes). If the change was
greater than 0.1F, the system was assumed not to be at steady

state.

Heat Transfer Coefficient

The irregular and rapid variations in physical and
thermodynamic properties in the near critical region make it
impossible to maintaln a constant heat transfer coefficient
along a finite length of tube. Hence, measurements taken over
a section of tube would lead to an average value of h which
would have little significance. It was therefore necessary
to determine a local or point heat transfer coefficient de-

fined by the expression,

h = ———qw (1)

by - tb
where q, is the local wall heat flux and tw and tb are the
inside wall and bulk fluld temperatures respectively.

Wall Heat Flux

Point values of the heat transfer coefficient were
determined for propane flowing through an electrically heated
Inconel tube. Inconel was selected for this investigatilon
because 1t has a tenslle strength, comparable to most stain-

less steels, and a very low temperature coefficient of
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electricalvresistivity. The latter value is reported as
7 x 10™ P} 1n the range 68-930P(2). Therefore, the elec-
trical power dissipation was essentially constant along the
tube wall, even though the wall temperature varied because of
changes in the fluid temperature and the heat transfer
coefficient.

The position-independent value of the heat flux, q,
was determined from measurements of the electrical energy
dissipated in the test section and the average tube wall tem-
perature. The latter value was used to d3termine the average
heat losses and the tube electrical resistance from a tempera-
ture-resistance calibration (see Appendix I for resistance and

heat loss calibrations). The heat flux, q,s was defined as

Q ggf - )

% © 2mRL 2nRL

(34)

where:
E = voltage drop across test section
= resistance of test section, ohms
R = inside tube radius
L = test section length
é = net rate of heat generation
é&‘ rate of heat losses

J4 = conversion factor

Wall Temperature

The wall temperature was measured at the outside of
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the tube since it was undesirable to disturb the fluid profile

inside the tube. The inside wall temperature was determiﬁﬁu
from the solution of the differential energy balance for the
tube wall. Assuming uniform volumetric heat generation and
neglecting axial conduction, the differential energy balance
for the tube wall is:
r
g?(“’%)“;'@;"—_?)‘ (35)

where:

r tube radius variable
k = thermal conductivity of the tube wall

€ = ratio of outside tube radius to inside tube radius.

The thermal conductivity of Inconel can be represented by a
linear function of temperature over the range employed in
this investigation. Assuming the outside of the tube to be

perfectly insulated, the boundary conditions at r = &R are

given by:
t=t;, atrs=ER (36)
‘a’%-:o , atr=C€R (37)

The differential energy balance, equation (35), can be inte-
grated twice, applying the boundary conditions to obtain the
temperature distribution across the tube wall. The desired

inside wall temperature, ty, is

Qw R 1_§2Ln§
tg -ty = - m { -] Eﬁ_tfzf- } (38)
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where k 18 to be evaluated at the arithmetic mean of t. and

___ti._“.

Bulk Fluid Temperature

The bulk fluid temperature, t,» was determined by
means of the macroscopic energy balance. For a steady state
process, congidering the system boundaries as that defined by
two arbltrary planes normal to the direction of flow and the

inside tube wall, the balance may be written as:

2
A('rio+§;—c+§55z)=a-w (39)
where:

= bulk specific enthalpy of the fluld

bulk velocity of flowing fluid
elevation above an arbitrary datum level
= heat transferred per unit mass of flowing fluid

= work transferred per unit mass of flowing fluid

® 5 o N < o
]

= acceleration of gravity
g = dimensional constant

A = linear operator, defined as output-input

The term involving the change in the specific kinetic energy
was negligible because the velocitles and thelr changes were
small. The test section in the experimental apparatus was
oriented horizontally and there was no work for the system as

defined. Thus equation (39) reduces to
bR, = Q (40)
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The heat transferred per unit mass of flowing fluid may be
expressed—in teras of the wall heat flux as:

Qz _ 2™Rqyz _ 2qyz

q =
wL W
RGb

(41)

where:

z = distance from point of power application (tube
entrance)

w = mass flow rate of fluid

Gb = bulk mass velocity, w/ﬂR2

Combining equations (40) and (41) gives the change in the
specific enthalpy of the fluid between the tube entrance

and a point at a distance z from the tube entrance, 1i.e.,

2qwz

B, =HBy+ “Ra_ (42)

where the subscript I refers to the entrance of the test
section.

The specific enthalpy of the fluid is a function of
pressure and temperature. Since the pressure drop across the
test section is small, the pressure distribution may be as-
sumed linear with length (z). The effect of pressure on tem-
perature at constant enthalpy can be calculated from volumetric

properties and the isobaric heat capacity by the relation

(&

d
"= ( 3%'>H = - ——6;——— (43)
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where p' is the Joule-Thomson coefficient and

(F#), -3 +(GG8), ) (1)

Integrating Equation (43) over a small pressure interval, the
integrand is essentlally constant and the result may be writ-

ten as
]

oz = thz * u’(Pz - T700) (45)

where tgz is the temperature corresponding to the bulk spe-

clfiec enthalpy, H%z, at 700 psia and pu' is the Joule-Thomson
1

bz’
(45) can be used to calculate the bulk fluid temperature at

coefficlent at 700 psia and t Thus, Equations (42) and
any location (z).

Point values of the heat transfer coefficient along
the length of the tube were calculated from measurement of
the heat input (through dissipation of electrical energy),
external wall temperature profile (with thermocouples located
on the outside of the tube), flow rate (with a turbine flow
meter), bulk temperature and static pressure of the fluid at
the tube entrance mixing chamber (with a bare thermocouple
and pressure gage), and pressure drop across the test section

(with a differential pressure gage).

Thermodynamic Measurements

The apparatus was constructed so that it could be
operated as a flow calorimeter to obtain speciflc enthalpy

data. This was accomplished by measuring the bulk temperature
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of the fluid at the tube exit. Thus, the specific enthalpy
at the exit temperature relative to that at the inlet tempera-
ture was determined as a function of the exit temperature.
The results of such measurements describe the specific enthalpy
behavior of the fluid over the range'of temperatures studied.
As discussed in the Literature Survey section, such data were
not available for propane in the critical region. Values
calculated from volumetric data are subject to large errors
in this region because of the rapid changes in the properties.
Hence, the apparatus was used to measure the specific enthalpy
of propane in the following manner. The desired pressure
(700 psia) and inlet bulk temperature were held constant and
the heat input was varied. The outlet bulk temperature was
noted for each value of the heat input. The inlet tempera-
ture was chosen between 165 - 17TOF and readings were taken at
various exit temperatures up to that corresponding to a heat
flux of approximately 100,000 Btu/hr. sq. ft. It was impos-
sible to cover the entire temperature span by varying the heat
flux alone. Thus, a higher inlet temperature was selected
and the procedure repeated until the outlet temperature ex-
ceeded 250P. The data from these runs are presented in the
Results section. .

The isobaric specific heat capacity, Cp, was calcu-
lated from the enthalpy:data from the definition,

c =( 3
X Carp (46)
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The calculated results of Cp are also presented in the Results

section.

Precision of Data

A flow calorimeter cannot be operated at constant
pressure. PFor the specific enthalpy determinationé, the
pressure drop across the tube was limited to a maxlimum of
1.5 psi. The effect of small pressure changes was negligible
except near the transposed critical temperature, where the
pressure correction could be as high as 1.0 Btu/lbm. This
effect was calculated from the integrated form of Equation
(44) and the data were adjusted accordingly for all runs.

The enthalpy data were used to check the energy
balances in the heat transfer tests. The maximum deviation
between the measured electrical energy input and the specific
enthalpy change of the fluid between the tube entrance and
exit was 2.1 Btu/1bm and the average deviation was 0.3 Btu/lbm.
The corresponding average enthalpy change was approximately
23 Btu/1bm.

The precision of the enthalpy data can be estimated
by considering the accuracy of the individual measurements
required for its determination. The fluid thermocouples,
which were located in the inlet and exit mixing chambers,
were calibrated to 0.02F against a platinum resistance ther-
mometer using a controlled temperature bath of triethylene
glycol. The calibration range was divided into six approxi-

mately equal intervals of 40F each. Results of the
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calibration are shown in Figure 16.

The electrical energy input was determined from voltage
and resistance measurements. The voltmeter was accurate to
0.5% of full scale deflection and was equipped with eight sep-
arate ranges so that operation was nearly always above half
scale. The tube resistance was determined indirectly from
the average tube wall temperature by a resistance-temperature
calibration. The calibration was accomplished by circulating
fluid adiabatically through the insulated tube and measuring
the resistance by the potentiometric method. The calibration
resistance measurements were accurate to 0.07%. For a more
complete discussion of the calibration procedure and the
results, see Appendix I. |

The turbine flow meter was calibrated by the manufac-
turer to 0.3% using water as the calibration fluid. Purther
calibration with water and the meter in place showed that
this level of accuracy could be maintained over the range of
the meter by using the calibrated meter constant corresponding
to the frequency of the output signal. DBecause of limitations
imposed by the heat exchange capacity of the loop, 1t was
impossible to maintain the same metering temperature and,
hence, kinematic conditions at the meter for all runs. From
dimensional analysis it can be shown that the Qolumetric flow
rate through the meter is a function of the ratio of the out-
put frequency to the kinematic viscosity. Since propane and
water are kinematically different, the meter calibration was

checked with propane in a region removed from the critical
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state by calculating the meter constant from the overall
energy balance using the enthalpy data from Din (14). Results
of the calibration are given in Appendix I and are different
than those obtained using water as tﬁe callbrating fluid. The
propane calibration was used to determine the mass flow rate
for all runs with an accuracy of 0.6%.

The statlic pressure in the metering tap and the inlet
and exit mixing chambers was observed with a Heise Bourdon
tube gauge. The gauge was calibrated by the manufacturer and
checked with a dead weight tester. The gauge was found to be
accurate within 1.0 psi. The pressure drop across the test
section was determined with a Barton differential pressure
gauge which was accurate to one inch of fluid head.

The thermodynamic data as well as the heat transfer
results depend on the wall temperature. These thermocouples
were calibrated in place against the fluid thermocouples by
circulating propane adiabatically through the test section.
This method of calibration was limited to a maximum tempera-
ture of 270F by the steam pressure avallable in the preheater.
At the maximum temperature, the deviations were irregular and
as large as 2.8F. These corrections from National Bureau of
Standard values are attributed to the silver-soldered connec-
tions on the tube wall. The deviations were linear with tem-
perature and, therefore, were extrapolated to higher tempera-
tures to complete the calibration for the range of wall
temperatures studied. In the calibration range of T0-2T70OF

the thermocouples were accurate to 0.2F.
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Tube heat losses were determined by supplying electri-
cal energy to the test section with the system under a vacuum.
The axial temperaturéM§¥Ofileé_;g;;;;;E—;;’these tests were
relatively flat in the central portion of the tube, (see
Figure 18, Appendix I). This indicated that conduction losses
from the ends of the tube are small and would not affect the
profile in the center of the tube in the actual heat transfer
tests. The electrical power dissipation necessary to main-
tain the central portion of the tube at various temperature
levels was also measured during this test. The results of
these runs are shown in Pigure 19. A comparison of these
values with the measured heat input during actual heat trans-
fer runs at the same wall temperature showed that the heat
losses did not exceed 0.5%, except on several runs at a low
heat flux of approximately 10,000 Btu/hr. sq. ft.

The maximum error in the speciflc enthalpy determina-
tions can be obtained from the errors in the individual meas-
urements. Combining Equations (40) and (41), neglecting heat
losses, and applying logarithimic differentiation, the error

in the specific enthalpy change 1s given by

-l DB - (D)) e

where Emax refers to the full scale voltage and 8 the error.
‘Taking an average voltage as two-thirds of Ep,,, Equation (47)

yields a maximum error of 2.1% or, correspondingly, 0.4 to
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0.7 Btu/1bm in the speeific enthalpy change. Thus, the aver-
age deviation of 0.3 Btu/lbm for the energy balances for the
heat transfer tests was within the limits predicted by the
errors in the individual measurements. ‘

Several heat transfer tests were made with propane
at low temperatures, 100 - 140P, where the property varia-
tions are small. The results of one such test are presented
in Pigure 8. "The experimental points shown are the values
of the inside wall temperature computed from the observed _
outside wall temperatures by Equation (38). The bulk tempera-
ture was measured at the tube inlet and exit and the inter-
mediate values were computed from the energy balance, Equa-
tion (42). Details of the calculation are described in
Aprendix III. The heat transfer coefficients were computed
from Equation (1). The value of the heat transfer coeffi-
cient at the center of the tube is approximately 668 Btu/
hr. 8q. ft. P, and its value computed from the Dittus-Boelter
equation is 691. The Dittus-Boelter correlation, Equation
(2) with a = 0.023, b = 0.8, ¢ = 0.4, has been successful
for correlating turbulent heat transfer data where property
variations are small and uniform. The difference between
the measured and computed heat transfer coefficients 1is ap-
proximately 3% in this case. For six runs at low temperature,
the maximum deviation was 13% and the average deviation 7%.

Por most of the heat transfer tests the wall tempera-
tures were observed to fluctuate randomly, even at tempera-

tures 100P below the critical. These fluctuations are not
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understood but appeared to be related to the heat flux, flow
rate, and the wall and fluid temperatures. In general the
larger the heat flux at given flow rate and fluid tempera-
ture, the greater was the fluctuation. It was also observed
that certain thermocouples had greater fluctuations under a
given set of conditions than others. This characteristic is
probably caused by different amounts of silver-solder at the
thermocouple Junctions. Koppel (22) observed the same fluc-
tuation phenomena in his study of carbon dioxide in the erit-
ical region. He postulated that the fluctuations were
related to instabilities associated with near-critical fluids
or that they were the result of a boiling like process for
heat transfer. The fluctuations could also be explained on
the basis of the penetration model theory. The maximum ampli-
tude of the fluctuations was 2.5F and the average frequency
was 1 cycle per second. The computed inside wall temperatures
are based on the mean value of the external wall temperature.

The error in the wall temperatures caused by fluctua-
tions could result in an error of about 3% in the temperature
difference, (t, - t,), at a temperature of 270F. At higher
wall temperatures, the thermocouple errors are likely to be
grdater since the calibration curves were extrapolated
linearly. However, the temperature difference will also be
larger and the percent error will thus remain approximately
constant. It is also possible that tb could be in error by
as much as 1F due to errors in the enthalpy, fluid tempera-

ture measurements, and the flow rate. It therefore seems
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unlikely that the error in the temperature difference should

exceed 5% except—in a few -cases-of low heat-—fluxes where

(ty - tb) was of the order of 3 - 10F. The error in the meas-
urement of qy was determined in connection with the specific
enthalpy change and was found to be less than 2%. On the
basis of these considerations it is claimed that the accuracy
of the heat transfer coefficient is i5%, except in the few

cases noted previously.




CHAPTER VI
RESULTS

This investigation produced three distinct sets of
results: (1) experimental values of the specific enthalpy
and isobaric heat capacity for propane at 700 psia, (2) ex-
perimental heat transfer coefficients at the same conditions,
and (3) correlation of experimental heat transfer data. Ac-

cordingly, the presentation is divided into three sections.

Thermodynamic Properties

As discussed in the section titled Experimental Pro-
cedure, the results are in the form of specific enthalpy
changes as functions of the inlet and exit bulk fluild tem-
peratures. Hence, it was necessary to construct the enthalpy-
temperature behavior. The first approach investigated was a
graphical solution to the problem. After several trials, the
method was discontinued because errors accumulated as the
plots were extended to higher temperatures. The second method
utilized a least squares computer fit. The basis for accept-
ability of an equation for the enthalpy was for the average
deviation error to be equal to or less than the maximum ex-
perimental error of the data (0.4 - 0.7 Btu/1lbm).

The enthalpy-temperature behavior of a fluid in the

54
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critical region 1s characterized by an inflection point at the

transposed critical conditions. This unusual behavior in
conjunction with the analyticity of the enthalpy function
suggested the possibility of an expression of the form,

6 = f£(x) + F(x) (48)

where:

!
X =t - tc
t., = transposed critical temperature

odd function of x

£ (x)

E(x) = even function of x

As a first approximation, the odd and even functions were

assumed to be simple power series in x:

10
£(x) = ) agxt (49)
1=1
and
F(x) = % byx° 1 | (50)
1=1

The coefficients were determined by the "least squares crite-
rion" utilizing the Schmidt orthogonalization algorithm (cf.
Pfenning (29)). The average deviation between the data and
the resulting equation was found to be greater than the esti-
mated precision of the experimental data. From a graphical

analysis, the odd function exhibited parabolic characteristics.
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Hence, it appeared reasonable to represent f(x) by a combina-
tion of odd and even functions, but retaining the sign prop-
erties of the odd function. A similar analysis was employed

for the even function, F(x), to give

10
f(x) = Z aix1 (51)
1=1 ’
and
5 4
F(x) = 2 b, x1 (52)
il
with the conditions,
£(x) = -f(-x) (53)
F(x) = F(-x) (54)

The calculated coefficients of Equations (51) and (52) gave
an average deviation of 0.2 Btu/lbm for 75 enthalpy changes
used in their determination. This deviation corresponds to
an error of approximately 0.9% in the enthalpy change. On
this basis, 1t was assumed that the enthalpy values are accu-
rate to 0.5 Btu/lbm.

Numerous reference states have been employed in pres-
entations and tabulations of specific enthalpies for propane.
The American Petroleum Institute (3) has recently published
extensive tabulations of thermodynamic properties of propane
and other hydrocarbons. To be consistent with these data, it
was desirable to report the results on the basis of the follow-

ing reference state: the specific enthalpy of an ideal gas at
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the absolute zero of temperature is numerically zero, 1i.e.

=0 (55)

0

where HO is the specific enthalpy in the i1deal gas state.
Conversion of the enthalpy values to this reference state
requires a knowledge of the enthalpy éhange.between absolute
Zzero and the lower limit of this investigation, approximately
168P and 700 psia. Since the reference noted above did not
contain compressed liquid data at these conditions, the data
of Din (14) were used to compute the specific enthalpy rel-
ative to the ideal gas state. Din's tabulations are based

on the reference state of zero specific enthalpy for the
perfect crystalline solid at the absolute zero of temperature.
In order to convert Din's values to the ideal gas reference
state the specific enthalpy of the perfect crystalline solid
must be determined_relative to the i1deal gas at the absolute

zero of temperature. Hence,

Hg - ﬁg = (Ho - ﬂg) - (Ep - ﬂg) = constant (56)

where the subscript zero refers to absolute zero and the
superscript ¢, to the crystalline state. Values of the en-
thalpy of the ideal gas relative to ideal éas state at abso-
lute zero are given in reference (3). The enthalpy of the
ideal gas relative to the perfect crystalline solid was deter-
mined by extrapolating Din's data to zero pressure. The
Qalue obtained for the constant in Equation (56) is

S - H) = -265.5 Btu/lbm (57)
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The specific enthalpy data determined from this investigation
are shown 1n Figure 9 and tabulated in Table I.

The specific heat capacity at constant pressure was
calculated from the enthalpy data by means of Equation (46).
Substituting the expression for the specific enthalpy,
Equation (48), into the definition of the heat capacity

yields

Cp = 32 = £'(x) + F'(x) (58)
The values of the heat capaclty thus computed are tabulated
in Table I and plotted in Figure 10. At the lower temperature
range, 165 - 190F, the calculated heat capacities from Equa-
tion (58) exhibited slight oscillations. Accordingly, these
values were replaced by the smoothed results obtained from
graphical differentiation of the enthalpy data.

The accuracy of heat capacity data obtained from the
differentiation of experimental enthalpy changes cannot be
ascertained if Cp is a strong functlion of temperature. In
regions where the heat capacity is relatively constant (tem-
peratures less than 190F or greater than 240F) Cp has approxi-
mately the sume accuracy as the enthalpy data - (1-2%)
percent. However, errors may be large near the transposed
critical temperature due to uncertainties in the exact loca-
tion of the transposed critical temperature.

The determination of the transposed critical tempera-

ture at 700 psia was more difficult than indicated by Koppel's
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TABLE I

THERMODYNAMIC PROPERTIES OF PROPANE AT 700 PSIA

REFERENCE STATE: Hg = 0 (IDEAL GAS STATE AT ABSOLUTE ZERO)

Temperature, F H, Btu/1bm Cp, Btu/l1bmF

168 47.6 0.81
173 51.9 0.86
178 56.3 0.92
183 60.8 0.98
188 65.5 1.03
193 70.6 1.08
198 75.9 1.16
203 82.0 1.35
208 89.7 1.64
209 91.4 1.73
210 93.2 1.83
211 95.1 1.96
212 97.1 2.11
213 99.4 2.36
214 101.9 2.67
215 104.8 3.13
216 108.2 3.74
217 112.3 4,45
218 117.2 5.33
219 123.0 6.60
220 129.2 5.70
221 134.5 k.90
222 138.9 4,05
223 142.7 3.49
224 146.0 3.03
225 148.8 2.63
226 151.2 2.32
227 153.4 2.08
228 155.4 1.89
229 157.2 1.72
230 158.9 1.60
231 160.4 1.49
232 161.9 1.40
233 163.2 1.32
234 164.5 1.25
235 165.7 1.19
240 171.6 1.06
245 177.3 0.99
250 182.7 0.92
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study of carbon dioxide in the near critical region (22).
The point of steepest ascent of the enthalpy-temperature
isobar appeared at approximately 219F. The accuracy for the
transposed critical temperature is probably no greater than
x 0.3F.

The data presented in Table I serve to define with
good accuracy the behavior of the enthalpy and the heat
capacity for propane at 700 psia. The results are subject
to certaln experimental errors but are more accurate than

any previously avallable.

Experimental Heat Transfer Data

The experimental apparatus was used to measure turbu-
lent heat transfer coefficlents for propane at 700 psia under
the following range of experimental conditions:

Reynolds number: 80,000 to 800,000

Heat transfer rate: 10,000 to 110,000 Btu/hr.sq.ft.

Bulk fluid temperature: 100F to 255F
The critical point of propane occurs at 617.4 psia and 206.3F.
The pressure investigated corresponds to a reduced pressure
of 1.13 and the temperature range to a reduced temperature
interval of 0.84 to 1.07.

The results of a typical experiment, Run 8¢, are shown
in Figure 11. The wall temperature increases continuously
along the length of the tube after a more rapid increase in
the entrance region. The local heat transfer coefficient
calculated from Equation (1) decreases in the entrance section

and becomes relatively constant in the remainder of the tube.
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The behavior of the heat transfer coefficient after
the entrance region will depend on the wall and bulk tempera-

ture profiles as indicated by the derivative of Equatior (1),

-d_h - qw dtb dtw

Hence, the heat transfer coefficient will increase, decrease,
or remaln constant depending on whether the ratio of the
sldpes of the wall-to-bulk temperature profiles is less than,
greater than, or equal to unity. The slopes of the two pro-
files are primarily related to the specific heat capacities
at the wall and bulk fluld temperatures. For a fully de-
veloped turbulent mass veloclty profile and a constant heat
flux boundary condition, it can be shown that

dH, dH,

m "G ¢ (60)
where @ 1s a complicated function of the properties near the

tube wall and which, in general, satlisfies the condition,

aF
@ << = (61)

Combining Equations (60), (61), and the definition for the

specific heat capacity

dt C
% . pb (62)
dty, pr

If the specific heat capacity is a monotonic increasing func-

tion of temperature such as for supercritical fluids below
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their transposed critical temperature, C W > Cpb, and in

P
general the heat transfer coefficient increases with length
after the entrance region (c¢f. Figure 12). Similarly, if Cp
is monotonic decreasing, anologous to flulds slightly above

the transposed critical temperature, C > pr, and h de-

pb
creases with tube length (Figure 13). Whén the ratio of the
wall to bulk heat capacities 18 approximately unity, h is
essentially invariant with length (Figure 11).

. The effect of the wall heat flux on the heat transfer
coefficient 1s indicated in Table II. In the first case
listed, the Reynolds numbers based on bulk properties ranged
from 313,000 to 317,000 while the bulk temperature varied
s8lightly from 217.5F, approximately one degree below the
transposed critical temperature. As the heat flux 1s in-
creased, the wall temperature increases rapidly resulting in

a decrease in the thermal conductivity and heat capacity at
the wall. Consequently the resistance to heat transfer in the
sublayer adjacent to the wall becomes large and the heat
transfer coefficient decreases. The effect of increasing the
heat flux is to increase the temperature gradient in the sub-
layer and decrease the density. The result should be a higher
velocity gradient in the sublayer and correspondingly a lower
gradient in the bulk core of the fluid. Wood and Smith (39)
have measured radial velocity and temperature distributions
for carbon dloxlde in the critical region. They observed
under simlilar conditions a flattening of the velocity and

temperature proflles as the heat flux was increased. These
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TABLE II

EFPECT OF HEAT FLUX ON THE HEAT TRANSFER COEFFICIENT

Pressure = T00 psia

Heat Flux,
Run No. Btu/hr.ftc. tys F tw, F Btu/hr.ft°.F
Bulk Reynolds Number = 3.15 x 10°
126 9,700 217.5 221.7 2291
115 21,000 217.5 228.5 1901
112 44 960 217.6 259.4 1075
110 97,700 218.7 392.1 563
Bulk Reynolds Number = 1.82 x 107
g 29,600 175.5 202.5 1095
39,300 175.9 211.8 1091
5 53,600 175.9 223.9 1129
15 73,100 176.0 247.3 1024
16 95,600 176.6 290.0 842
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observations are in accord with the above reasoning.

For the second case listed 1n Table II, the bulk
Reynolds number was approximately constant at 182,000 and the
bulk fluid temperature was well below the transposed critical.
As the heat flux 1s increased, the heat transfer coefficient
remains approximately constant until the wall approaches the
transposed critical temperature. The heat transfer coeffi-
cient then increases slightly due to the large. increase in
the specific heat capacity in the sublayer. However, as the
heat flux 1s further increased, the result is a decrease in
h as noted in the previous case.

Wood and Smith (39) postulated that the effect of
heat flux on the heat transfer coefficient could be approxi-

mated by an expression of the form

1

h~
tw - tc

The data in Table II are in agreement with this model, h is
a maximum at a wall temperature near the transposed critical,
£,

The rapld decrease in the heat transfer coefficlent
as the wall temperature exceeds the transposed c¢ritical is
emphasized in Pigures 12 and 14. In Run 101, the wall tem-
perature 1s slightly above té and remains essentlally constant
along the entire length of the tube. After entrance effects,
the heat transfer coefficient increases rapidly with tube

length. In Figure 14, Run 12c¢, the wall temperature similarly
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is at t;. As the wall temperature increases its profile
appears relatively flat until it.reaches 224F. 1In this
interval h increases with length, but not so greatly as in
Run 101. At 224F the slope of the wall temperature profile
markedly increases, resulting in a decrease in the slope of
h with 1engéh. The reason for this apparent sudden change 1is
not understood but is probably caused by the rapid decrease
in the specific heat capacity and thermal conductivity at this
temperature.

Wood and Smith (39) have concluded from their experi-
mental observations on carbon dioxide in the near-critical
region that the relative maximum in the heat transfer coeffi-
cient is "properly associated" with the bulk fluid temperature
and not the wall temperature. However, their arguments to
support this conjecture are inconclusive. They observed
relative maximums in both h versus t, and h versus ty at
constant heat flux and Reynolds number. In a plot of the
former type (h vs. ty), the relative maximum occurs at a
temperature below the transposed critical temperature while
a plot of the latter ylelds a relative maximum at a temperature
greater than t;. For the limiting case as the heat flux
approaches zero - equivalent to heat transfer at constant
properties - the two curves must coincide and an absolute
maximum will occur at the transposed critical temperature.

Hence,

£ (63)
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and ~

1
h

t<ht' H tft' (64)

. c
where hé is the heat transfer coefficient at constant fluid
properties evaluated at temperature, t. The data of this
investigation do not include enough values for one heat flux
and one flow rate to form a plot of this nature. However, an
inspection of Table VI reveals that the relative msximum in
the heat transfer coefficient becomes smaller, is less
pronounced, and is displaced further from the transposed
critical temperature as the heat flux 1s increased.

The experimental heat transfer data obtained in this
investigation are tabulated in Table VI, Appendix II. For
each run, the following data are recorded: (1) inside wall
temperature profile, (2) bulk fluid temperature at the tube
inlet and exit, (3) pressure at the tube entrance, (4) pres-
sure drop across the test section, (5) wall heat flux, (6)
mass flow rate, and (7) the value of the heat transfer coeffi-
cient at a point 11 inches from the tube entrance. The heat
transfer coefficients were computed from Equation (1). A
sample calculation for the reduction of test data is given in

Appendix III.

Correlation of Heat Transfer Data

A comparison of the experimental data with the correla-
tion of Petukhov et al., Equation (14), is given in Table III.
It is evident from these results that his correlation predicts
consistently high coefficients (20 -80%). However, as the
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TABLE III

COMPARISON OF EXPERIMENTAL DATA WITH PETUKHOV'S
CORRELATION (14)

Pressure = T00 psila

h evaluated at z = 11"

Heat r1u§
h(experimental) h(calculated) qQy X 10~
Run No. étu/hr.rt.gr Béu/hr.ft.sF Btu/hr.ft.2
le 671 824 65.1
2¢ 666 714 51.6
3c 926 1056 84.8
be 918 963 60.3
5¢ 113; 1242 97.2
6c 13 1443 112.1
Te 601 705 55.6
8ec 426 789 80.8
9¢ 810 961 76.6
10¢ 900 1094 85.8
2 1057 990 20.5
3 1041 1011 29.6
In 1076 1115 39.3
5 1129 1334 53.6
6 1136 1324 67.6
13 1063 1143 39.9
14 1123 1340 58.5
15 999 1287 73.1
16 854 1218 95.6
llec 1033 1170 93.1
12¢ 1274 : 1476 117.5
13¢ 1706 1686 127.8
l4c 1040 1266 105.5
bo 1169 1480 82.8
5? 1060 1416 81.0
54 1123 1432 81.4
56 983 1291 ° 82.1
5 1027 1346 81.8
g 1033 1422 83.3
2 7 1341 .9
64 833 1451 81.5
66 828 1476 79.6
75 14 1323 89.1
76 11 1525 87.6
79 719 1250 89.2
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PTABLE III - continued

Heat flug
h(experimental) h(calculated) Qy X 10
Run No Btu/hr.ft.gr Btu/hr.ft.gF Btu/hr.r'c.2
81 955 1385 83.3
82 910 1365 83.6
84 999 1458 82.4
86 900 1519 84.0
87 836 1542 84.3
88 785 1488 3.1
89 872 1035 80.8
91 844 1076 97.1
o4 1053 1300 75.3
96 951 1306 87.6
99 1132 1486 70.3
101 1776 1932 4y 3
103 2363 2666 43,1
104 3490 3724 44 .8
105 3619 3794 4y 1
107 726 1405 9.1
109 452 1205 107.7
111 4048 4053 43.7
115 1953 1944 21.0
117 2896 2933 21.1
118 3446 3187 20.8
121 4951 4498 21.6
122 4499 4511 20.6
127 2108 9.8

2135
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heat f;ux is reduced, the correlation becomes more accurate
and in the 1limit, the form for the isothermal Nusselt number
accurate}y predicts the heat transfer coefficient, hé. The
differepces between the experimental and the calculated heat
transfer coefficients are believed due primarily to the fol-
lowing factors: (1) the preponderance of correlating data at
reduced pressures greater than 1.15 and with relatively small
wall-to-bulk fluid temperature differences, and (2) an incor-
rect form of the equation to account for radial variations of
the fluid physical properties. The latter reason is more
fundamental.

In order to apply the correlation proposed in the
Theory section, it was necessary to determine an expression
for the isothermal Nusselt number and the unknown constant
exponents. Petukhov's correlation gives excellent agreement
between experimental and calculated heat transfer coefficients
for smail wall-to-bulk fluid temperature differences. Hence,
Equation (16) was used to predict the heat transfer coeffi-

cient at constant properties evaluated at bulk conditions;

' ‘_‘Pl‘i.ﬁ-;{ Reb""b(%) }
D D

h, = (65)
% 12.7 (;‘1)1/2 (Pr§/3 - 1) +1.07

The proposed correlation, Equation (33). can be written as

e, (B RT R (R e

p®
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which becomes linear in the logarithimic form. The exponents,
(a, b, ¢, d), were determined by the least squares criterion
as discussed previously. Local heat transfer coefficients for
40 runs at positions corresponding to 11 and 12 inches from
the tube entrance were utilized in their determination. The
computed values yield the following expression:

c 0.54 , pyp \0.27 , ky ~\0.20 , uy ~0.02
h=héb(a;L:> CORNEC DG D (67)
Equation (67) was used to compute heat transfer coefficients
for each run at five locations: 9 through 13 inches at 1 inch
intervals. For each run, the average ratio of h calculated to
h experimental for these locations is shown in PFigure 15 as a
funetion of the bulk fluid temperature. A majority of the
runs (85%) have discrepancies within 10% and only 3% deviate
more than 20% from the experimental values. Near the tran-
posed critical temperature, the region of largest physical
property variations, the correlation yields relatively larger
deviations. However, these discrepancies are within the
limits of error for the combined precision of the experimental
determination and tkhe physical property evaluations.

Equation (67) represents an extension of the correla-
tion of Petukhov and associates. They excluded the effect of
density variations and this does not seem to be warranted from
either a theoretical or empirical basis. Semitheoretical
expressions for the heat flux and shear stress contain density

effects, cf., Equations (3) and (4). Therefore, this effect
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was introduced in the correlation (67).

The effect of viscosity on the heat transfer coeffi-
cient 1s generally small except for cases of extreme variation
between the wall and bulk conditions. The conventional cor-
relations in the form of Equation (2) incorporate the bulk-
to-wall viscosity ratio to the 0.1 - 0.14‘power. The usual
exponent 18 much higher than the calculated exponent of 0.02.
However, an adjJustment on the viscosity exponent was not
.attempted because of other deficiencies in the form of the
expression (67). These deficiencies are discussed below.

For turbulent heat transfer to fluids with large bulk
Prandtl numbers - corresponding to supercritical fluids with
bulk temperatures near the transposed critical temperature -

Equation (67) reduces to the form

c

h ~ ¥ (Re )Prl/3<c_gm>054<w>027< >020<:::>002

pb

(68)
where ¥(Rep) represents a function of the bulk Reynolds num-
ber. Along the critical 1sobar at a position such that ty
equalg the critical temperature, the bulk specific heat
capacity becomes infinite and thus Equation (68) predicts a
heat transfer coefficient of zero value. This is 6bviously
not correct. If it 1s assumed that Equation (68) has the
right form, then the exponent on the ratio gontaining Cpb
must be 1/3 in order to predict a finite-nonzero coefficient
at the critical pressure for tb equal to the critical tem-

perature. The correlation obtained by the least squares
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method forcing the cp exponent to be 1/3 was not satisfactory.
Hence, the form of the expression would not accurately predict
heat transfer coefficients at the eritical point of a fluid.
It 18 likely that expressions utilizing a specific heat
capacity evaluated at a fixed temperature will also be in-
adequate in the very near-critical region

Aslde from the limitation at the critical point, the
correlation is obviously an oversimplification of the integra-
tion for the bulk enthalpy flux. This is apparent from Equa-
tion (31) which reduces to the form

' H+ +)
h = htb < Cpm ( b Gb 133 (69)
Cpo 7 BT

The dimensionless enthalpy flux, (26), may be expressed as

+
Yy Rt
+ gt 2 +.+  RY- y* + _2_8 +q+ ( RY-y* +
H.bi-:RTSHG <__RIL_>dy +R+ HtG (%)dy
0 y{

(70)
where the subscript 1 corresponds to the position near the
wall where the transition from Equation (11) to (12) occurs.
The first integral i1s negligible since Rt >> yI. For constant
physical properties, utilizing Deissler's assumptions listed
in Chapter II and Schwarz's inequality, the integration of

the second term in (70) is given by the expression

a3 HY
(8 ap), = (@) {(;,-f).: [(;ﬁ:)t -1]+1} ()
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where the subscript t refers to constant properties equivalent
to the properties at temperature t. From the definitions of
the frietion factor, (17), and the dimensionless mass velocity

(22), 1t follows that,

(), = ut = (2/£,)"2 (72)

and

(@), = uj = 12.7 (73)

A comparison of Equations (16), (30), (71), (72), and (73)
reveals that

( ) (74)

All of the quantities in expressions (72) through (74) are
functions of property variations. The function, HI/GI, is
more sensitive to property variations in the supercritical
region since it depends on the specific heat capaclty.

Hence, a correlation of the form,

Re, Pry (: ) (
12.7 >1/2 e 2/3 pr)a kw) (pw)cc‘q} .l

(75)

was investigated. The subscript f refers to film properties

Nu.b

evaluated at the arithmetic mean of the wall and bulk tem-
peratures. A least square fit of the exponents did not yield

a satisfactory correlation. Minor modifications of the form
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of (75) were also investigated but none of the forms studied
were as successful as Equation (67).

The proposed equation, (67), correlates successfully
local heat transfer coefficients for propane in the super-
critical region even though its form appears incorrect. The
major advantage of this type of correlation is that it reduces
to the conventional expression when applied to regions remote
from the critical state. It also apparently yields conserv-
ative estimates for heat transfer coefficients near the
transposed critical state.

The applicability of the proposed equation for calcu-
lating heat transfer to other flulds in the supercritical

region requires further verification.



CHAPTER VII
CONCLUSIONS

The results of an experimental 1nvestigation of heat
transfer in the supercritical region of propane reveal that
the relative maximum in the heat transfer coefficient as a
functlion of either the bulk or wall fluid temperature becomes
smaller and less pronounced, and is displaced further from
the transposed critical temperature as the heat flux 1s in-
creased. For small wall-to-bulk temperature differences, h
can be correlated satisfactorily by well known equations
valid at constant fluld properties. When the temperature
differences are large, the heat transfer rate depends pri-
marily on the radial variation of the propertlies and their
derivatives.

An equation, (67), is proposed which correlates, with
good approximation, local heat transfer coefficlents for pro-
pane at 700 psia. The major advantages of this type of
correlation are its simplicity, the fact that it reduces to
a conventional expression when physical property variations
are small, and that 1t predicts conservative values for the
heat transfer coefficient near the transposed critical state.

The form of the proposed correlation is shown to be

82
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incorrect from an analysis of the heat transfer coefficient
at the critical pressure when the bulk fluid temperature
equals the critical temperature. It is likely that correla-

tions utilizing a specific heat capacity evaluated at a
reference temperature will also be inadequate near the

critical state.
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NOMENCLATURE

Cross-sectional tube area available for flow, ft2

Inside tube wall area available for heat transfer, ft2
Empirical constant
Empirical constant
Local isobaric specific heat capacity, Btu/lbm F

Isobaric specific heat capacity evaluated at bulk
temperature

Mean integrated specific heat capacity defined by
Equation (24)

Isobaric specific heat capaclty evaluated at wall
temperature

Empirical constant

Inside tube diameter, ft

Empirical constant

Voltage drop across test section, volts
Even function of x in Equation (48)
Friction factor, defined by Equation (17)
0dd function of x in Equation (48)

Local mass velocity, pu, lbm/hr ft2
Bulk mass velocity given by W/A.
Dimensionless mass velocity, defined by Equation (22)
Dimensionless bulk mass veloclty when @G = Gb

Acceleration of gravity, ft/sec2
87
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Dimensional constant, 32.17 1lbm ft/ 1bf sec2
Specific enthalpy of fluid, Btu/lbm
Bulk specific enthalpy of fluid defined by Equation (20)
Specific enthalpy evaluated at wall temperature
Dimensionless enthalpy, defined by Equation (21)
Dimensionless bulk enthalpy, defined by Equation (23)

2

Local heat transfer coefficient, @tu/hr ftc F

ILocal heat transfer coefficient evaluated at constant
fluid properties at temperature, t

Energy conversion factor in Equation (34)

Flow meter constant, pulses/gallon

Thermal conductivity of fluid, Btu/hr ft F
Thermal conductivity evaluated at bulk conditions
Thermal conductivity of Inconel

Thermal conductlvity evaluated at wall temperature
Tube length in ft

Empirical constant in the expression for the eddy
diffusivity, Equation (12)

Empirical constant in the expression for the eddy
diffusivity, Equation (11)

Nusselt number, hb/k

Isothermal Nusselt number

Isothermal Nusselt number evaluated at t
Absolute static fluld pressure; psia
Prandtl number, Cpu/k

Prandtl number evaluated at bulk properties

Prandtl number evaluated at constant fluid properties
at temperature, t

Heat transferred per unit mass of flowing fluid, Btu/lbm
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Net rate of heat generation, Btu/hr
Rate of heat loss from tube, Btu/hr
Local radial heat flux, Btu/hr ft°
Radial heat flux evaluated at the tube wall
Inside tube radius, ft

Dimensionless tube radius, defined by Equation (6)
when y = R

Reynolds number, DG/n

Reynolds number evaluated at bulk fluld properties
Radius variable, distance from tube center, ft
Absolute temperature, Rankine

Temperature, F

Bulk fluid temperature, F

Critical temperature, F

Transposed critical temperature, P

External tube wall temperature observed with
thermocouple, F

Inside tube wall temperature, P

Dimensionless temperature, defined by Equation (7)
Local fluid velocity in axial direction, ft/sec
Dimensionless velocity, defined by Equation (5)
Dimensionless bulk velocity

Bulk fluid velocity, ft/sec

Shear velocity, defined by Equation (8)

Work transferred per unit mass of flowing fluid,
Btu/1bm

Mass flow rate, lbm/hr

Parameter defined as (t - t;), F
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y = Perpendicular distance from tube wall, ft

y = Dimensionless distance from tube wall, defined by
Equation (6)

Z = Elevation above an arbitrary datum level, ft

z = Axial length variable measured from tube entrance,
i.e., distance from point of power application, ft

B = Dimensionless heat transfer parameter, defined by
Equation (7)

A = Linear operator, defined as output minus input

8 = Error

e = Eddy diffusivity of momentum, £t2/hr

= Eddy diffusivity of heat transfer, ft°/hr
M = Viscosity, lbm/ft hr

u' = Joule-Thomson coefficient, F/psia

My = Viscosity evaluated at bulk temperature
= Viscosity evaluated at wall temperature
g = Ratlo of outside-to-inside tube radii

o = Density, lbm/ft>

Pp = Density evaluated at bulk temperature

= Denslity evaluated at wall temperature

o =H - ch, Btu/1bm .

T = Shear stress, 1bf/ft

= Shear stress at tube wall

? = Functional notation

= Any of the physical and transport properties in
Equation (13)

Q = Tube electrical resistance, ohms

Subscrigts
b = Bulk conditions




91

c = Critical state

f = Film conditions, evaluated at the arithmetic mean
of the wall and bulk temperature

I = Conditions at tube entrance

o = Conditions at tube exit

t = Conditions corresponding to constant fluid properties
evaluated at temperature, t

W = Wall conditions

0 = Absolute zero reference temperature

1 = Position of transition from Equation (11) to (12)

Superscripts

¢ = Crystalline state
0 = Jdeal gas state
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Fluid Thermocouple Calibrations

The fluid thermocouples, located in the inlet and
exit mixing chambers and downstream from the flowmeter, were
calibrated to 0.02F against a platinum resistance thermometer.
The thermometer and thermocouples were plaéed in a well-
agitated constant temperature bath of triethylene glycol.

The bath assembly consisted of a 9 liter silvered dgwar flask
with a wooden top and a variable-speed agitator. Temperatufe
control of the bath was accomplished with a Bayley propor-
tional controller with a 25 watt control heater. The resist-
ance of the platinum thermometer was determined with a lLeeds
and Northrup Mueller bridge accurate to 10.00001 ohms. The
thermocouple EMF's were measured with a Leeds and Northrup
precision potentiometer, Model K2, accurate to 0.0002 MV.

The thermocouples were calibrated from 95 - 340F in
approximately 4OF intervals. The results of the calibration

are shown in Figure 16.

Test Section Resistance Calibration

The electrical resistance of the test section was
determined by the potentiometric method. The accuracy of
this method was checked by measurements using the Mueller
bridge at two temperatures. The agreement between the two
methods was excellent: X0.00001 ohms. The resistance meas-
uring circuit consisted of a 6 volt source and three resist-
ances 1ln series - a 0.0l ohm precision resistor, the test

section, and a variable resistance for controlling the
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potential drop across the known reslistance. The EMF measure-
ments across the standard resistance and the test section
were made with a Leeds and Northrup precision potentiometer,
Model 8662,

The calibration was accomplished by circulating
propane adiabatically through the insulated tube and meas-
uring the potential drop across the standard resistor and the
test section. The resistance of the test section was calcu-
lated from the expression

= 0.01 Ctube (I-1)

Qtub
ue Ey.01

where E refers to the measured EMP. The temperature of the
test section was determined from measurements of the bulk
fluid temperature at the inlet and exit mixing chambers. The
results of the calibration are shown in Figure 17. The maxi-
mum temperature that could be achieved by this method was
275F. For heat transfer runs at higher wall temperatures,
the resistance was obtained by linear extrapolation of the

calibration curve.

Tube Heat Loss Calibration

The tube heat losses were determined by supplying
electrical energy to the test section with the heat transfer
loop under a vacuum. A typical wall temperature profile for
one of these tests i1s shown in Figure 18, The relative flat-
ness of the profile in the central portion of the tube indi-

cates that conduction losses from the ends of the tube are
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small and would not affect the profile in the center of the
tube in actual heat transfer tests.
The electrical power dissipation necessary to main-
_ %ain the central portion of the tube at various temperature
levels 18 summarized in Table IV and plotted in Figure 19.

The heat losses were linear with wall temperature.

Flowmeter Calibration

The Waugh turbine flow meter was calibrated in place
using water by measuring the number of pulses recorded on
the scéler, the amount of water collected, and the observation

- period. The results of the calibration, tabulated in Table V,
show that the meter has an accuracy of 6.3%.

From dimensional analysis 1t can be shown that the
volumetric flow rate through the meter is a function of the
ratio of the signal frequency to the kinematic viscosity of
the flowing fluid. Since propane in the supercritical region
at 700 psia has a kinematic viscosity of 1/5 to 1/10 that of
water, the meter calibration was checked in a region removed
from the transposed critical state. The meter constant was
calculated from the overall energy balance using the enthalpy
data of Din (14) by the relation

_ _Q _ 3600f ( 1lbm -
W o = =5 Zal (I-2)

where f is the meter signal frequency in cps and K is the
constant in pulses/gal. Results of the calibration are shown

in Pigure 20. As indicated from dimensional considerations,
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TABLE IV

HEAT LOSSES AS A FUNCTION OF TUBE WALL TEMPERATURE

Central tube Electrical Power
wall temperature, Dissipation, Heat Loss,
F watts Btu/hr
199 5.8 19.9
300 12.1 41.3

361 16.3 55.6
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TABLE V

TURBINE FLOWMETER CALIBRATION
Test Fluid - Water

Meter Signal Meter Constant,

Flow Rate, gpm Frequency, cps pulses/gallon
3.106 173.42 3349
3.105 173.29 3348
2.546 141.85 3343
1.988 110.91 3347
1.420 79.36 3353
1.383 T7 .26 3352
1.081 60.61 3363
0.898 50.31 3360

0.879 49,25 3361
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the results are different than those obtained using water,
Table V. The propane calibration was used to dstermine the

mass flow rate for all runs with an accuracy of 0.6%.
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TABLE VI

EXPERIMENTAL AND CALCULATED DATA

Thermocouple readings are inside wall temperatures in F;
location of thermocouples is given in Table VII. Values
reported for h,; are heat transfer coefficients at a point

11 in. from the upstrcam point of electrical power appllica-
tion.
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EXPERIMENTAL AND CALCULATED HEAT TRANSFER DATA

Thermocouple Number

Run 2 3 4 5 6 T 8 9
le 192.9 197.6 202.7 206.9 208.6 209.9 211.4 211.1
2¢ 170.8 174.5 178.6 180.6 181.8 183.9 186.0 187.3
3¢ 193.9 198.3 203.3 204.4 206.1 208.4 209.8 211.5
4e 160.9 164.2 167.5 169.5 170.6 171.5 173.2 174.7
5¢ 190.5 194.3 198.1 199.9 202.0 204.1 204.8 206.6
6c 188.3 189.9 195.0 197.6 199.4 200.7 201.9 203.1
7c 189.5 193.9 198.7 200.9 203.8 204.8 207.6 208.7
8¢ 231.6 241.8 253.0 261.3 271.8 281.3 290.6 300.4
9¢ 196.6 201.2 205.7 207.5 209.6 211.5 213.5 215.0

10¢ 201.6 205.0 210.2 212.6 214.1 215.9 217.8 218.7

lle 194.8 199.0 202.4 204.5 206.8 209.3 209.5 212.0

12¢ 205.3 208.4 211.9 215.1 216.5 218.1 218.9 220.3

13¢ 177.8 180.4 180.5 185.6 187.9 188.6 189.9 191.4

14¢ 207.8 211.4 215.9 218.1 220.0 221.3 222.3 224,0
1 177.6 178.3 178.7 178.9 179.3 179.8 179.9 180.1
2 185.0 185.9 186.7 187.1 187.6 188.9 188.9 188.9
3 194.2 195.3 196.5 197.0 197.5 199.1 199.6 199.8
4 201.0 202.6 204.3 204.9 205.4 206.4 206.6 207.2
5 214.3 215.4 218.1 218.8 219.8 220.5 221.1 221.4
6 224.9 227.0 229.2 231.0 232.8 235.1 235.3 236.4

13 204.4 206.0 207.7 208.4 208.2 209.9 210.8 211.0

14 218.8 220.7 222.5 223.6 224.5 225.9 226.5 228.0

15 230.6 234.9 238.7 240.2 242.6 246.3 247.3 248.9

16 267.5 279.2 286.3 289.8 290.0 292.8 294.0 294.4

4o 232.7 237.1 241.1 243.5 245.2 248,33 249.3 251.9

50 239.0 246.0 251.7 254.2 256.6 258.8 258.6 260.3

51 248.0 257.1 264.9 267.6 270.7 273.0 274.2 275.1

52 251.4 .259.8 265.2 268.6 269.9 272.0 272.7 274.2

53 242.,1 248.3 253.5 257.2 259.4 261.1 262.2 263.8

54 248.2 253.2 258.1 260.6 262.1 266.5 264.7 264.8

55 2u4 .9 248.0 251.5 253.2 254.0 255.3 255.7 256.8

56 269.6 274.1 277.3 279.1 278.9 280.8 281.3 282.0

57 272.2 2T4.4 277.9 278.9 279.5 280.9 282.1 282.5

58 275.8 277.5 279.8 280.8 281.6 283.4 283.4 284.9

59 269.7 272.9 276.5 277.6 277.9 278.8 279.2 280.7

60 265.6 271.9 275.6 277.2 278.4 279.5 279.5 280.3

62 306.6 309.1 313.3 316.1 317.9 321.1 324.5 328.1

63 306.8 309.9 312.6 317.0 317.6 320.0 323.0 325.8

64 285.3 287.1 291.5 295.2 297.8 299.4 302.5 302.5

65 285.1 287.2 290.8 293.0 294.9 297.8 299.5 302.2

66 286.2 289.4 293.5 295.9 298.1 301.6 305.8 307.7

67 304.4 309.5 315.6 319.4 323.4 327.7 331.1 336.0

68 324.8 332.6 341.0 346.4 351. 357.7 363.0 369.6

73 296.4 301.7 308.0 311.1 314.9 318.7 321.8 325.7

T4 288.4 290.0 292.6 294.9 295.5 296.9 298.4 299.7



2°'hee T°w32 2'%2e T1°€22 gc°€ee Hh'tee e't€ee g£°gee  let
6°122 L°Tee g2'222 E£°122 €°122 G'122 122 G't2e 921
G612 2°6T2 G°612 g'QTc 9°gTIS 6°gTe §°'8I2 8°'grle G231
L'0G2 €062 G'0G2 G'6%c 28BS 0O°'ghe H'9hS 0O°GH2  #3l
g°'Te2 G°122 Q°'Iee 6°022 g'022 T1°'122 6°022 0'122 <22t
€°€22 €°€22 H'€2z 9222 G'@2e L-22e G'eee L2z 121
L°222 G'egg L'222g 2'222 2'222 h'eee 2'eee £°eee ot
L'22e G222 L2222 2'222 =2°232 H'eee e'ede - g€cgee  QIl
6°2232 L'222 0°€32 2°222 6°122 O0°€t32 6°122 T'gee LIl
#°'922 0°922 0°'922 G'G22 0'Gee e°G32 L'Hwee 6°x22 9lt
f'l2e T°lee €°l22 9'922 #°932 G922 0°922 1°'922 GI1
g'hG2 €°€G2 T1°€G2 9°TG2 6°062 6°0G2 =2°6Ke E£°'ghe  2IT
G622 1°G22 £€°G32 9°'#%22 £€°w32 L'h2e 9°Hwe2e G2 ITl
9°00f T1°'26E Q°€GE 2°GLE 199 L°09E ¢2°29E 2°'THE Ol
6y 8°2EH Q'Teh H'OTh E€°'TO0w Q°1I6E 6°8LE T1°G9E€ 60T
G'REE 2'GEE 6°TEE 2°92¢ L°€3t E£°6TE g2°21€ L'GoE Lot
0°692 1°§92¢ T1°.92 8°'G92 T°'492 8°292 #'8%2 L'€G2 901
€622 0°'622 0°622 #%H'g2e 0'g2e 2°'822 9°l22 9'lsz GO1
T°'I€2 Q'0E2 T1°1€2 2°0£2 6°622 @632 2°622 2'622 1ot
#°'9€2 Q°'SE2 Q'GE2 8°'ht€e 9°HwE2 L wEe2 @ EEe2 G°gge  for
g'622 G622 £°632 8°'822 K832 fK'gee E£°lse €°l2e 20T
G'222 T'232 freee 2122 9'022 G'022 E£°612 #'6l2 10T
2162 0°962 L°Gbz 2°t62 2'e2be L°682 9° 182 6°2g2 00T
0°'gbe 0°962 H'#6e 6°262 2062 L°982 0°282 £°gle g6
f1"0TE 6°L0E Q°GOE T'€O0E 6°00€ @°.62 9°€6e G'gRe L6
6°9TE G H#IE 6°2TE 9°60E€ T LOE 2°#0f€ E£°662 T°'Hb2 96
9°'GIE 9°ETIE O0°2IE L'QOE 6°G0E 2°¢0E €°Ll62 G°t62 G6
f1°00€ L'g62 2°.l62 €£°G62 0°'tbec H©°062 6°H82 €£°282 46
T°QhE L°GHE L°2hE B'6EE G 2EE 6°2LE 6°G2E e2'81E 16
6°9GE 6°H9E L°2GE L°'gHE 9 °H#wE 6°THE 6°CEE T1°GeE 06
Q'L2E Q°G2E G'H3E H#'T2E T'QIE T°GIE #°6CE Q°'20E 68
2°92¢ L'93¢ G°£2f G'6TE 6°GTE 2°21E 0°90E G°00E €8
m.aﬁm 2'I1E 9°80E H°G0E #°20E G662 6°C62 2'062 L8
#0€ L°TOE €£°662 L9622 9'#62 9°262 6°.82 ©°S8: 98
9°'962 H'wbe =2°'2bc 9°68c 9°g8c L°982 B8°282 9°Ig2 S8
0'26c L'06be 2682 B8°.g2 £°982 L°€82 0°182 L°6lLe +#8
1°'g62 2°962 6°f62 9°€62 0°262 H'06e 6°.82 2°'982 <8
f°262 #°062 1682 €£°l8e 9°lge L°G82 1°2g2 1°1ge 18
6°6EE 0°9EE E°EEE #H'62E 2°H#2€ 6°61E 2°ETIE T1°'90E 6.1
2HEE €°L3E 9°L3E 6°22¢ 9°03E L'9TE 6°60E @°20¢ Ll
G°02E 2°LIE O°'HIE Q°60E 20t €£€°G0t 6°g62 E£°462 9L
6°T0E £°00E 6°g62 G'96c 6°G62 2'H62 g8°062 @682 Gl
6 8 L 9 S i € 2 uny
JaqunN sTdnooouaayy

10T



108

Thermocouple Number

Run 10 11 12 13 14 15 16 17
le—215.6 216.3 217.1 218.4 219.0 219.7 221.1 222.2
2¢ 189.6 190.1 191.3 192.7 193.0 194.0 195.8 197.2
3¢ 213.8 214.2 215.1 216.1 216.3 217.6 219.0 219.9
be 176.2 177.0 178.1 179.1 179.7 180.5 181.g 183.1
5¢ 208.7 209.0 209.9 210.7 211.1 212.4 213.8 214.3
6c 205.1 205.2 205.9 206.9 207.3 208.7 210.1 211.9
Te 210.4 212.1 213.4 214.8 215.7 216.5 218.0 219.3
8¢ 313.3 320.8 323.6 327.5 328.2 330.0 334.4 335.9
9¢c 216.8 217.6 218.1 219.3 219.8 220.2 221.5 222.7

10e 220.1 220.5 221.3 222.2 222.6 223.4 224.8 226.0

1lle 213.9 214.3 215.1 216.2 216.6 217.4 218.8 219.4

12¢ 221.9 222,33 222.7 224,7 224.8 225.8 227.7 228.8

13¢ 193.0 193.5 194.5 196.7 196.8 197.8 198.9 200.0

14c 225.9 226.4 227.1 228.8 229.2 230.6 233.1 235.0
1 180.4 180.4 180.9 181.1 181.5 18i.8 182.0 182.3
2 189.5 189.5 190.0 189.9 189.9 190.2 190.6 191.0
3 200.5 200.6 201.2 201.3 20l1.2 201.6 202.2 202.5
4 208.3 208.4 209.4 209.9 210.3 210.7 211.4 211.8
5 222.6 223.0 223.4 223.,5 223,7 224.,8 225.2 225.6
6 238.0 239.1 239.3 239.9 240.2 242.6 2u44.,7 246.3

13 211.6 212.0 212.4 212.5 212.8 213.2 214.0 214.6

14 228.2 228.8 229.7 230.3 230.5 231.1 232.4 233.2

15 252,1 253.6 254.0 255.6 255.6 258.4 260.5 262.0

16 296.2 298.0 297.4 298.4 298.4 301.3 302.5 303.8

4g o54.7 255.6 255.3 256.7 257.4 260.1 261.4 262.4

50 263.6 263.2 263.1 264.1 264.4 266.1 268.0 268.7

51 278.3 279.2 279.1 279.6 279.8 281.2 282.9 283.8

52 276.6 276.5 276.5 276.8 277.2 278.4 279.9 280.0

53 266.2 266.4 266.0 266.8 266.7 268.7 270.1 270.5

54 267.3 267.3 266.9 267.2 268.0 269.0 270.5 271.1

55 258.5 258.1 257.9 258.6 258.9 259.6 260.4 260.8

56 283.4 284.,0 283.9 283,3 283.6 288.7 287.2 287.5

57 284.4 284.6 284.0 284.7 284,7 285.6 287.0 288.0

58 286.6 287.1 286.9 288.2 288.3 289.9 291.2 29.2

59 282.8 282.5 282.3 283.0 283.2 284.6 286.2 287.9

60 282.4 282.5 282.4 283.0 283.0 284.0 285.6 285.7

62 332.8 336.1 337.9 341.8 345.7 350.1 357.5 357.7

63 330.2 334.1 334.5 339.2 339.6 343.2 348.8 350.5

64 305.4 306.9 308.0 311.1 312.2 314.,5 316.9 318.0

65 305.9 307.1 308.1 309.4 311.5 313.9 316.9 317.8

66 311.0 313.0 314.0 317.3 320.5 321.8 324.5 324.7

67 340.3 342.0 343.7 348.0 351.5 354.5 358.5 359.2

68 377.2 380.1 381.7 390.2 394.2 398.4 399.5

73 329.0 330.5 332.8 337.6 340.2 342.3 342.3 343.8

T4 302.8 304.2 304.7 306.6 307.6 309.2 312.0 313.3

75 303.9 305.7 305.7 307.4 308.6 310.0 314.5 315.6

76 323.9 325.3 327.1 330.7 332.4 334.9 337.7 339.3
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Thermocouple Nunber
Run 10 11 12 13 14 15 16 17
77 338.1 341.2 342.0 345.3 347.5 348.6 351.9 353.4
79 342.9 345.9 347.1 350.0 352.8 354.0 356.6 358.0
81 296.0 297.3 296.8 299.0 299.4 300.5 302.8 303.9
8 301.3 303.0 303.6 306.1 307.7 309.6 312.3 313.5
84 294.7 295.1 295.3 297.4 299.4 300.7 303.4 304.3
85 299.2 299.4 300.4 302.8 304.1 305.7 309.0 309.3
86 308.3 309.2 310.3 312.7 315.3 317.4 319.2 320.8
87 318.0 318.5 320.0 323.6 325.5 327.4 330.1 331.6
88 333.7 335.5 337.2 240.4 343.2 3u46.2 347.3 349.4
89 330.0 331.5 333.1 33%4.1 335.5 337.0 338.7 341.7
90 360.3 362.3 366.1 367.5 370.6 372.2 373.7 375.8
91 350.0 352.5 354.8 356.5 357.9 360.1 361.6 364.1
94 302.5 302.7 303.7 304.9 305.6 306.7 307.6 309.8
95 316.7 317.4 319.1 320.7 321.0 322.7 323.7 325.4
96 319.0 320.1 -321.6 323.0 323.8 325.8 327.0 328.9
97 312.9 313.4 314.1 316.4 317.7 318.7 319.5 321.7
98 299.4 299.9 301.2 302.1 303.4 304.8 305.8 307.2
100 298.3 298.0 297.6 298.8 298.3 298.8 300.9 301.3
101 222.7 222.9 223.2 223.3 223.1 223.4 223.6 223.7
102 230.3 230.2 230.7 231.1 231.4 231.4 231.5 231.9
103 236.9 236.6 237.4 237.8 237.9 238.3 238.4 239.2
104 231.% 231.1 231.6 231.6 231.6 231.9 232.1 232.4
105 229.3 229.1 229.7 229.8 229.9 230.0 230.0 230.5
106 271.3 270.7 270.3 271.2 271.2 272.1 273.3 274.2
107 32,7 343.3 347.8 350.3 354.9 357.2 359.2 362.4
109 457.0 459.5 U458.5 469.4 473.7 470.2 469.1 *
110 409.0 413.9 U413.9 424.1 429.4 420.2 * *
111 225.4 225.5 225.8 226.4 226.3 224.3 * *
112 255.9 256.2 255.6 257.1 257.9 259.4 * *
115 227.9 227.6 227.7 228.1 228.1 226.3 * *
116 226.6 .226.6 230.2 226.8 227.0 225.3 * *
117 223.1 222.7 222.4 222,8 222.9 220.7 * *
118 222.9 222,7 222.9 223.3 223,3 221.2 * *
120 224.5 224.1 224.2 224.5 224,7 222.6 * *
121 223.3 222.7 222.8 223.0 222.,9 220.6 * *
122 221.8 221.4 221.1 221.5 221.4 219.3 * *
124 251.8 251.2 251.2 252.5 252.9 * * *
125 219.6 219.2 219.4 219.7 219.4 * * *
126 221.9 221.7 221.7 221.8 222.0 * * *
127 224.1 223.8 223.9 224.0 223.9 * * *

* No Thermocouple Signal
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Thermocouple Number Inlet Outlet AP,

Run 18 19 20 21 tys F ty, P psi
le 223.4 224.,8 226.0 227.1 101.9 135.8 0.43
2¢ 197.8 198.7 199.5 201.1 99.2 126.7 0.43
3¢ 220.6 221.7 222.5 223.0 106.5 138.3 0.82
4e 183.7 184.9 185.7 186.8 100.0 123.2 0.84
5¢ 214.7 216.4 217.8 219.2 108.5 137.4 1.32
6ec 212.2 213.4 214.2 215.3 110.8 137.2 2.00
T7c 220.0 221.0 222.2 223.,7 102.8 136.6 0.32
8¢ 339.6 337.3 339.2 341.1 109.6 154.3 0.29
9¢ 223.3 224,7 225.9 227.2 105.6 139.0 0.60
10¢c 226.5 227.9 229.9 231.1 107.9 141.3 0.73
lle 220.0 220.9 221.7 222.5 108.4 139.2 1.01
12¢ 229.8 231.0 232.2 233.4 113.3 145.4 1.46
13¢ 200.1 201.3 202.4 203.5 106.9 130.9 3.30
14c 236.4 238.3 239.9 241.2 106.6 14:.8 1.04
1 18,3 182.5 182.8 183.0 166.4 170.9 0.90
2 191.1 191.2 191.4 192.0 167.2 173.7 0.88
3 202.5 202.7 203.2 203.8 168.1 177.5 0.89
4 212.0 212.3 212.9 213.9 166.2 178.9 0.90
5 226.0 226.5 226.3 227.0 167.1 184.2 0.89
6 o46.3 247.0 2444 243,9 168.5 189.0 0.83
13 215.0 215.5 215.7 215.9 168.5 181.5 0.82
14 233.5 234.2 233,9 234.4 168.1 186.7 0.81
15 262.9 263.7 260.7 260.0 168.4 191.2 0.77
16 303.6 303.6 302.4 301.9 169.4 197.6 0.76
49 261.7 262.3 259.3 258.6 172.1 193.6 1.07
50 267.9 267.1 265.6 264.4 172.5 194.3 0.97
51 283.3 283.5 283.0 282.1 172.5 196.6 0.74
52 280.0 279.5 279.2 278.8 179.2 201.0 0.81
53 270.1 270.2 268.7 267.2 178.1 198.5 0.99
54 270.8 270.4 268.7 267.5 184.2 203.2 1.01
55 260.5 260.3 258.5 257.4 191.6 207.2 1.35
56 287.8 289.0 289.9 290.9 189.3 208.5 c.84
57 288.7 289.1 289.7 290.2 193.7 211.0 0.87
58 292.8 294,0 294.2 2944 197.5 213.1 0.90
59 287.8 287.7 288.6 289.4 191.1 209.7 0.81
60 286.0 286.0 285.7 285.4 185.6 206.2 0.79
62 364.9 369.9 375.4 382.4 203.6 217.3 0.94
63 355.4 357.3 360.5 366.9 199.5 216.0 0.83
64 320.7 323.9 325.9 327.9 210.7 218.4 0.99
65 320.8 322.1 324,8 327.7 212.0 218.7 1.03
66 327.7 330.3 332.2 334,11 214.4 220.0 1.07
67 362.4 366.2 368.6 371.1 214.6 220.8 1.14
68 406.6 407.6 409.8 413.7 215.8 222.3 1.19
73 347.3 349.9 3\2.1 3B4.4 216.9 222.8 1.24
T4 315.7 318.7 321.6 323.8 194.2 212.4 0.83
75 318.3 1  324,1 327.0 197.3 214.1 0.86

321.
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Thermocouple Number Inlet Outlet AP,

Run 18 19 20 21 tps F ty, F psi
76 341.3 344,5 343.,7 342.4 216.2 221.6 1.18
77 354.2 356.8 356.7 357.3 219.2 228.9 1.34
79 360.8 362.0 363.9 365.3 219.6 230.1 1.37
81 306.3 308.7 310.9 312.1 20¢.5 214.7 0.83
82 315.8 320.4 322.7 324.0 203.7 216.3 0.88
84 306.3 309.6 311.8 314.3 206.1 216.8 0.97
8 312.8 314.6 316.6 318.9 208.8 217.9 1.02
86 324.8 326.9 329.5 333.4 212.8 219.3 1.10
87 335.2 336.8 339.5 342.,1 216.6 221.8 1.24
88 352.9 356.6 359.3 362.1 217.4 223.4 1.29
89 341.9 343.9 345.2 346.8 229.4 251.8 1.99
90 376.5 378.4 379.9 381.0 228.3 256.2 2.13
91 364.6 366.7 367.9 369.1 227.8 253.0 2.13
94 310,0 311.6 312.5 313.3 226.1 240.9 2.23
95 325.9 328.4 328.2 32G.9 230.7 249.9 2,18
96 330.1 330.8 332.0 333.5 223.7 238.9 2.24
97 322.4 324.4 325.7 327.5 223.3 237.4 2.23
98 308.6 308.7 309.5 310.7 223.0 233. 2.44
100 300.6 301.6 301.1 301.3 181.1 204.9 1.35
101 223.4 224.4 2245 224.,5 193.7 202.1 1.48
102 231.8 232.0 231.9 231.3 209.5 214.7 1.56
103 239.0 238.9 238.0 238.9 218.5 220.5 2.12
104 232.3 232.7 232.0 231.3 218. 219.5 3.59
105 230.2 230.3 230.3 230.3 216.9 218.4 3.35
106 273.2 273.3 273.2 2740 186.5 204.8 0.99
107 368.3 371.2 372.1 373.5 218.3 225.3 1.24
109 483.3 489.,6 491.6 493.1 216.1 226.4 0.90
110 442,11 445,66 447.6 450.8 215.8 223.9 0.84
111 226.6 226.7 2265 226.1 214.,1 216.4 3.59
112 260.8 261.1 261.7 262.2 214,7 219.0 0.69
115 228.5 228.5 228.9 228.8 216.0 218.2 0.71
116 227.5 227.7 227.8 227.7 213.7 216.6 0.68
117 222.3 222.9 222.8 222.8 214.4 215.9 1.67
118 223.4 223,58 223.6 223.6 216.4 217.7 1.8
120 224.,7 224.,9 224.8 2246 219.4 219.9 3.57
121 222.,9 222.9 222.8 222.7 218.4 218.7 3.56
122 221.4 221.5 221.4 221.2 216.4 216.8 3.59
124 254.4 255.1 253.2 251.9 217.6 220.1 3.59
125 219.7 219.7 219.7 219.7 213.8 215.1 0.70
126 221.7 .221.7 221.6 221.5 217.1 217.8 0.74
127 223.8 223.9 223.8 223.6 219.0 219.6 0.78
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D.i K] W ’ P ’ UH 1
: Run Btu/hr-ft° 1b/hr psia Btu/hr-ft°-F
A
£ le 65,070 387.6 700 671
w 2¢ 51,570 388.4 700 666
4 3c 84,840 530.6 700 926
¥ be 60,290 542.7 700 918
: 5¢ 97,210 669.3 700 1,131
. 6¢c 112,050 843.0 700 1,382
1 Te 55,560 331.8 700 601
H 8c 80,820 345.8 700 426
9c 76,550 456.6 700 810
10¢ 85,820 506.2 700 900
| llc 93,120 598.1 700 1,033
m 12¢ 117,470 706.8 700 1,274
. 13c 127,750 1,080.5 700 1,706
w 14c 105,510 591.1 700 1,040
1 12,970 495.6 700 1,080
2 20,480 holy .7 700 1,057
3 29,580 493.9 701 1,041
L 39,290 500.7 700 1,076
5 53,630 498.7 700 1,129
6 67,570 498.8 700 1,136
13 39,860 496.6 700 1,063
14 58,470 ol .7 700 1,123
15 73,100 491.0 700 999
16 95,600 491.9 700 854
4g 82,810 571.0 700 1,169
50 81,520 545 .2 700 1,047
51 80,540 478.3 700 870
52 79,570 495 .4 700 934
53 80,950 543.5 700 1,060
54 81,420 539.0 700 1,123
55 81,300 609.0 700 1,408
56 82,120 481.7 700 983
57 81,790 478.1 , 700 1,027
58 82,250 4l .6 702 1,033
59 80,980 475.6 700 1,009
60 82,600 4r7.8 700 967
62 98,870 437.3 700 790
63 99,060 4y ,5 700 798
64 81,470 428.0 700 883
65 80,810 425.5 700 881
66 79,590 4142 700 828
67 92,120 410.2 700 735
68 101,720 405.9 700 626
73 87,100 4o2.8 699 769
T4 88.900 452 .2 699 901
75 89,060 4yg 4 700 914

76 87,640 420.5 700 811
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TABLE VII

LOCATION OF THERMOCOUPLES

Thermocouple Number Z, inches
2 1.0
3 2.0
4 3.0
5 4.0
6 2.0
T .0
8 7.0
9 8.0

10 9.0
11 10.0
12 11.0
13 12.0
14 13.0
15 14.0
16 15.0
17 16.0
18 17.0
19 18.0
20 19.0
21 20.0

2z 18 distance from entrance, i.e., distance from
point of power application in direction of flow



APPENDIX III

Sample Calculations



SAMPLE CALCULATIONS

Low-Temperature Test Run, 2C

A.

Determination of Mass Flow Rate, w
Observations:
Flowmeter pulse count = 48,100 pulses

Meter conditions: ¢t = 99.3F
P = 703 psia

Observation period = 546.24 sec
Flowmeter signal frequency, f = pulses/sec

48,100)/(546.24)
= 88.06 cps

Density at meter conditions = 0.4850 gm/cc
Kinematic viscosity at meter = 0.1898 ctks

Ratio of frequency to kinematic viscosity
= (88.06)/(0.1898) = 464 cps/ctks

Meter Constant, K (See Figure 20) = 3302 pulses/gal
60 f/k

60é88 .06)/(3302)
00 gpm

Volumetric flow rate

Mass flow rate of fluid at density = O. 4850 gm/ce
= 388.4 1bm/hr
Calculation of Dittus-Boelter h:

Inside tube cross-sectional area, A, = nD2/4

= 1(0.02508)2/4 = 0.00049% sq.f

Bulk fluid temperature (See example calculation
described in IIC below? 114 .2F

Pressure = 700 psia

116
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(388.4)/(0.000494)

Mass velceity, Gb = W/Aq
7.77 x 10° 1bm/hr.sq.ft.

]

Thermal conductivity at t, (24) = 0.05306 Btu/hr.ft.F
Viscosity at tp (36) = 0.1972 lbm/hr.ft.
Specific heat capacity at t, (14) = 0.644 Btu/lbm F
Reynolds number = DGb/ub

= (.002508) (7.77 x 10°)/(0.1972)

= 9.987 x 104

Cpbub/kb
(0.644) (0.1972)/(0.05306)
2.39

Prandtl number

Heat transfer coefficient from Eq. (2)

A
hD )O

B = 0.023 (Re,, )0-8 (Pr,

0.8 0.4
. £0.023)(0.05306) (9.987 x 10*)"""(2.39)
70 02508)

h = 689 Btu/hr.sq.ft.F

II. Reduction of Test Data for Typical Run

Run No. 62
Observations:
Voltage = 11.07 volts
Average tube wall temperature = 346F
Inlet bulk fluid temperature = 203.5T7F
Outlet bulk fluid temperature = 217.29F
Pressure at tube entrance = 700 psia
Pressure drop across test section = 0.94 psi
Flowmeter pulse count = 56,640
Meter conditions: t = 145.3F P = 703 psia

Meter observation period = 500.18 sec
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Calculation of Wall Heat Flux:
Tube resistance (See Figure 17) = 0.030564 ohms
Electrical power dissipated = E /ﬂ

(11,07)2/(0.030564)
13,685 Btu/hr

n

Tube heat losses (See Figure 19) = 52 Btu/hr

Net rate of heat transferred, Q = (13,685 - 52)
= 13,633 Btu/hr

DL
n(0.02508) (21)/12
0.1379 sq.ft.

Inside tube surface area, Ai

nmnn

Wall heat flux

?/3 633)/(0.1379)
870 Btu/hr s8q.ft.

Ay
Calculation of Overall Heat Balance:

Mass flow rate, w (See example calculation in IA)
= 437.3 lbm/hr

Inlet specific enthalpy at 700 psia = 82.9 Btu/lbm
113.7 Btu/1bm

Specific enthalpy at TO and 700 psia
Pressure correction on exit enthalpy = 0.4 Btu/lbm

Specific enthalpy change, 8K, = (113 7 -/82.9 + 0.4)
= 31.2 Btu/1bm

Specific heat input, Q
(13 633)/(437.3)
31. 18 Btu/1bm

Deviation (Q - Aﬁs) = 31.2 - 31.2 = 0.0 Btu/lbm

Calculation of Bulk Temperature at z = 11.0"

Specific enthalpy change between z = 0 and z = 11.0"
= (11/21) x (overall enthalpy change)
= 0.524 (31.2)
= 16.33 Btu/1bm

Specific enthalpy at z = 11.0" = 82.9 + 16.33
= 99.23 Btu/lbm
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Bulk temperature at H = 99.23 Btu/1bm and P = 700 psia
= 212.8F

Pressure correction on temperature (See Eq. (45))
= -(0.15)50.94)(0.52&)/(2.5)
= -0.03F (Negligible)
Bulk fluid temperature at z = 11.0" = 212.8F
Calculation of Inside Wall Temperature
External wall temperature = 349.8F

Assume temperature drop across tube wall = 12F

Thermal conductivity of Inconel at 344F (arithmetic
mean temperature) = 9.58 Btu/hr ft F

Ratio of outside to inside tube radius, §
= (0.3585)/(0.301) = 1.101

g2 = (1.191)(1.191) = 1.418

Terperature correction from Eq. (38),

~qyR [ 1 _ e tn ¢
k 2

ta -t =
® (g2 - 1)

w

_ _ (98,870) (0.01254) [ 1 _ (1.418) 4n (1.191) ]
958 2 (I.118 - 1)

tg - t, = 11.9F |

Inside wall temperature = 349.8 - 11.9 = 337.9F

Since the assumed temperature change over the wall
thickness 18 approximately the same as the computed
difference, 1t is not necessary to readjust the
thermal conductivity.

Calculation of the Heat Transfer Coefficient

. R 98,870  _
h—rw-TE; W—'TQOBtu/hr.sq.ft?



