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ABSTRACT

~An experimental measurement of heat transfer coefficient of
isobutane at h.!ﬁ MPa (600 psia) has been performed using the experi-
mental system deueloped by the.Sea Water Conversion Laboratory.  The
experimental system simulates a geothermal power plant utilizing a

binary cycle with isobutane as the working fluid. In this system,

" jsobutane is heated inside a horizontal tube with steam condensing on

the outside.

The heat transfer coefficient was deduced from the measurements

q
ST$A? . The heat flux

| | | b’ AVG

dgTEAM W3S determined by collecting the steam condensate in four pans

placed underneath the heater tube and measuring'the condensate rate by

at the heater using the equation: h = (T

four Specially-desfgned flow meters. The fnside-wall‘temperature of

the heater tube was calculatea using the temperatures obtained from

the best fit curves drawn through the measurements of the thermocouples

located at x/D = 14. , 45,9, 77.6, 109.4 and lhl.l, At each axial

location, there were at least two tnermocouples ]ecated at known radial

locations inside the tube Qall and positibned at either + 45°'or -450

about the vertical plane through. the tube;.'The:in;iue wall temperature

calculated wa5'355umed‘to Be:the:peribheraljy;averaged value. The bulk

temperature of lsobutane was measured by a travelllng temperature probe.
The resultnng heat transfer coefflcuent was estnmated to be

accurate to % 20% over the range of Reyno?ds number from 2.2 x 10" to

2.5 x 10° and 4.3 < Pr < 11.1.

For those runs, when E = —%*Sf—?r—£(> 1 and the property variation
w b . :




was least severe, the experimental Nusselt numbers were found to be
correlated bvaetukhov's correlétfon to £ 15%. Free conveétion showed‘
little appareﬁi effect on the heat tréﬂsfer coefficient that was
measured,
Experimental runs with bulk fluid temperature approaching or
paséing through the pseudocritical température along the length of
the heat exchanger were considered in two parts.
(a) The results for 0.1 < E < 1.0 were correlated to + 15% by
the Sieder-Tate correlation.
(b) For those results with 0.1 > E > -3.0, none of the préposed
| correlations could correlate the results to any satisfaction.
However, there was some’ evidence that, wHen 0.1 > E > ~-0.1,
a reduction in the expérimental Nusselt nuimber with respect

to the prediction by Sieder-Tate correlation was dependent

on E.
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CHAPTER 1 -

INTRODUCTION

A binary cycle power generating plant has been proposed in the
feasibilfty study of a 10 MW experimental geothetmal power generation
facility. In this system, lew-salinity-intermediate temperature (150 -
230°C) geothermal brine is used to heat a seeendary fluid. This
secondary fiuid acts as the working fluid of a turbo~generator power
cycle similar to an erdinary steam power plant. Tne selection.ef the
secondary working flufdvdepenus on the‘obtafnable temperatufe range of
the brine and other eensfderations; Studies ptenared for Lawrence
Berkeley Laboratory [ selected isobutane at supertrftieal pressure as
one of the candidate-working fluids-for use fn the Binary cycle system.

Accurate spec:flcatlon of heat transfer coeff:cnent for isobutane
at supercrntncal pressure can affect the practlcaloty of utnllzung
geothermal brine as a vuable source of energy, since the cost of heat |
transfer equfpment accounts fot approximately half of the capital cost
of the plant. In specifying the heat transfer coefficient fer a
novel working fluad, a desngn englneer has to rely on the-available

heat transfer coeffncnent predlctlons when nnformataon on the

performance of the worknng f]und under snmllar or cdenttcal condlttons

P

are not available. These generaltzed emplrlcal correlat:ons nnvolve

‘i,Av- 3

‘the thermodynamlc and transport propertles of the flu:d and glve

the mean, or most probable value of a large amount of experamental

~data. Often the correlat:ons mlght not have taken certann mnnor

influences into account because such cnfluences were not important

under the exper;mental c0nd1t|ons on wh:ch'the correlation was

based. Thus the accuracyuof such correlations




diminishes even more. Because of th:s circumstance, a decision
was made by Lawrence Berkeley Laboratory to fund at the Sea Water
Conversion Laboratory (SWCL) an experimental study to determine the
‘vyaJuevof heat'transfer eoeffjeientfof isobutane atithe proposed

operating c0nditJ0ns.for-the geothermal power plant.

léi. Heat Transfer to Fluids at Supercrntical Pressure

.In the experxmental\system deve!oped for the measurement of heat-
' transfer coefflcnent to |sobutane by the SWCL, :sobutane is pressurlzed
to k4, l# MPa (600 psua), and heated |n51de an lnstrumented horlzontal
;tube by steam condens«ng on the outsade Thl$ pressure is above the

: crutacal pressure of lsobutane, 3.65 MPa (529 1 psia) The temperature
'of the 1sobutane in the experiments performed on this system ranged
-from 62 C to 176 C wuth the critical temperature being 135%. ‘The
mass flow rate of lsobutane ranged from 0. 04k to 0. 150 kg/sec (350 to

1200 Ibm/hr) glVlng the Reynolds nunbers from 2. 5 X IOI"l to 3.0 x IOS

s

in the heated tube of 19 2 mm (0. 756 in. ) tnstde dlameter. These

Reynolds numbers are in the ”fully turbulent' range.

With the expernmental values of heat transfer coefficient for

isobutane under.various flow,condftions‘at sUpercritfca! pressure thus
made avaifable the focus of this study is the comparison'of‘those ex-
per:mental data to varnous prednctnons of the heat transfer coeff;cuents,
partxcularly for pressures above the crntlcal ' Such information has

' been avaulable since the eariy 1960's in the applscatlon of super~
crttlca]’fluads in b01ler des:gn and cooling ro;het motors. Surveys of v

»forced convectlve heat transfer to flutds at supercritical pressure have»

vibeen made by Hall and Jackson, 1978 [2] and by Hsu and Graham [3]-
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Available,fnformation can be classified into two categories, experimen-

tal data and analytical results.

1-1-1. Available Experimental.Data.

Most of the information on heat transfer to fluids at supercritical
pressure involves experimental data for both vertical flow and horizon-
tal flow, mostly for constant heat flux along the length of the tube.

Experimental data for vertical upflow and downflow have been

‘given by Yamagata, et al [4] for water, by Bourke, et al [5] and

Shiralkar and Griffith [6] for carbon dioxide, and by Brassington
and Cairns [7] for helium. Yamagata and'Brassihgton correlated their
experimental data in terms of dimensionless parameters similar to a

standard Dittus-Boelter correlation with

mo.n . i
Nu = C Reb Prb Fe (1=1)
hD - -
where Nu = x = Nusselt number
pumD/ . ‘
Reb = m = Reynolds number based on bulk temperature
'b :
uc
Prb =. fIR) = Prandt] number based on bulk temperature
N b e
Fc = Correctlon factor based on the propertles of the
- fluid ‘ : o
C = a constant, e. g C 6;023'for_Dittus-BoeTter

vcorrelatlon ’ o
Experlmental data for horlzontal flow have been reported by
Adeb|y| and Hall (8] for carbon d|0X|de and in part of Yamagata's work [4]
for water Both teams of |nvest|gators reported temperature measure-

ments on the top and bottom along the axial dtrectron of the test section.

Adebiyi and Hall measured the peripheral variation of temperature at




various axial locations as well. None of them attempted to correlate

their experimental data for horizontal flow,

I-1-2., Available Analytical Results.

Hsu and Smith [9] examined the effect of density variation on the
heat transfer in the Eritical region and combared their results with
the experimental measureménts of Bringer and Smith [10] for carbon
dioxidé at j200 psia, at whicH the reduced pressure, Pr’ is 1.12. The
effect of buoyancy on the heat tkansfer to the fluid at supercrifical
pressure was also considered analytically, but Hsu did not have
sufficient experimental dafa to assess the result.

Hess and Kunz [11] made an analysis based on fully developed
pipe flow witﬁ variable fluid properties and showed that their analysis
could predict the heat transfer to hydrogen at supercritical pressure‘
without postulating.a new mechanism for heat transfer, such as a
pseudoffi]m-boi]ing.hypothesis. They obtained an empiricél correlation
based on their heat transfer data on supercritical hydrogen which in

general form was similar to the Sieder-Tate correlation.

, )
Nu, = 0.0208 Re2-8 pr0:% (1 + 0.01457 &) (1-2)
f f f vy
Tw-+Tb
The fluid properties were evaluated at film temperature, T} =

Hess and Kunz did not specify that their analytical model would
be affected by the orientation of the heat transfer section because
free conQectidn was not accounted for,

Schnurr, egha] [12], used an implicit finite difference numerical

method to calculate the heat transfer coefficients of water at



W

supercritical pressure under various wall heat fluxes. Their numerical
method .incorporated- the variation of properties of the fluid into .
calculation. Schnurr also reported that:fbr_water, as heat flux was

increased;‘the‘thermal-deyelopment length became shorter. Their

results showed a thermal déVelopment length of 30 diameters or less

for hydrogen and water. To compare their results, Schnurr selected

. the experimental data obtained by Swenson; et al [13], on heat transfer

to supercritical water in vertical upward flow for comparison.

1-2, Identification of EFFects That May Influence Heat Transfer.‘

In the SWCL experimental arrangement, isdbutane at supercritical
pressure is heated whilé.f]owing through a horizontal tube. A length
of about 4.7 in.. (6 diameteré) preéedes the heatfng section for
hydrodynamic development. The Reynolds number of isobutane at the
inlet of the heafed'se;tion is always greater than 2 x th based on
the inside diameter of the tube (I.D. = 0.756 in.) so tﬁat the flow
can be considered as ”fuliy turbulent.”

The isobutane is heated by condensing steam on fhe outside of the
horizontal tube, simdlating.a*égﬁstant'outsidg Walletemperature
boundary condition. - Thus‘the;héat;transfer”tpjisobdtanefis by forced

convective heat transfer inside a horizontal tube with relatively

constant wall tempefatdre.~

The possible effects on thé5heatﬂtrénsf¢r_to iSdbutahe'are: ,
(a) Buoyancy éffe;t:dbeﬁtqftempé;aggcé'différéhce betweén the

bulk of the fluid and the wall.




(b)  The effect of significant variation of thermodynamic and
transﬁort'properties which occur ﬁear the pseudocritical .
temperature of isobutane. The pseudocritical temperature is
défined as the .temperature at which the specific heat, cp,

'»exhibits a maximum value at a specified pressure, For
isobutane at 4514 Méa, this teméerature is 142.5%¢ (288.50F).

To assess those two effects on the heat transfer to isobutane, the

experimental data are divided into three groups,kas suggested by

, , T =T
Yamagata, based on the magnitude of the Eckert number, E = ?E;%;FJZ.
' : ' W b
Group A. This group contains data selected from experimental runs

with E > 1 at almost all the température measurement stations.

These data are listed on Table B-1, Appendix B,

Group B: This group contains data selected from experimental runs
with 0.01<E <l at all the temperature measurement stations. These

data are listed on Table B-2, Appendix B.

Group C: This group contains data from experimental runs where
the inlet bulk temperature is less than the pseudocritical

temperature, Tp e’ but the exit temperature is greater than Tb ot

In such case, the value of E changés from positive to negative
along the heated tUbe and these results are given by Table B-3,

Appendix B.

1-3. ‘Thesis Outline.

Chapter 2 describes the experimental apparatus used in obtaining
the present results for the heat transfer to isobutane using the SWCL

system.



Chapter 3 descrfbes the experimental-measUrements, and the
evaluation of heat transfer coefficients of isobutane. Before
describfng the evaluation of the heat transfer coefficient, a
discussion on the comparison of the heat absorbed by the isobutane

and the heat produced by the condensation of the steam is presented.

In Chapter L, the experimental results for heat transfer to
isobutane.at supercritical pressure are assessed WEth respect to the
effect of huoyancy. The data selected are those of Group A for which
E>1 so that in this consideration the properties are relatively
constant across the cross section of the tube. Thia is evidenced by an
approximate temperature and Prandtl number uariatFOn of isobutane in
the radial direction for a case of £ > 1, as'shown on Fig. I-1. For
this illustration, the temperature and Prandtl number profiles were
calculated using the constant property solution of Table 9-3 and
Fig. 9-6 of McAdams [I4] together with the properties of isobutane.

Fig. 1~1 shows by the variatfdn of the Pr numbers, that the viscosity,
the property that is most sensitive to temperature variation, is almost
invariant across the tube, so that for E > 1 the major effect on the
heat transfer coefficient ought'tolhe‘that of free convection.

Chapter 5 assessesithe effect of”eugnsflcant vartatlon of
properties of |sobutane near the.pseudocratlcal temperature region on
the measured heat transfer data. The data selected are those in Groups
B and C for which 0 < E < 1 and E chahges from pos:tnve to negative.
Using the same ullustratnyetbasrs'as for'E_> 1, the temperature and
Prandt] number variation in the radial:directioniare shown for 0O { E <1
on Fig. 1-2. In this case, T, exceeds T

PG
near the wall. Fig. 1-3 shows when E is slightly negative and both_Tw

and a sharp peak-of Pr occurs
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and Tb are greater than Tb.c.’ substantial property vafiation occurs
across the tube cross-section. The severity of the property variation
that is indicated by'the two figures leads to the expectation qf
substantial effect on the heat transfer due to property variation alone.

Appendix A contains a review and graphiéal presentation of thermo-
dfnamic and transport properties of»isobutane at 4.14 MPa, as they were
developed from various sources,_for'use in data reduction and various
correlation equations.

Appendix B contains the tabulafion of the experimental data.

Appendix C contains the equations used for data reduction and
presents a sample data reduction for a run using a Texas Instruments
TI-59 calculator.

Appendix D includes data on runs with low tenperature difference
between the condensing steam and the inléﬁ isobutane bulk temperature.

Appendix E presents some of the heat transfer coefficients
measured for the condensation of isobutane over a horizontal tube and

compares these to the NuSselt solution for laminar condensation on a

horizontal tube,

Appendix F presents a tabulation of axial lotétions, wall thickness

and radii at the imbédded'thermocouples of the instrumented tubes.

11




' CHAPTER 2

EXPER IMENTAL SYSTEM

The experimental system, developéd by the Sea Water Conversion
Laboratory, Was designed to éimulate a geothermal power plant using a
binary cycle. The thermodynémic éycle»of the WOrking fluid, isobutane,
was a cleosed Rankine éycle but with the turbine replaced by a throttling

valve. A schematic flow diagram of the system is shown on Fig. 2-1.

2-1. The Isobutane Loop.

Stérting from the heater, pressurized isobutane f!ows through a
horizontal tube containing thermocouples imbedded in the wall and the
isobutane is heated by steam condensiﬁg on the outside of the tube.

The thermocouples imbedded inside the tube wall indicate temperatures
along the tube at five Iocations, x/D = 1414, 45.89, 77.63,,109.38

and 141,12, After leaving froﬁ the heater tube, the isobutane expaﬁds
through a thrott]ing valve and is introduced into either a direct
contact desuperheater or surface desuperheater by means of two fhree-
way valves, depending on fhe state of isobutane after expansion. If

the isobutane js in the superheated vapor region, then it is routed to
the surface desuperheater where it is cooled to the saturated vapor
state before entering into the condenser. The.surface desuperheater is
a shell- and tube-counterflow heat exchanger with gsobutane vapor on one
side and cooling water on the other side. If isobutane is in the two-
phase region, then it is ihtrqduced into the direct-contact desuperheater
~which acts as a separator and separates the liquid and vapor phases. |

In e{ther case, the nature of the heat transfer experiment is unaffected,

12
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Fig; 2-1. Schematic Flow Diagram of the Sea Water Conversion YBL 783-7893

* Laboratory's Binary Fluid Experimental System.

€l



but saturated vapor enters the condenser in amounts equal to or less

than the isobutane flow rate through the heater and condenses on the

outside of a single horizontal tube identical to the tube in the heater,
including the locations of the imbedded thermocouples. The condenser
is cooled by cooling water flowing thfough the tube. The éondensed
isobutane is metered by four specially-designed éondenséte flow meters
and collected in the-isobutanevhétwélls. From there it basse5~fhrough
a boéSter pump to pregéurize it inghtly before it enters the high-
‘pressure variable-capacity diapgraém-type pump, After leaving the
) pump; thevpreSSUfized isobutane pésses through a turbine flow meter and
then into a steam preheater before entering the main héater to complete
the loop. During operation with the direct-contact desuperheater, a
poftion of the liquid isobutané is diverted into the desuperheater to
J(assist the separatién of the vapor from liquid isobutane inside. The

excess isobutane is returned to the suction side of the booster pump.

2-2. The Heater and Condenser Tubes and location of Thermocouples.

The tube in the heater and condenser were made from a

31.8 mm (1.25 in.) 0.D. and 19.1 mm (0.75 in.) I.D. type 316 stainless-

steel tube that was cut into two equal pieces about 2.7 m (106 in.) long.

In order to obtain uniform wall thicknéss, the two pieces were honed to
an inside diameter of -19.2 mm (0.756 in.), then the outside diameter was
reduced to 30.2 mm (1.189 in.). The conqenfrfcity was then checked by
ultrasonic measurement of the tube-wall thickness at 101}6 mm (4 in.)
intervals along the éxis. At each location, the wall thickness was

measured at four points, 90° apart. These measurements were used to

calculate the precise locatiqns for the thermocouples that were imbedded

in the wall of each tube. Table F-1 of Appendix F is a tabulation of

4



the radii and wall thickness of the tube at the.locations where the
thermocouples are imbedded.

Fig. 2-2 is a cross~-sectional view of the tube'showing the location
of the thermocouples and the definition of the radii used in Table F-1.
There were a total qf.fifteeh thermocouples imbedded in.the wall of
each tube at five stations. These thermocouple indications produced a
prediction for the inside and outside surface témperatures of the thbe
at each station based on the assumption of steady-sfaté radial heat
conduction with a uniform peripheral heat flow.

The angular location of the set of thermocouples imbedded in both
instrumented iubes»at an axial location were changed during the period
of data collection. Before Juné 20,:1978, the set of thermocouples at
x/D = 14,14, 77.63 and 141.12 (Stations 1, 3 and 5) were located at the
top of the tube and the thermocouples at x/D = 45.89 and 109.38
(stations 2 and 4) were located at the horizontal 90o plane of tﬁé tube.
This was called,Configurafion A, shown in'Fig. F-1, Appendix F. After
June 20, '78, both heater and condenser tubes were rotated by 45° so
that all the sets of thermocouples were QSolabout the vertical plane
through the axis of the tdbe.’;Thfs'wasvcélled Configgrétion B, shown
in Fig. F-2. The data collecfed in Configuration A'ake:considered as
preliminary data and they are'hpt psed}iﬁ:thfs.WorRQ"'The data collected
in Configuration B are cénsidéfed'aé.égberfméhtaj data énd'tabulated

in Appendix B.

2-3. Measurement of Bulk Temperature bf:IsobOtane.
The bulk temperature of isobutane inside the heater tube was

measured by a traveling probe which consisted of a 6.35 mm (0.25 in.)




Type K thermocouple .

( 3each)

iFig. 2-2. Tube Cross Section Showmg Location of Thermocouples.
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dia. x 2.54 m (100 in.) long stainless steel sheathed platinum
resistance thermometer (RTD) equipped with a 'mixing head" at its tip
and illustrated on Fig. 2-3. The Pmixing head'' had a four-bladed'
stationary propellor at its front end and a mixing chamber behfnd the
propellor. The propellor was used to disturb the flow stream of
isobutane before entering the mixing chamber where the tip of the RTD
temperature sensor was located. It was hoped that this mixing was
sufficient for the measurementhof the mixed-mean temperature of

isobutane. This is discussed further in Chap. 3.

2=L, Measurement of Flow Rate of Isobutane.

The volumetric flow rate of iscbutane was measured by a turbine
flow meter piaced downstream of the-high pressure pump. By measuring
the temperature of isobutane with the RTD located a short distanoe
downstream of the flow meter, the mass flow rate could be determined by
deducing the density of isobutane. The turbine flow meter was
calibrated with water before installation and its ca]fbration was
checked using isobutane with a volumetric tank, not shown on Fig. 2-1,

placed upstream from the high pressure pump.

2-5. Measurement of Steam and Isobutane Jacket Temperature and Pressure

The temperature of the condens:ng vapor, steam |n the heater and
isobutane in the condenser was measured by a callbrated platlnum
resistance thermometer (RTD) and three calubrated type K thermocouples
located in the vapor space. At the heater, the RTD was Iocated at the
opposite end from the steam 1nlet One of ‘the thermocouples was loca-
ted at the steam inlet, the second one at the middle of the heater

shell and the third close to the RTD. These three thermocouples were
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Fig. 2-3. Traveling probe and its "mixing. head".
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used to check the reading of the RTD and to indicate the presence of
superheated steam as well. In the‘condenser, the locations of the RTD
and fhe three thermocouples were similar to those in the heater.
The préssure in the Vaqu space wés measured by a calibrated
pressure transducer and-by a high accuracy Bourdon-type preésufe gauge

in both the heater and condenser.

2-6. Measurement of the Condensation Rate.

Thé rate of heat input to isobutane in the heater or the rate of
heat released by the isobutane vapor in th¢ tbndénser was determined
by measuring the rate of condensation by the condehsing vapor on the
outside of the tube. This was done by placing a pan, 2.43 m (96 in.)
long and divided into four equal sections of 0.6] m‘(24 in.), underneath
each tube. The three d?videfs plus the two end platgs of tHe pan were
aligned to be directly below the five imbedded thermocouple stations.
Thus, the condensate formed on the outside of the tube dripped into the
separate sections of the pan and drained into four specially-designed
vapor-traced condensate flow meters. Each meter consisted of a
calibrated volume, a pneumatically operated valye; and a timer to
measure the time required,to'fill the célfbrated;&olu@é& This timer
was operated by phofécells’totdetect_tbe'risihg cbhdensaté éurface
between two predetérmined leQé]gjihfoe'meter.

Fig. 2-4 Shows‘é.croséfse;fjgn:of'the heat¢r% ,It'shows the
external shefl, the ingtEUhéh};aﬁfhbéfWifHVfHéF66CQU§I;Srat 45° from
the vertical plane (Configurafion7B), the éondenséte collecting pan, and
a hood placed above the tube fo prevent any condensate forming on the

inside surface of the shell from dripping into the pan.
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| Fig. 2-k. Heater Cross Section Showing Tube, Condensate Tréy,
Drip Shield and Outer Shell.
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CHAPTER 3

EXPERIMENTAL MEASUREMENTS AND EVALUATlON
OF HEAT TRANSFER COEFFICIENTS

The experimental system, develéped by the Sea Water Conversion
Laboratory, is designed to measure the heat transfer coefficient of the
working fluids for binary cycle during heating and condensation. This
chapter reports on the experimental measurements and the heat transfer
coefficient evaluatjon for isobutane in the heater unit of the experi-
mental system. The evaluation used for measurements associated with the

condenser of that system are contained in Appendix E.

3-1. The Specification of the Local Heat Transfer Coefficients.

From the experimental measurements of temperature, pressure and
condensate mass flow rate, the local heat transfer coefficients of

isobutane, h, can be evaluated using:

VA,

h = T =T (3-i)
Ty = Tbave
where
Q/Ai = Héat flux per unit7ihside‘tube éfea.'
Aé = Insidé heater tube-érea for a 2 ft. (61 cm) section =
a2 2
0.396 ft* = 367.75 cm”
(T, Tb)AVG‘ Avétaged'te@pgréture-ﬁifferénce between the .inside

-‘wall:tehpenatﬁré?Of_theftUbe, Tw,'and the bulk
temperature‘of'isobutane,vT , in the 2 ft. section of

tube length for which the evaluation was made.

21
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As an alternative to the above, the overall heat transfer coefficient,
U, can be evaluated from:
(Tseam = Th)Ave

u = (3-2)

This overall heat transfer coefficient is related to the local heat

transfer coefficient of isobutane inside the tube as:

IR BRI CNAF U I . (3-3)
u - h 2mkL A h
o ©
where U = Overall heat transfer coefficient based on Ai'
A, = Outside heater tube area for a 2 ft. section = 0.623 ftz =
578.41 emZ.
ro = Qutside radius of the heater tube. The values of o
are tabulated in Appendix F.
r = Inside radius of the heater tube.
k = Thermal conductivity of the stainless steel heater tube.

The value of k is not sensitive to temperature and is

10 —2%— or 0,173 —¥
hr-ft-F cm-C

according to [26].

between 100°C to 200°C

L = Length of heater section = 2 ft = 61 cm.
" h_ = Heat transfer coefficient of condensing steam on the

outside surface of heater tube.

Thus, the local heat transfer coefficient can be calculated from

Eq. (3-3) if ho is pfedicted for the condensation side,
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3-2. The Evaluation of Heat Rate, Q.

The heat rate Q was measured by two methods.

(1)

(2)

By measuring the time reduired for the steam condensate
collected in each pan to fill a known volume in the condensate
flow meter, the heat rate, QSTEAM’ can be deduced.

From the bulk temperature measurement of isobutane by the
travelfing RTD probe at the five stations (refer to_Table F-1
of Appendix F for the locations ot‘these,stations), the heat
rate QISOB can be calculated from:

= m AL

Usos 1508 ) | (3-4)

mISOB(zn+l T n

where

MIsos Mass flow rate of isobutane through the heater

tube.

n+l, 1. = Enthalpy of isobutane corresponding to the bulk

temperature measured at station (n + 1) or n.

To exhibit the consistency between.QSTEA_M and QISOB’ three runs

performed under very similar conditions. are examined. The results are

contained as items & and17'OF'Tabie'3~2i

Some conclusions - can be drawn from Tables 3 l and 3 2

. (a)

(b)

The values of QSTEAM show the expected monotonlc decrease in

condensate rate along the length of the tube.'

The va.ues of QISOB deduced from the travellnng probe
measurement exhnblt Iess of a decreasnng trend and the values
of the QISOB for Run 150 are partlcularly trregular. This

irregularity lmplles that the mlxed mean temperature was not




| RUN 80 RUN 150 RUN 327
DATE OF RUN 4-13-78 9-11-78 4-19-79
CONF IGURATION OF - '
THE IMBEDDED A 8 B

THERMOCOUPLES IN
THE HEATER TUBE

- ISOBUTANE INLET

TEMPERATURE, o o o o , .

- MEASURED - (182.2°F) 83.5°¢C (179.2°F) 81.9°%C (178.4°F) 81.4°%¢C
AT x/D = 0.1 |
STATION 1 2 3 L 5 | 1 _

. ! 2 3 4 5 1 2 31 4 5
(x/D) 1udt | 4589[7763 (10938 (18102 : .
TEMPERATURE ’
MEASURED 'BY Gseaf™l(2osz160) | (2280 (2378)}018238%| (19 8.3|065)(2199|(2369) (18197 (97.9{@1 122228023 34)
TRAVELLING PROBE, | . N '
: (°F) 857 | 9521022 1089 11ua) 835 | 925| 970 f10us|1138] 832 32,0] 995{1060]{1113
°C 1
PANS H G F - . E H . G . F E H - G F E
ENTHALPY CHANGE 5.1 9.9 9.9 8.0 11.6 6.1 ]110.2] 14.5 11.4110.0(9.1 8.8 |
ACROSS THE PAN . ,
(BTU/ 1bm)

TEMP, OF STEAM

(330.1°F) 165.6%¢

(327.3°F) 164.1%

(328.6°F) 164.8%C

ISOBUTANE MASS
FLOW RATE
MEASURED BY
TURBINE FLOWMETER

1069.1 1bm/hr

1063.1 1bm/hr

1102.8 1bm/hr

Temperature interpolated from graph.

Note:

TABLE 3-1.

The Pseudocritical Temperature of Isobutane at 4.14 MPa (600 Psia)

EXPERIMENTAL CONDITIONS AND MEASUREMENTS FOR THREE RUNS
USED FOR HEAT RATE, Q, COMPARISON IN TABLE 3-2.

is 142.5°¢ (288.5°F)

e




RUN 80 : RUN 150 ' RUN 327
ISOBUTANE
FLOW DIRECTION —* _
PAN H G F £ H G F E H G | F 1 E

QSTEAM BY CONDENSATE

10021 | 9222| 8577 | 8356 | 10774 | 9835| 8672| 8344 | 11560 | 10010| 9385 | 8809 -
FLOW METER, BTU/hr . :

Qrgop BY TRAVELLING , ,
PROBE MEASUREMENT, - 116122 10552|10573 | 8585 | 11850 | 622210466 [14904 | 12568 | 11031 {10050 | 9696
BTU/hr . ' ' ' -
o, | . 1 |
, RATIO,*E#*—é--% o | . 62,2|87.4] 81,1}197.3 | 90.9/158.1| 82.9]| 56.0 | 92.0| 90.7| 93.4} 90.9
IsOB - ' _ L
)X Qeos | : . u5832 - ’ i - L3442 4 43345
TQerc s | ) g
RATIO EQ—S—T—EAM % 78.9 86.6 | 91.7
108 : - :

TABLE 3-2, COMPARISON OF HEAT RATE, Q, FOR THREE RUNS UNDER SIMILAR CONDITIONS.

st
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measured properly but there is not even a trend that can be
used to try to rationalize the possible error. During Maréh
I979,£he experimental system was disassembled for overhaul‘and
the "mixing head” of the travelling probe was foﬁnd to be
detached from the tip of the probe, and stuck near the
entrance of the heater tube. The last time the ''mixing head"
was assembled onto the probe was in early Sebtember 1978
before Run 150 was performed, and the exact time when the head
became separated could not be determined.

/EQ are not encou-

The overall energy balances IQ ISOB

STEAM
raging (refer to Row 7 of Table 3-2).

The lack of correspondence between Q and QISOB is charged

STEAM
to the ineffectiveness of the travelling probe to measure the
bulk temperature of isobutane properly. Consequently the heat

rate, Q, to isobutane is evaluated from the condensate rate

of steam using the condensate flow meters.

The error in the condensate rate is appraised in Table 3-3 for the

Runs 150 and 327. In this table, Tys T and T, are three successive

2 3
times needed to fill the volumes of the condensate flow timers. Row 6
of the Table indicates the ratio of TAT , where AT is the maximum
AVG
time increment from the average time, TAVG® The maximum value of
AT s e 5 .
AV is |nd|cated‘to be 2%. The heat rate QSTEAM is related to TAVG by:
pVhf
Q AN —d (3-5)
ST TAVG
where ) = Volume of the calibrated flow meter.
h . = Latent heat of condensation of steam.



RUN 150 RUN 327
PAN H G F E . H G F E
TIME TO FILL. 229.3 | 2u5.0 | 282.6 | 294.1 | 212.3 | 2m2.7 | 260.5 | 277.6
FLOWMETER, 7, sec
TIME TO FILL 229.7 | 248.6 | 285.3 | 204.1 | 212.7 | 2u2.3 | 257.4 | 278.3
FLOWMETER, 7, sec
TIME TOFILL | 227.5 | 249.5 | 275.5 | 292.9 | 213.6 | 2u3.7 | 259.9 | 277.1
FLOWMETER, T4, sec : | |
AVERAGED TIME | 228.8 | 247.7 | 281.1 | 293.7 | 212.9 | 242.9 | 259.3 | 277.7
TO FILL FLOWMETER | - » .
Tave
(TAT“)"»~%\ 0.6 IS 2.0 0.3 | 0.3 0.3 0.7 0.2
Ave’ [MAX |
 TABLE 3-3.

TABULATION OF TIME RECORDED TO FILL CONDENSATE FLOW METERS.

L2
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: —pVhf dr
Therefore: dQ = 5
TAvG
dq - ~dT
Q TAVG
,%9] = & (3-6)
AVG

Therefore, the condensate flow meters can measure the condensate rate,

QSTEAM’ to within 2% at worst.

3-3. The Evaluation of Bulk,Temperathe of Isobutane.
From Table 3-1 and 3-2 plus the discussion in the previous section,
the bulk temperature of isobutane is recalculated using two methods:
(a) By assuming the inlet temperature of isobutane at x/D ~ 0.1
is correct and the bulk temperature of isobutane downstream
is computed using QSTEAM obtained from each pan. The equation

used is similar to Equation (3-4):

(3-7)

U 1EAM Misos (‘onsTRM = “upsTRM)

(b) By assuming that the temperature measured by the travelling
probe at Station 5 is correct and the bulk temperatures

upstream is computed using QSTEAM

The computed bulk temperatures for Run 150 are shown on Fig. 3-1.
The largest temperature difference between the computed,bulk‘temperature
and the measured temperature is about SOC. Thus, for the error in

measurement of bulk temperature for Run 150 is:

ATb _ 5oC

e [-> 2

x 100 = 6%
Ty 80°¢
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(Continuation of figure 3-1
from previous page)
Bulk temperature,ﬁf isobutane meaéured _
Bulk temperature of isobutane ca]cu)éted assuming -
temp. at STA. § was correct.
Bulk temp. of isobutane calculated assuming inlet

temp. was correct.
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Run 150 represents one of the worst cases for the measurement of
isobutane bulk temperature as exhibited on Table 3-2. Therefore, the
best estimate is that the measured bulk‘temperature of isobutane is within

+5°C of the actual temperature.

3-4. The Evaluation of the Inside Wall Temperature.

The imbedded thermocouples in fhe wall.of the heater tﬁbe are used
to deduce the inside and.outside surface wall temperatures. The
equations used for the deduction are given in Appéndix C. The tempera-
tures at the thermdqouples inside the wall of the tube are plotted
on Fig. 3-1 and 3-2 for two runs, 150 and 327. For each plot of inside
and outside thermocouple readings, a curve best fitting the points is
drawn. The inside and outside wall temperatures were specified from
this kind of curve fit. The largest difference between a temperature
point and the curve is only 2°C.  The temberaturé reading of thermo-
couple #6 was never used in the drawing of the best fitting curves for
almost all of the runs in this study. Therefore for Run 327, the

largest error in reading the inside wall temper.atu're is about 2°c.

AT o.
= - 2C 100 = 1.4%

w o 140%C

Another appFaTsal of thé'accurécy of'the“imbédded'thermocouple
readings is by_COmparjng.the;heatvfluxvth;ogghithe wall of the heater

tube measured by.the»fhermnguplé§_and:th¢‘heat f{ux_QSTEAM/Ao

between two stations. The'heét flux through the wall is calculated by:

(- T
- ok 2 1" -
WALt~ A, T ro (3-8)
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where T2 Temperature measured by the thermocouple located at Foe

Temperafﬁre measured by the fhermocouple located at e

-
il

r = Outer radius of the heater tube.

. and rp = "Radial locations of imbedded thermocouples and listed

on Table F-1, Appendix F.

Table 3-4 shows the cohparison of the two heat fluxes. The

averaged (%_) between two stations agrees very well with the
o WALL,T.C, ‘ :

heat given off by the ccndensing steam on the outside of the heater
tube. The slight difference of 5% at most may be because the heat
flux (Q/Ao)WALL,T.C;.'S a local value for the particular angular
- - : . N N . N * .

position of the thermocouples, whereas (Q/Ao)STEAM is the peripherally
averaged heat flux over the 2 ft. section.

The implication of the close agreement of (Q/AO)WALL,T;C. with
(Q/Ao)STEAM is as follows:

(1) The temperaturés read from the curves drawn through the piot

of imbedded thermocouple measurements are good.

(2) This reaffirms the choice of QSTEAM as the . correct heat rate

for the évaluationlof heat'tranSfericbefficiént.

3-5. The Eva]uatfqn of ‘the Sfeam Témperafufé,q

To determine thé ﬁhermddyhé@jc-Stété'bf*tﬁe.sfeamvand detect the
presence OF:nén-cOngehsabTe g€s‘ih»the*ﬁeatpr'jacket, a pressure |
transducer and a Boufdon~type-Héise gauge‘werewfnstalled near fhe
steam inlet of.the heater jackétér'Three‘fhermbcouples and a platinum
resistance temperature probe were also located in the jacket as

described in Chapter 2-5.
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RUN 150 RUN 327

STATION ! 2 3 L 5 ] 2 3 I 5
ANGULAR LOCATION
OF THERMOQCOUPLES, o] _Le© o) _Lc° o o _Le© o _1c° 4 o
DEGREES FROM TOP +45 ‘ 45 +45 45 5 5 45 5 45 >
OF TUBE :
(%_) Fg}%?j 16314 | 15326 | 14140 | 13093 | 12007 | 18286 | 16910 | 15387 | 14368 | 14167
° YU S ey N B ity Sttty Rty - At Sl id e tebied it
, = 51.422 | 48.301) 44.569| 41.269 | 37.846 | 57.637| 53.300 | 48.500 | 45,288 | 4k.654
zgngGED | F%§%?7 15819 14732 13617 12550 17598 16149 14878 14268
° WALL,T.C. %@ - 49.861 | 46.435 | 42.921 | 39.558 | 55.469 | 50.902 | 46.895 | 4k.973
(g_>‘ BTU -
A hr-fe? | 16462 | 15026 13250 12748 | 18568 16078 15076 14150
STEAM Ml Sty Releiatioiieted il Rt inieiuil idaieiaiait il Seleaiiehte Tt
§¥ 51.888 | 47.362 | 41.764 | 40.182 58.526 50.678 47.520 Lty 601
(/A) ' :
WA )WALL T.C. o 96%, 98% | 103% 98% 95% 100.4% 99% 1019
STEAM '
PANS H G F E H G F E

TABLE 3-4, COMPARISON OF HEAT FLUX MEASURED BY WALL THERMOCOUPLES
AND CONDENSATE FLOW METERS.
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At the'beginnihg of the experimentél program, non—condensabfe gas,
such as air, was detected to be accumulating in the steam jacket.

Vent lines were added to the system, one at the top side of the jacket
near the stéam exit, anothér at the top of the steam hotwell below the
heater. A moderate amount of steam was vented'ouf of the jacket and
hotwell during the experiments by opening the 1/4~in. diameter vent
valves by less than a quarter of a turn. The venting did not solve
the problem completely because the feed water to the boiler was not
deaerated. The boiler was modified to return some steam to the
boiler's water hotwell and heat the water to nearly 100°C.  This
reduced tHe amounf of dissolved afr in the boiler feed water and thus
minimized the amount of non-condensable air in the steam loop.

Table 3-6 presents a history of the temperature and pressure
measurements taken in the steam jacket. From the tabulation, the
following assessment on the temperature and pressure measurement of
steam can be stated:

(1) The pressure transducer did not provide consistent

or accuréte readings of pressurerof.steam.

(2) The pressure measured by the.Hefse gauge Wés closer to but
larger than the saturated pressure(corréééénding to the
temperature measufed by the_temperature brobe (RTD). The
Heise gauge cou]d.bezread toli O;I bar or i:l.h Psi.

(3) At tjmes.w5§n¥£ﬁ§fp}eﬁéﬁfé¥fﬁdicétgdlﬁy;the Héise.gauge was
slgnifiCéntfy Highé;ithanvfhghsatqfatfoa préssuré correspon-
diné to £he RTD, itvwas believéd that'non-condensable air

had accumulated in the steam jacket.
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1 2 3 4 5 6 7 8 9
TEMP. OF | CORRESPON- | PRESSURE | PRESS. OF §5§§& gs gg:zeg;gN- Teat =
| STEAM DING SAT. | OF STEAM: |STEAM By | >TEoH st LE
MEASURED | PRESSURE | MEASURED | HEISE » . RTD
DATE RUN NO. | EEASE 9 | eE COUPLE FROM R

, 8 (Psia) | LOCATED AT | HEISE (°F)

F) PRESSURE 1 (peia) | EXIT (OF) | GAUGE
TRANSDUCER JSEs
(Psia) ("F)
_ not _ '

4-13-78 AM - 80 © 330.1 103.2 100.8  |installed | 327.8 -- -
9-11-78 PM 150 327.3 99.3 120.6 100.4 327.4 328.11 40,81
9-12-78 PM 152 294.8 61.9 7.7 62.4 29,4 295.16 | +40.36
9-29-78 PM 180 293,3 60.6 69.6 63.3 295.2 296.08 +2.78
10-12-78 PM 208 341.2 119.9 - 124.7 341.3 L4010 | +2.90
10-25-78 AM 223 359.9 152.8 -- 155.6 359.8 361.30 +1.50
4-17-79 PM 327 328.6 101.1 98.6 101.5 328.8 328.87 +0.27

TABLE 3-5. TEMPERATURE AND PRESSURE MEASUREMENTS IN THE STEAM JACKET
WITH RESPECT TO SATURATED STATE.
V' AN

9t
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(h) By comparing the dffference between the saturated temperature
corresponding fo the Heise gauge and the temperature measured
by the RTD, the largest difference was about 3°F.  This
difference may be attributed to the presence of non-condensable
gas in the jacket or error in measuring’pémperature by the RTD.

Thus the largest error in temperature measurement can be

AT

)
TSTEAM - 30F_ x 100 = 0.9%
STEAM 3L41°F

3-6. The Evaluation of Local Heat Transfer Coefficient.

The equations used for the specification of heat transfer coeffi~
cients of isobutane aré,Eguations (3-1), or (3-2)'and.(3-3). The indivi-
dual terms of these equétfohs that are experimentally measured have been
evaluated in the previous sections. Thus the total error in the evalu-

ation of heat transfer coefficient, h, can be calculated.

-

3-6-1. The Error.in the Evaluation of h from Eq. (3-1).

Equation (3-1) is‘réstated here:

: . *
YAt st
dh _ l[ Cdasteam o 9seam (9T, - 9Ty ]
h ~ h| T 1), - | Jhue
Sw TEbAVE (T - T)hve
*, ‘:-,:.',:.,

In_thg data-redugtloq?'the termﬁ(T@°-LTb)AVG wa; taken
aS'the”IOQaritﬁhié meaﬁlfé?“éééhLOfvthe pan sections.

Refer to Appendix C for the definition of (T - T ) .
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ah _ Y9steam 9w = 9T (3-9)
h T =T | |
w ™ 'b’AVG

A5 TEAM

From Table 3-3

or

2E§I§Aﬂ = 0.02
ISTEAM

From Section 3-L, the largest error in reading the
inside wall temperature is about % 2°¢: for Run 327.

From Section 3-3, the bulk temperature can be

measured to % 5°C.

From Run 327, (TQ - Tb) -, is about L0°c.
AVG '

Therefore, the largest error in the evaluation

iof h is:

dh (=25
5o = 0.02 {(=gg=} = 0.20
dh _ oo
P 20%

so that based on the condition of Run 327 the maximum

possible error in thé heat-transfer coefficient is * 20%.
Furthek.exahination of the results of this study

fabulated in Appendix B indicates that the value of

(T, - Tb) has the following range:

v AVG

(1) Table B-1 indicates that (T - T.)  varies
W Pag

from SSOC to 9°C.

(2) Table B-2 indicates that (T =~ T,) varies
W bavg

from 86°C to 17°cC.



(3) Table B-3 indicates that (RN - Tb) varies
' AVG
from 77°C to 13°c.

3-6-2. The Error in the Evaluation of h from Eg. (3-2) & (3-3).

Equations (3-2) and (3-3) are restated here:

: - VA, 9STEAM
DT Terean - T Cloremm - 1) B
v AVG AVG
and l = l ) Ai}n(ro/ri‘)' ./}.L_ -]—_ =l_ . _ _A_’I,]_
h U - 2mkl A h U w A h
v o o o o
Evaluating U first
du _ 1 [quTEAM _ 9s7ean"Tsrean dTb)]
TRV N 6; =T — 7
STEAM b ' (Tew -T)
AVG STEAM b’ AVG
du  Y9team §9Tsteam - 9T
Tt T e ) ~(3-10)
9sTEAM STEAM ™ b’
From Section 3-5, the steam temperature can be measured
to + 3°F or + 1.7°C.
. Froh.Run 327, (TSTEAM - Tb)AVG ie about 659C at
the middle of the heater tube..
In the data reduct:on,,the term (TSTEAM TB)AVG wes not used,
|nstead a Iog mean temperature dlfference ATLMTD’ between the
TSTEAM and Tb for the‘section was used. Refer to Appendix c for
deflnltton of AT for the section.

LMTD
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Therefore, the largest error in the evaluation of

du _ -1.7 -5y _
= o=o0.02 - {72 =012
or dU _ 129,

U

Evaluating h from U:

[ I A
h — U w A h
o o
_dh _92_57;(_1*‘_0)
h2 U2 Ao 'hz
dh du Az dho
T 2P R 2 P
U oh
dy : : .
T - 0.12 from previous calculation
dho
i - 0.5
o

based on the assumption that the presence of
non-condensable gas in the steam jacket can decrease

value of heat-transfer coefficient of condensing

steam, ho, by 50%.
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From the éxperimental results of Run 327, for Pan F

h ~ 316 ——nga—
hrft<"F

BTU

hrft2oF

U= 181

o ™ 3175 —

heft=F

Thus ~ 1.8

cl>

0:"::'
3
>

3"0.
=

~0.21 +0.05 = 0.26 or 26%

3-6-3. Comparison of the Value of h Evaluated by the Two Methods.

The heat transfer coefficients, H; célcglatgd,using Equation

(3-1) and Equatsons (3 2) and (3 3) are tabulated on Table 3-6

for comparison.

The table indicates that:

(1) The values of h calculated from the two methods agree

-with,éach.Other.

.(2) The 'varnatton of h, due to the different T

the calculatlon is i 8% at most.

BULK use@ for

L




L2

’- 1 i :
PANS " l 6 * £ i £ UNITS
- [ [
1 i
| ease0 N T - .__19_ 0 ] z?o.s L 3.4 | 316.5 ;:?{%—E— 1
LT T Toave Vg7 - eseT T VEsE T T 1396 0T 2K T
| BULK | : ' F"Z%c—' 2
. MEASURED —_ . i : =
i N U oass | w29 6.6 | 3185 \ ce 3
‘ --rw-xi%—} hy -z D SO A Lhrfp s
1.678 1es2 . 1.568 |
l o o 7 ‘ o , 56 ! 1.807 \- Fva Tl 4
ny/Pg 008 | o093 | no | o9 | 5
! 'l —
! :ASED N Qrean o 283.0 292.8 | 283.4 298.8 J hr-ft2-CF 6
. Tauw AT Tnv I PSS SO ES S Sl il
| CALCULATED iw BIAVG 1.606 } 1.661 | 1.608 | 1.635 2": 7
I OFROM Tyier X S i R TR
! L r Ay ! 292.8 | 296.1 = 282.2 302.2 S 8
{ (REFER TO IR A0 I R | \ nrefes-"€
e i SE {u 'w A h b~ =25 "1 "reso e P rhet! Tl - hrafi—€ -1
R | SEC 3-3) 5 s o 1.661 1.680 i 1.601 ! 1.715 T 5
| m
= ! — .
2 hy/hg 0.97 | o | .00 0.9 | i
v
. BASED ON : 81U
o [ e | EgE
|t | AT aw A eV ess | s G 18 l o 12
tOFROM T ' . m-C
: STA.S . ! ! BTY
i (REFER TO A, . -l 326.5 L 321.5 \ 3130 3137.4 73 13
[ sec. 3-3) {'__.r 'K‘%‘} .ha_______,_f___‘__________,__,_________ heeftoeoF _ |
i U M oo [ ey ¢ ovess 1177 1.914 e b
! A *‘ m
'; ha/g J‘ 0.96 o9 | 1o i 099 15
| hy | 6% L8 |oe 5% | 16
h LM . |
wAX. VARIATION OF h, &2 x 100% — . -
o have hy | T% P Tk | & 6% 1
BASED ON Qrean " 310.1 _} 304.8 !316.5 334.9 hr-ftz op 18
T = L e e - - I S e AR SR LA
BULK AT -T, A | kW
MEASURED b’ AVG 1.760 1729 l..796 1.900 .5 19
N ; B
- A, ! 321.0 | 305! 326.9 346.0 ™ 2
z LR 1 l_} I R ORRR ORI R RS Jo brofr o
& {”f W Ay 8l .82 1.73) 1.643 1.963 o 21
ho/h met
A’"'8 0.97 1.00 0.97 0.97 22

TABLE 3-6.

COMPARISON OF HEAT TRANSF

ER COEFFICIENTS CALCULATED USING EQ.

(3-1), £Q. (3-2) and (3-3).
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(3) Thg values of h calculated for Run 327 are within the
range of values of h calculated for Run 150. Since
Run 327 ié a repeat of Run 150, the results indicate
that any foulfng resistance caused'by the isobutane has

not become significant over time.

3-7. The Heat Transfer Coefficient Obtained in This Study.

From the evaluation of the heat transfer coefficient in Section
3-6, the values of h calculated by Eq. (3-1) are selected to represent
the experimental data, and tabulated as dimensfoﬁless Nusselt numbers in
the tables of Appendix B.

In Chapter 4, the expe;imental Nusselt numbers from Table B-1 are
compared with those correlations given by Dittus-Boelter on Fig. 4-4 |,
Sieder-fafe on Fig. 4= 5, and Petukhov on Fig. 4- 6 . The worst case
of déta scatter is on Fig.vh-h when the data are compared with the
Dittus-Boélter correlation. If the constant of Dittus-Boelter correla-
tion is increased from 0.023to 0.028, the data can be specified to
+ 20%. Frdm Section 3-6-1, the estimation of error in the h evaluated
from Eq. (3-1) is about £ 20% also. It should be noted that the
plot of experimenta!‘Nusse1t numbers on Fig. L - also incorporates
the uncertainties in the evaluatioq of’pﬁbpefties, p, p and k of |
isobutane at 600 Psia. ,Theréfqre;jtﬁeiattdal,éxpgffméntal méasdfement

of the heat transfer coeffitient;'h;imuschaQe been better than + 20%.
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 CHAPTER 4

THE EFFECT OF BUOYANCY ON HEAT TRANSFER TO ISOBUTANE AT
SUPERCRITICAL PRESSURE FLOWING INSIDE A HORIZONTAL TUBE

h-l, Introduction.

Chapter 1 suggested that the experimental runs could bé divided
into three groups.based on the values of Eckert nUmbér obtained for
“the runs. From these groups of runs, the group having data with E > 1
listed on Tabie B-1 of Appendix B are selected for assessment of
possible effect of buoyancy on heat transfer to isobutane at super-
critical pressure. When E > 1, the temperature of isobutaﬁe across
the tube is in the subcritical range and the properties of isobutane
ali véry monotonically with temperature. From the graphs of properties
of isobutane in Appendix A, Cp and Pr increase slightiy with temper-
ature while k, u and p decrease with temperature. Thus the effect
of variable properties.on the heat transfer should be minimal and the

only additional effect is possibly that due to free convection.

4-2. Analysis.

Analytical and experimental results for heat transfer to air by
combined forced and free convection in turbulent flow through an
inclined or horizontal tube was reported by Futagami and Abe [I15].
Similarly, heat transfer with turbulent filow in a horizontal tube under
substantial influence of thermogravitational forces was investigated by
Petukhov, et al J6]. In both cases, air was heated at a constant heat
flux as it passed through the heater tube. Both of these sets of
results differed from the data obtained by the present experiment

during which the outside wall temperature of the heated tube
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was constant. In addition, in the analytical part of the cited references,
the physical properties of air were assumed constant except for variation

of density with temperature.

(a) Results by Petukhov, et al.

Petukhov gave an equation specifying the analytical results
for the peripheral variation of local Nusselt number ratio,

(Nu/Nuo), as a function of dimensionless parameters:

Nu 340 Gr. Cos¢
W = V- R2.75bP 05 ,-1-1/8 23 ; (4-1)
° % b D+ 2.k R (PrY- )
Where Nu =  hQP = w °
¢ Kk ky (T, 6™ Ts)
Nu = Nusselt number obtained for turbulent
° forced convection without the influence
of buoyancy effect.
B} py-p. b q .
* _ b 'w gD W - _
Gry =~ 2. ety T M (4-2)
b k w b
b b
p, = P 3
- b w gD
Gr pb - Vz
b
¢ = angle measured from the upper generatrix
. b“ : :
b T i ‘Dp,b
b "py

b ky




Petukhov also specified Nuo as

Nu.oA - (f/8) Re Pr (4-3)
1.07 + 12.7/F78 (23 - 1)
where f = (1.82 l'og]0 Re -~ l.6L+)-2 (b-4)

From Eq. (4=1), a criterion for 10% variation of Nusselt
number on the upper (lower) generatrices from Nuo in a

horizontal tube is

Gr: Re;2'75 Pr;0’5 ['1+2,4 ReL]/B(Pri/B-I)]_I > 2.9 x 107"
(4-5)
Introducing equation (4-2 into (4-5) and assuming Nu = Nu as
the limiting value at the onset of buoyancy effect, equation
(4~5) becomes
GrbNuoReb'2'75 Prb'°°5 [142.4 Reb"/S(Prb2/3-1)]"= 2.9 x 1074
or
(f/8) Re,_ Pr.
Gry 2/3 b =2.9 x 1074 Rei’75 Prg'5[1+2.4 Re;]/s(Prb2/3-l)]
1.07+12.7(Pr -1)/f /8 '
(4-5a)

Thus the Rayleigh number at the onset of a free convection

effect is

_ c . 1.75_ 0. -]
Rab = Grb Prb =2 Reb 75Prb 5[1+2.4Reb /8(Pr§/3~l)][].07+12.7(Pr§/3-lw(f /8)]
(4=7)

- 1.64)72

—h
]

(1.82 log Re,

2.4 x !0-3

(]
L]
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Nu¢

Equation (4-1) gives the local variation of No about
' o

the circumference of the heater tube at any axial location.
However, an appraisai of the influence of free convection on
the averaged heat transfer coefficient by integrating Eq. (4-1)
from¢ = 0 to m gives:

Nu¢

Nu
o

=1 - A Cos ¢

where A represents the remaining factors in the second term of

Eq. (4=1).
-N_l:l =.‘L‘/~1r. ’ .
NuO i o[l - ACosyp ] dp = 1 (4=7)
Nu = the peripheral averaged Nusselt number

Thus the analytical result of Petukhov indicates that
the circumferentially averaged heat transfer coefficient is
not affected by the free convection at all. Petukhov has
confirmed the indication of Eq. (4-1) for weak thermogravita=-
tional effect by‘measurement of the coefficient for air at

o .
¢ = 0°, 90° and 180" as shown of Fig. 6 of his paper.

Results of Futagami and Abe.

Futagami'and Abe ‘analyzed the combined forced and free
convective heat transfér With turbu]ent flow ihSIde a tube
inclined at angJeAaf They‘présented.their result graphically,

e s Y ' 5/4
for v/a = 037Q'an§ Q,Z?,IIH term§ of Nuo_vs.fRab Cos a// Reb
and compéred thatrwith”théiﬁ_experimentaT result for turbulent
flow of air inside a horizontal tube. Upon further examination

of their paper, they seemed to indicate the relationship




" . 5/4
between Nu,/ Nu and Ra, cos &« / Re to be:
b o b b

—_— o 1 .
/11
Nug e ( RabCosa 3 / _ | (5-8)
Nu 1 5/4 /
(o] Re »
b
for Rafose o2
Re
Where Nu = the peripheral averaged Nusselt No.:
s ———-————-———qu
k(TQ-Tb).

Nu = the Nusselt No. obtained under the buoyancy-
free condition, which Futagami and Abe gave
in terms of the empirical correlation as
= 0.03876 Re3/4 Pr]/3

Rac = Raleigh Ng. defined by thagami as

4T
4 w

98y" ’dx GryNuy
o vy L Re,

&l = angle of inclination of the tube, thus
a' = 0 for horizontal tube,

c = 1.536. This was obtained from curve fitting

the line for v/o = 0.7 on Fig. 13 of Futagami

and Abe, as illustrated on Fig; (4-1).
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Figure 13 of Futagami and Abe also contained some experimental
data which indicated that for air, at least, for values of
% o 5/b -2 _
Ra cosg/Re less than 10 7, the values of Nu/NuO were
about unity. Thus a criterion can be established for the

onset of buoyancy effect as when Nu is 10% greater than Nu0 and
Eq. (4—8) becones :

Raz/Rei/“ > 2.3 x 1072 (4-9)

for a horizontal tube.

The Raleigh numBer defined by Futagami was based on the
constant wall heat flux boundary condition of his analysis.
To relate Futagami's Raleigh number to fhe isothermal wall
boundary condition applicable to present study, the'following
conversion has to be performed. |

q A
e w L

CTh

v

|

]-4-——-— AX—————-»‘{

R ——
©
c
(]
—~~
-
+
%

FIGURE 4-2
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By energy balance:
,Assuming constant Cp over the distance Az and constant

wall heat flux heating:

dT,
T opu b I AX = 2mr q Ax
dTb ‘= 2qW _
dx r pumcp

" For a fully developed temperature profiie inside the tube:

dTb =' dﬁu ) 2qw
dx dx r pu C
. m°p

Therefore Futagami's definition of Ra becomes:

b ldTw 4
Ray, = a,v, T » c
Vb v | ropu b
3
29B,r"q,,
= TevC ) u (k-10)
' p’b'm

Usually.Raléigh No. is defined as

Ra, = Gerrb

peoBL(T, - T,) (2r.)3, ( v )

2

— (. | (4-11)

Relatlng Eq. (4 IO) and (4 II)

Ra _ pbngAT(Zr )3 .Ja :"'qQ
b T 2 4 u- AT

where AT = (Kﬂui*Tb)

51




Thus -

q, (2r )} { | by } ._ Gry,Nuy,

R = G =
% b { k AT upbum(zr ) “hRe,
Substituting this into Eq. (4-8) and cos o = 1 for horizontal
tubé
. 1/1] ' |
— <% , 1/11
Nu Ra : 1/4% Gr, Nu
b _ —b_ - — _b'b
N~ - 1536 ( 5/4) = 1.536 ( 97k )
o] -Reb Reb
10/11 /11
Nu Gr
b b /11
G =t )
Re
b
— 1/10
Nu : Gr
b 11/10 b 1/10
o = 0 0 (7))
(o} , Reb

Substituting in the expression for Nuo given by Futagami:

= & /10 1710
Yy 11/10 (b 3/4 1/3
2 = (1.350) (—2-375——) (0.03876 Re )
e
b
oo Gr pr /3 1710 " Ra 1710
b_ - 1.008 ’——EL—il———)' = 1.008 (—————31————)
Nu ST 372 e 273, 372
o Reb Prb Reb
| (4-12)

Note that Equation (L4-12) is quite different from the results

of Petukhov given by Equation (4-7). SinCe we are also

interested in the limiting value of _B§7E for buoyancy-free
Re

forced: convectlon inside the horizontal tube, the Nusselt
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- on Fig. 4-3.

number should correspond to Nu_ given by Futagami. Thus.

Eq. (4-9) becomes

Ray  Gr, (0.03876 R’ P '/3)
Reg/u _ L}Reg/LF
Gr, Pr ‘ : :
_ b b -2
= 0.00969 72273 2.3 x 10
r -
or Grb Prb‘ = Rab < 2.395 _Reg/zPr§/3 ' (4-}3)

Table 4-1 presents a summary of the equations for var-
iation of Nusselt number under the influénce of buoyancy
effect and ;fiteria for onset of.buoyancy effect as given by
Petukhov and Futagami. In addition, expressions given by
them for Nuo or buoyancy free forced convection are compared

with those standard correlations by Dittus-Boelter:

Nu, = 0.023 Reg'sprg°é (4-14)

and of Sieder and Tate

o 0.14 . - '
_ 0.8, 1/3 LLb o
Nu, = 0. 027 Re b' ,,bA.(uw) - : . (4-15)

'_The‘figure‘shOWSithgt'Pétukhov‘s correlation predicts

10% to 20%,hfgher-$féﬁt¢n hthér,ﬁhanfbittus-abelter'

‘correlation over. 3 x 10’4 < Re < b4 x 105 at Pr = 4,0, In

contrast, Futagami's correlation indicates a 10% to 25%
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PETUKHOV, et al

FUTAGAMI & ABE .

VARIATION OF NUSSELT NO, UNDER THE INFLUENCE
OF BUOYANCY EFFECT:

VARIATION OF NUSSELT NO. UNDER THE INFLUENCE
OF BUOYANCY EFFECT: '

o ]/]0
340 Gr  Cos¢ o .p.1/3
FEHEL = =575 0.5 178, 273 (4=1) NEEE"__ = 1.008 <§£'£§75'> (h-12)
o,p Re“ "/ 7Pr " [142.LRe (Pr°’7-1)] o,F:A Re . ‘
340 (Gr-Nu) Cosd
1~ - where
Re2'75Pr°‘5[1+2.4Re"/8(Pr2/3-1)] 3/ 173
where Nuo’_F_A = Qf03876 Re”" "Pr
| (f/8)*Re- Pr — - 1/10
Nu = v or Nu _ Ra
©.P 1.07+12.7Vf/8(Pr2/3-I) Nu 1.008 <Pr2/3Ré3/2>

-
il

(1.82 longe--l.6’+)_2

CRITERION FOR ONSET OF BUOYANCY EFFECT:

CRITERION FOR ONSET OF BUOYANCY EFFECT:

12
Ra, = (Gr'Pr)b==§% ReL'75PrbO'5[1+2.4Re;8(Prb3-l)] Gr-Pr = Ra < 2.395 re3/2p /3 (b-13)
2
3
[1.07+12.7(Pr"-1)Y/8 __7;7§i_§7§ < 2.395
. ;3 (4-6) Re Pr
C= 2.4x 10

BASED ON 10% VARIATION OF Nu. No. ON THE UPPER
(LOWER) GENERATRICES OF A HORIZONTAL TUBE

FOR 10% INCREASE OF Nu OVER Nu, .
Nu IS THE PERIPHERAL AVERAGED VALUE.

TABLE L4-1.

SUMMARY OF EQUATIONS GIVEN FOR VARIATION OF NUSSELT
NUMBER UNDER THE INFLUENCE OF BUOYANCY EFFECT AND
CRITERION FOR ONSET OF BUOYANCY EFFECT.

UL
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Fig. 4-3, Comparison of correlations for turbulent forced convective

heat transfer inside a tube.

Curve a: Petukhov éorrelatidh; Ste=— (f/8)_ 573
~ - 1.07+12.74F/8 (Pr/2-1)
f=(1.8210g Re-1.64)2
Curve b: Sieder-Tate'cbrréléfioﬁ; .”_1 |
' ST ' 0.14
St.ﬁ0.027Re_0’2PE—2/3(%-) o
. S (%Y

Curve c: Dittus-Boelter correlation;
o0.25 70.6

St.=0.023R
Curve d:  Futagami-Abe

St.=0.03876Re™“pr”
Curve e: Sleicher & Rouse, Eq. 4-16.
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lower Stanton number than Dittus-Boelter correlation over the
same range of Re number and af.Pr = 4,0, Therefore, fhe |
difference between the correlations given by Petukhov and

. Futagami for Nuo is about 20% to 50% at Pr = 4.0{

" At Pr = 10.0, the difference between the correlations

By Petukhov and Futagami becomes 30% to 72% over 3 x th

<Re <k x 10°.

In 1975 Sleicher and Rouse [27] proposed a correlation

for variable property fluid over a wide range of Re and Pr

as:
Nag = 5 +0.015 Re? Prs 0.1 < Pr < 10°
| | : y 6
a = 0.88 - 0.24/ (L + Pr ) 107 < Re < 10
b = 1/3 + O.Se-o'6_Prw o | (4-16)

The Prandtl number Pr is evaluated at the wall tempera-
ture and Reynolds number is evaluated at the film temperature
T, = (T, + T,)/2. |

Equation (4-16) is then compared.with Eq. (4-3) by
Petukhov on Fig. 4-3 also. Except for the difference on the
basis for the evaluation of Pr and Re, Equation (L-16) is

almost identical to Eq. (4-3) at Pr = 4.0 and about 3% less

than Eq. (4-3) at Pr = 10.0.
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L-3, The Experimental Nusselt Numbers.

The experimental data are tabolated on Table B-1 of Appendix B
-with the listing invorder of increasing Reb, column 8, at Section H.
The experimental Nusselt numbers are compared with those correlations
given by Dittuszoelter on Fig. 4-L; Sieder-Tate on Fig. 4-5 and
Petukhov on Fig. 4-6. Each data point on the figures represents a heat
transfer coefficient evaluated from one pan section, therefore there are
four data points for eaoh ruh. Although the tabulation on Table B-1 is
for runs with E> 1, a few runs in which E changes to E < | when
traversing through the heater tube are included.

Figure L-4 showskthat the data points are all above the Dittus-
Boelter correlation and they exceed that specification by as much as
50%. If the constant of Dittus-Boelter's correlétion is increased
from 0.023 to 0.028, the data can be specffied to within + 20%.

Alternatively a new correlation with

Nug = 0.022 Reg"82 Pr%'h | (k-17)

correlates the data to within + 20% also.

Figure 4-5 shows the.comparison with Sieder-Tate correlation. This
involves the evaluatnon of . propertles for. Nz,,Re and Pr -at the bulk
temperature and lncludes the factor (——)0 ! to accouhtvfor the variation
of viscosity wzth_temperature' The data pofnts are. moved closer to the
prediction line thoUgh the maJorlty of them stlll lne above it. A 10%
increase in the S«eder-Tate constant to. 0. 03 Wl]l correlate the data to
within £ 18%.

Finally, on Fig. 4-6, the data points are compared to the Petukhov

prediction as calculated from Equations (4—3) and (Lk-L). Referring to

Fig. 4-3, it is noted that Eq. (4-3) gives a higher prediction of Stanton
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FIG. 4-5.

pu_D

Re =
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COMPARISON OF DATA WITH SIEDER-TATE CORRELATION.
DATA NITH E>1
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3x10

10

FIG., 4-6. COMPARISON OF DATA WITH PETUKHOV CORRELATION.

Nu
Pr

*‘
]

Line A Pr
B: Pr
C: Pr
D: Pr
E Pr

(f/8) Re |

[1.07+12.7(Pr2/3-1)VF78 ]

(1.82 log Re - l.6h)-2

O 4.0 <Pr<5.0
O 5.0 < Pr<6.0
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Gl; number than eithég Sigder-Tate'or Dittus-Boelter correlations as discussed
in Sec. 4+2. Since the Reynolds number is so imbedded in this formula-
tion of Nusselt ndmber, the data are represented as Nu vs. Re on Fig. 4-6,
= and the Petukhov relafion is shown by lines for various values of Pr.

The range of Pr for the data is distinguished by thebpoint designation as
- shown on Fig. 4-6. For 4 < Pr < 5, the Petukhov relation gives a
difference of 12.5% in the Nusselt numberé. The data encompasses a

band of aboué £ 15% in the Nusselt number about the prediction for

Pr = 4,0,

The data fof 5.0 < Pr-< 60 are few and they lie within the same
error band ‘as the data for 4.0 < Pr < 5.0 with respect to the prediction
for the range of Prandtl numbers. |

At this point if can be concluded that:

(a) The Dittus-Boelter correlation gives a lower predfction with

respect to data. An increase of 22% in the constant'coefficient is

needed to correlate data within + 20%.

(b) The Sfeder4Tate correlation is also low. An increase of the

constant by 10% will correlate the data within + 18%.

(c) Plotting the dét; in terms of (Nu/Prg) Vs, Reb actually

diminishes the scatter of the data. The scattér of data points

is approkimatély + 15% about.tﬁe prediction 1ine fqr Pr = 4.0,

Any further conclusfonsvare‘impaired by the réfatively large
scatter of data. |

At this point thé experimental results is reassessed for the
possible effect of buoyancy‘on'fhe=augmentation‘6f heat transfer

iii coefficient over the prediction by Dittus-Boeltér and Sieder-Tate




correlation. In this reépect it is noted that:
(a) Equation (L-7) indicates‘that Petukhov's apbraiéal gives no
influence of free convection on the average heat transfer coefficient
but rather just changes the peripheral distribution of the

coefficients.
(b) On the other hand, the appraisal by Futagami and Abe indicates

that Na/(Nuo)F_A is dependent on the dimensionless free convec-

Ra .
tion parameter (—575—555—), Equations (4-12).
(Pr2/3R83/2 )

The ratio of experimental Nusselt numbers to that specified by

. Nu
Sieder-Tate, Eq.(4-15), ﬁag—- is plotted against (GrNu)b on Fig. 4-7.
S-T

. Nu

Also, the ratio TNU;T_ is plotted V%-(GrNu)b on Fig. 4-8.
Nu
Fig. b4-7 indicates that Mo is about 1.10 over the range of
S-T

H with a scatter of + 20%.

8 x 109 < (GrNu)b < 4 x 10
Fig. 4-8 indicates similar results as for Fig. 4-7. Therefore,

this confirms.Petukhov's appraisal that free convection does not have

any effect on the averaged heat transfer coefficient. Furthermore, four

curves based on Eq. (4=1) for ¢ = % and the values of Re and Pr encompas-

sing the range of experimental data are addéd. Petukhov's analysis

shows tﬁat due to the free convection effect, the ratio of local Nusselt

number at ¢ = % with respect to Nuonbecomes

I

NU¢=’+

=1 -"A cos

E

Nu0

and this indicates that Nu < Nuo always, Thus the four curves

T
¢ =1
are decreasing functions of.(GrNu)b. Nonetheless, the experimental

data do not exhibit such a trend even though the heat transfer
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.'4F7. EFFECT OF BUOYANCY ON EXPERIMENTAL DATA FOR E>1,

Re Pr
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FIG, L4L-8. EFFECT OF BUOYANCY ON EXPERIMENTAL DATA FOR E > 1 USING EQUATION GIVEN BY PETUKHOV,

et al.
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9STEAM
Ty, o= T- Ty)ave
(refer to Section 3-4).

coefficients are calculated from i and where KN is inside

i3

wall temperature measured at ¢ =

Figure 4-9 shows the plot of experimental data in terms of

Nu . Ra Nu .
——— against {—5>5—==). The value of ————— s about 1.45
Nuo,FA (Pr2/3Re3/2) (NUO)F_A

over a range of 3.5 < (——§7§§—§7§> < 80 with a scatter of + 20%. A1l
Pr Re

v

the data points exceed the specification by Futagami for the lower limit

value of - - for the onset of buoyancy effect, Eq. (4-13). The
Pr2/3Re3/2 : _ !

analysis by Futagami, Eq. (4-12), indicates an increasing function of |
Nu Ra
Nuo,FA Pr2/3Ra3/2

drawn on the figure. The experimental data failed to follow this trend.

with respect to ( ), and this is shown on the line

L-L. Conclusion.

The experimental data exceed the prediction by both Dittus-Boelter
and Sieder-Tate correlations.

Petukﬁov's prediction line for Pr = 4,0 correlates the data to
within + 15%,

There is little apparent dependence of data on Grashof number,

'Petukhov's analysis indicates that local heat transfer coefficient

is dependent onbthe pefipheral locafion after tﬁe ohéet of free
convection effect. Thus, if hfs analysfs:is cofrect; and if the data
measured for ¢ = hSO were truly a peffphefal}y.local value, then there
should haye been a sighificanf depaFtUEéfdf %ﬁgfy; from unity for given
Re and Pr. This is not apparent in the dafa.

Futagamivand Abe's indication 6f:a free convection efféét is not
confirmed. Their analysis is hard to appraise because their '"'isothermal"

correlation (Nuo)FA is so low.
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CHAPTER 5

EFFECT OF VARIATION OF PROPERTIES ON HEAT TRANSFER TO ISOBUTANE
FLOWING INSIDE A~ HORIZONTAL TUBE AT SUPERCRITICAL PRESSURE

5-1. Introduction,

In the previous chapter, heat transfer to isobutane results

T =T

obtained for Eckert number, E = = b
T@ - Tb

compared with available results. In addition, the effect of free

, greater than unity were

convection was assessed;

In this chapter, the second set of data for runs with 0 < E < |
and runs with Eckert‘nUmber transitioning from positive to negative
will be assessed.  In thisvrange of Eckert number, the pseudo-
critical témperature of'isbbutané, Tp.c.’ig eIthef Tb <‘Tp.c. < TQ
when 0 < E < 1 as illustrated on Fig. 1-2 or TQ > Tb > Tp.c. when E is
negative as shown on Fig. 1-3, Because the runé with E being negative
throughout the heater tube are féw; they are combined WEth,the other
runs for assessment. For béth ranges of Eckert number,.significant
variation of properties occurs across the section of the tube even for
small temperature differences.

The geheraI conclusion d;awn byvmost ofxtﬁe,récent investigators
of heat transfer to quids at sdpércrIIical pressure has been that the
large variation of physicél‘pfopértjes'of_IﬁélfIQid In”tﬁe pseudocritical
temperature region cadses_the'wIdéIyldivergénf héat-tfansfer coefficients
that are obtafnédIfkdh-éXpeﬁiménts,_fNéné,df the ﬁodels-such as pseudo-
nucleate boilihg; ahd‘pseudo;fIIm-BoiIIhg.1hasvfuIly succeeded in
explaining the phenomena’of heaf transfer found by means of experimenta-

“tion. Therefore, the experimental results obtained in this study will be
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compared with the available results of those investigators which

support the hypothesis that it is the large variation of properties

that causes the divergent heat transfer coefficients that are obtained.

5-2.

Available Experimental Results.

5-2-1. Results of Adebiyi and Hall.

Adebiyi and Hall investigated the heat transfer to carbon
dioxide at supercritical pressure usiﬁg an electrically-heated
horizontal tube. They obtained the following results:

(i) The temperature of the wall along the horizontal tube

was not uniform circumferentially.

(ii) Their experimental data indicated a lower value of

h = ?Sé%— at the top of the tube and a higher value at

w b
the bottom.
(iii) They tested two criteria for onset of buoyancy

effects in horizontal flow using their experimental results.

The criteria were:

2
-2/°b X
(a) Gry Re, S;> (6> <10 (5-1)
P, -0 3
with Gr, = ——\ 90°
b b 2
Vb

=1
(b) Gr, Re_2'75Pr-0'5[1+2.4Re;]/8(Pr2/3-l)] < 3x10-5

(5-2)
with Gr = GrNu

The results of their experiment had all exceeded the values
given by those criteria, so they concluded that their data did

‘not constitute a test of these criteria.
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One majof deficiency of their data presentation was the lack
of presenfation of data in terms of heat transfer coefficients or
Nusselt numbérs with dimensionless axial distance, x/D. For one
test condition reproduced on Fig. 5-1, Test code 3.3, they
presented température distributions at five angular locations
along the heater tube at x/D = 8, 21, 34, 49, 62, 76 and 89.

From these temperatureé, a circumferentially averéged temperature,
T@’ at each axial location was calculated and plotted on Fig. 5-2.
On the same figure, the wall temperatures at¢ = 00, 45° ahd 180°
were also plotted. Since only the inlet and outlet bulk
temperatures of the carbon dioxide were given, a straight line
bulk temperature distribution was plotted with the assumption '
that the specifig heat Cp was copstant along the tube. This
assumption might be‘justified because the bulk temperature was
below the pseudocritical temperature, Tp.c.; of carbon dioxide at
the test pressure along the length of the tube. In addition,
Adebiyi and Hall gave a bulk temperature at‘x/D = 100 for the

run based on their heat balance calculation and this temperature
was only slightly higher thgn‘thé.tempefature”obtained from the
assumed bulk tempefaturé Erofi]e;f§y3qgihg:fhe avéraged wall
temperature and bﬁlk temperéfuré, the value‘of E along the axis
lqcatiohs Weré ;alcu]étédiéiég agéjghe_réngé ofvE dgcréased from

0.60 at inlet to 0.13.at x/D'= 89,




Polar temperature plot

- [ ' S [\
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. 5-1. Experimental axial and circumferential temperature
distribution and experimental conditions for test 3.3

of Adebiyi and Hall [8].
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(Continuation of Figure 5-2

from previous page)

Comparison of local heat transfer coefficient measured with the predicted
values: ' '

Curve a: ‘Jackson's correlation without the correction terms;

Nu = 0.0183 ReS'SZPrg'5

Curve c¢: Dittus-Boelter correlation.

» q
Curve e: Experimental heat transfer coefficient, h =-f:~JM——_S.
(T -T
w b

Temperature distribution along the tube:
Curve b: T at the top of the tube, ¢ = 0",

o

Curve d: Tw at ¢ = 457,

Curve f: Circumferentially averaged wall temperature, Tw'

o
Curve h: Tw at the bottom of the tube, ¢ = 180 .
Curve m: Buik temperature, Tb, based on the constant Cp assumption.

Curve g: Variation of Eckert number, E, along the tube.



The heat transfer coefficients for their experiments, though
not presented in Hall's paper, could be célcuiafed for Test Code
3.3'fpr which the peripheral variation of wall temperature was
given éS.sHown on Fig..S-l. Takingvfhe peripheral average of
the wall temperature at a location, the heat transfer coefficient

can be evaluated as:

q | |
: W :
h_.: = :T_fﬂﬂ;_ (5_3)
EXP
T -T
v b
T; = Peripherélly averaged wall temperature.

The coefficient, hEXP’ is plotted on Fig. 5-2 and it
decreases along the length of the heated section as expected.

In addition, the heat transfer ;oefficieht, hD-B’ based on

‘the Dittus-Bcelter correlation is calculated and plotted on Fig.

5-2. Since the properties of C02 at 7.6 MN/m2 (1102 psia) are

not readily availabie to the author, the properties at 1200 psia
as plotted on Fig. 5 and 6 of Bringer and Smith [IOj for-the
temperature range of 70°F to ]20°F (21.1°C to 48.9°C) are uséd
for the calculation. Therefore, Réb and Prb are approximate
values based on the propertieé at 1200 péié. The resulting hD-B
is shown to increase with’x/b.b":
| Hall also introduced an equation given'by'Jéckson for the
specification of heat-tranéfer coéfficient to water and CO2 in
» " This equation is:
T 0.4 '
@) e
Pb

which the buoyancy effééts are not present.
. . 0.5
_ 0.82_ 0.5 (Puw

Nu_ = 0.0183 Re, " Pr, (pb)
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_ iw - ib
where C_ = ir—jffF—
P w b
iw = Enthalpy of the fluid at the wall,
ib = Enthalpy of the fluid at bulk temperature.

The available information on the properties of CO2 from

Bringer and Smith is insufficient to evaluate Eﬁ, therefore,
0.4
)7,

Jackson's correlation without the factors, (p /p )0'5(5 /C
w b PPy

is used to predict the heat-transfer coefficient along the
length of the heated section. The calculated h
Jackson,uncorrected

is also plotted on Fig. 5-2 and exceeds hD-B by about 5%.

For Test Code 3.3, Hall calculated a wall temperature, T

w,o0’

at x/D = 100, which would satisfy Eq. 5-4 when the bulk
temperature was 30.3°C at the same locatfon. The temperature
T@,o was 47.9°C and the heat~transfer coefficient calculated
from Eq. 5-3 is 1.22 kW/mZ-oC. This value is quite close to the
prediction by Dittus-Boelter corretation and much higher than
the extrapolated experimental value which is 0.895 kW/mz-OC,'as
shown on Fig. 5-2. Therefore the results of Hall's experiment
indicated that for Test dee 3.3 at x/D = 100, the total
reduction in the heat transfer coefficient was 31%, of which 5%
0.5 (Eg/cpb)o.4 5

could be attributed by the factorS’(pw/pb) nd

26% was due to buoyancy effect.

5-2-2. The results of Yamagafa, et al, for water at supercritical

pressure.

Yamagata, et al, investigated the heat transfer to super?-

critiéa! water flowing inside an.electricaliy heated tube for

7k



horizonta], vertically upward and downward flows. Two kinds of
results were obtained from their experiment:
(i). At low or moderate heat fluxes, a peak in the heat
transfér was obtained near the neighborhood of the pseudo-
critical temperature of water for both horizontal and
vertically upward and downward flows. Thus the peak value
is not associated with a free convection effect. The peak
value of the heat transfer coefficient decreased with
increasing heat flux at constant pressure and mass flow rate.
Yamagata, et al, obtained a correlation for the heat-
transfer coefficient based on their results for vertically
upward”flqw with tow and moderate rafios of heat fluxes to
mass flow rate. The correlation was based on a Dittus~
Boelter type of correiation with an additional correction
factor, Fc' .The correction factor Fc depended on the valﬁe
of Eckert Number, E.
E = TE:rc.--TTb
w b
This dimensioﬁless nUmber could be employed to designate
the state of the superéritical flﬁid over a cross section of
the tube. | |
For E > 1, the flgid.cbula be assumed to be liquid over
avcrOSg section.
For E <0, tHe fluidfcould be cbnéidered_as vapor over

~ a cross section, if the variation of properties

was small.
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For 0 < E <1, the f}uid could be considered in the
pseudocritical region with large variation of
properties within a small temperature range.
The state of the fluid could not be clearly
defined across the tube.

The correlation obtained was:

. _ - 0.85 0.8 ‘ i .
Nug = 0.0135 Re_ " "Pr FC. : (5-5)
F. = 1.0 for £>1 o (5-5)
| T M - |
_ -0.05 (p_ _
Fo = 0.67 pr” (&) forosest (5-6)
. Py
S )2 ‘. | |
FC = <C ) _for E < Q (5-7)
Py
= - , L o _‘
ny = =0.77 (1+ 5=—) + 1.k9 (5-8)
p.c.
1 - '
- ) - , -
n, = 144 <I+ P ) 0.53 - - (5-9)
poCo
Pro o = Praﬁdt) number evaluated at the pseudocritical
temperature.
Eb_= the integrated average specific heat over the
cross section of the tube.
~w’h_
T T,
iw = enthalpy of the fluid at the wall,

.
L}

enthalpy of the fluid at the bulk temperature,
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Yamagata, et él, presented a plot of (Nub/0.0135 Reg'85

Prg'a) vs. Eﬁ/cp for their experimental results for

supercritical wa:er on Fig. 11 of their paper. Referring to
that figure, the values of Fc are less than unity when
<E=<1 and E <O. Thé reduction in the value of Nub for
data with E < | with respect to the Nub obtained from data
with E > 1 did not imply corresponding reductidn in the value
of heat transfer coefficient, h. With Nub equaling E;Q and
the value of kb exhibiting a sharp decrease in the neighbor-
hood Qf p?eudocritical temperature, the value of h méy still
 increase‘;espit§ decreasing values of Nu, for 0 <E < 1.
Yamzgata reborted that this correlation, Eq. (5-4),

correlated most of their data to within & 20%, except for a

few data points near E = 0 or £ = {.

(ii) At high heat flux compared to flow rate and for ver-
tically upward flow, the measured wall temperature fluctuated
along the axis of the tube. The wall temperatures were also
higher than the predicted valQes using the correlation,
Eq. (5-4), obfé?hedffn'Part (i). Thus a significant reduction
" in heat t?éﬁsfér;cééff}cieht.was obServed. - Yamagata obtained
a'rglatiénﬁhib‘BefWgen the_Pihiting heat flux with mass |
Qelocity‘for‘deferibréfidﬁ.{n hegtitraﬁsfer to supercritical

water and vertically upflow as
A _5 0.20 6'2 B C (5-10)

Heat flux per unit area.

.

where q.

G Mass veloéity ber unit area.
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This correlation was also validated by tHe'reSUIts of

Shitsmaﬁ, Vikrev and Ackerman,vas shown on Fig. 5-3.

-‘For horizontal flpw,.the_results on heat transfer to water
at supercritical pressure were bresehted as variation of T& with
bulk enthalpy and heat transfer coefficient in relation to bulk
temperature and wall temperatufe. Under conditions of constant
pressure and mass flow rate, thé temperatUresvét the top did not
differ from those at the bottom of the hofizontal tube when the
heat.flux was lowest. At moderate heat fluxes, the temperature
difference between the top and bottom of.the tube increased for
increasiﬁg heat flux. In terms bf'variatfon of heat transfer

g
coefficient, T?Jf?—y , with the bulk temperature, the heat transfer
b

coefficient exh?bited a peak value in the neighbofhood of the
pseudocritical temperature for all the low or moderate heat flux
runs. _At.the lowest heat flux, the valués of heat transfer
coefficient were élmost equal for horizéntal flow and verticaliy
upward and downward flows. At moderate heat flux, the highest
heat transfer coefficient occurred at the bottom of the horizontal
tube and the lowest at the top of the tube. Iﬁtermediate between

these two values were the heat transfer coefficients of verticaily

downward and upward fiow obtained under the séme’conditions, as

shown on ng. 5-4.
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Fig. 5-4. An illustration of the results by Yamagata, et al, on the
comparison of heat transfer coefficients for flows in
various directions: (top) at low heat flux, (bottom) at
high heat flux.
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5-2-3. Experimentél Results of Qther Investigators on Heat Transfer

to Fluids at SuPefcfftical Pressure for Vertical Flow.

Almost all of“the recent eXperimental investigations on heat
transfer to fluid§'at supercritical pressure employed a vertically-
oriented electrically-heated the as test section. The résults
reported for vertically upflow indicated that a peak in the‘wéll
temperature §CCurred@as heat flux was incféaéed relative to tEe
mass flow rate [5,6]. However, this peak in wall temperature was
not observed by Bourke, et al, for verfically downward flow for
the same variation of wall heat flux.

Bréssington and Cairns [7] reported thefr experimental data for
supercritical Helium.in vertically upward flpw, showing a peak in

wall temperature Was measured whenever'

7

6r/Re2* 7 > 2.4 x 1077 ' (5-11)

Hall [8] suggesfed that buoyancy effect induced the degradation
in heat transfer, consequently a peak in wall temperature
occurred. His critéfiqn,for thgvonset}of buoyancy effeét.in
vertical upflow is . . o
——%%7 > 1.2 x.de?  o (5-12)
R i e s el
Griffith and Shiralkar. [6], reported that they could not observe

any differgnce;bétwegn‘upwérd:apdTQQWhWard‘flow,f@r.carbon dioxide

‘at supérgtftipa[,pfgésyfe:flgﬂfhgﬁjh,a;1/84in;,diameter tube.

They showed that for Bdth‘upWard.Qf doanafd\fldw; a peak in wall

_temperature was always measured in the neighborhood of the pseudo-

critical enthalpy at various heat fluxes. Thus, the reduction in
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heat transfer coefficient measured for vertical flow cpuld not be
due to buoyancy effect alone, -but. to fhe large variation in pfoper-
ties in the pseddbcrifiéai tempé?azgré region as well.

A summary of the equations discussed so.far on the available
experimental results are‘li§ted on Table 5-1.

Fig. 5-5 compares Yamégéta's correlation‘wjth Fc = 1 against
the correlations specified by:Djtfus—ﬁoe]ter, Siedek-Iaté,

Petukhov and Jackson.

Experiméntal Nusselt Numbers.

5-3-1. Runs withIO.Ol < E < | Alsna the:Whole Length of the Heater
Tube. . . ,

Tﬁe exberimental data for runs with 0.01 < E < 1 along the
length of the heater tﬁbe are tabulatéd on Table B-2 of Appendix
B. The experimenfal Nusselt numbérs.are compared with Dittus?
Boelter correlation on Fig. 5f6’ Sieder-Tatebcorrelation on
Fig. 5-7, and the cofre]ation given by Yémagaté on Fig. 5-8,

Fig. 5-6 shows that the data points are all above the Dittus-
Boeltef correlation line when the constant coefficient is taken
to be 0.023. If the constant is increased to 0.028, which is
the value recommended in Section h-3‘for data with E > 1, then
the data points can be specified to within + 18%. The experi-
mental data obtained by Hall and Adebiyi are also plotted on
Fig. 5-6..'As a]réady.?mplied by the heat transfer coeff?cienté
that are shown on Fig. 5;2, Hali's”experimenta] NQSSelt numbers

are at first above and then at greater x/D.beiow the Dittus-Boelter
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_ Nu, - Nu = ClReO'asPro'aFc. Nu = 0.0931 Reg'687 Pro'63 Nu = 0,023 Re " Pr 3
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Nu . HEAT TRANSFER

WITHOUT. BUOYANCY
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EFFECT _ T, \0.4
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Py
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BUOYANCY EFFECT
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Gr Reb Prb »
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<3 x '6-5
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Gr
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HEAT TRANSFER

FOR VERTICAL UPFLOW

1.2
a. 0.26

Table 5-1. Summary of the Equations Discussed in Section 5-2,
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Re No. = m

Fig. 5-5. Comparison of correlation obtained by Yamagata on heat
transfer to water at supercritical pressure with other

correlations used in Section 5-2.

Curve a: Yamagata correlation for E>1;

- -0.15__ =0.2
St =0.0135Re, Pry

Curve b: Sieder-Tate correlation;
0.14

St =o.oz7Re'°'2Pr’2/3 (EL)
IJ‘W

Curve c: Dittus-Boelter correlation;

St =o.oz3Re’°‘2Pr'°‘6
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Curve d:

Curve e:
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(Continuation of figure 5-5
from previous page)

Petukhov correlation;

(£/8)
1.07+12.74/778 (pr?/3-1)
£=(1.82 log Re-1.64) 2
Jackson uncokrected;

St =0.0183 Re 0+ '8p."0:5

St =
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FIG. 5-6. COMPARISON OF DATA WITH DITTUS-BOELTER CORRELATION.
DATA WITH O < E < 1 '

Line a_‘: » NuD-B = 0.023 Re0t8 Pl"o‘l*

b: Nu = 0.028 Re®"® pr0%

(©  EXPERIMENTAL DATA
FOR ISOBUTANE

HALL & ADEBIYI'S
DATA FOR CO2

CALCULATED BY AUTHOR
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correlation., The reduced pressure,Pr,for CO2 of Hall's

' experiment was 1.03 and the reduced pressure for this experiment

with isobutane was 1.13.

Figure 5-7 shows that Sieder-Tate correlation, which includes

w0 1A

the factor (fg) , to account for the variation of viscosity with
temperature, predicts the data quité weli, »A_neQ Sieder-Tate
corre]ation-lfne with the constént coefficient as 0.03 recommended
in Section 4-3 do§s~not predict the data points as well. The
scatter of data péints aBout the lower line on‘Fig. 5-7 is about
= 15%.

At this point it should be noted that Yamagata also compared
his data for water with the Dittus;Boelter correlation by plotting

0.8

his data as Nub/Re_b ‘vs;‘Prb and encountered a large scatter of
data.

On_?ig. 5-8, the experimental data are compared with Yamagata's
cdrrelationvfor 0 <E<1I. This comparison is justified because
the experimental heat flux, IS TEAM’ when plotted on ng.‘5-9
against mass velocity, G, is less than the l}miting heaf flux
for deterioration of heat tfansfer and wifhin the region for
which Yamagata recommeﬁds'tﬁeiUSQ.Qf:Eq;.(5-#)lto (5-9 ). From
Fig. 5-8;‘ald0§§~éflTthefdéta'ﬁofﬁtsA]§e beloQ the prediction
line. Thé-da;g.ogggéy1a-nafrbw:fénge:gf (E;/CPb) and the scatter
is greétecufhgﬁ.fn tﬁe fWo‘prgquus fJQUrgs, bTherefore the
equatidnjprébdseﬂfby Yéﬁégaté f6r_0’§fE <1 does not fmprovg the
correlation of these experimental data over the Sieder-Tate

equation.
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0.8
b

Nu/0.0135 Reg'85 Pr

1.0}

0.9
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0.7
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FIG. 5-8.

COMPARISON OF EXPERIMENTAL DATA FROM TABLE B-2

WITH YAMAGATA'S CORRELATION.

Line a: Yamagata's correlation for 0 < E < l.
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§-3-2. Runs with Eckert Number Changing from Positive to Negative

along the Length,df the Heater Tube.

In this set of experimental runs, the temperature of
isobutane passes through the pseudocritical temperature, 'Tp.c
ins}de tha heafer tube. Correspondlngly, the Eckert number of
isobutane changes from positive to negative a)ong the length of
the heater tube. This set of experxmental data is tabulated on
Table B-3 of Appendix B.

From Table B-3, Run 218 is selected for more detailed
discussion and the experimental measurements for this run are
plotted on Fig. 5~10. The Eckert number for the run cHanges from
0.25 near the inlet fo -0.62 at Station 5. The figure shows that
experimental bulk temperature, Tb’ increases at a slower rate in
the pseudocritical temperature region thah away from'it. This
implies that the specific heat, Cp, has a lafger valua at the
pseudocritical ‘temperature region.

The experimental heat transfer coefficients, hEXP’ for this
run ara compared with those heat transfer coefficients, h,
calculated by the fblloWing corre]athns on Fig. 5-11:

(a) Yamagata s corre?atton w:th correct:on factor:

0.85 4.8

Nu = 0. 0135 Re, Pry’ F(Cj
oi’)sfav_":" .
F_ = 0.67 Pr e (&) 0sEs|
Py
F= @©/c)r 0 k<o
c PPy |
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1

. _TEMPERALURE, °c _ -

T

2

?
“S;Tﬂjf‘('\":l) R

o
@

T
“,u.““%

Dimensionless axial distance, x/D

00

Fig. 5-10. Exper imental measurements for run 218.

XBL 7911-12838
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where

(b)

(c)

(d)

(e)

(f)

(g)

From

coefficients indicate a decreasing trend along the length of

3
"

-0.77 (1 + ! ) +1.49 = 0.650

p.c.

) - 0.53 = 1.041
p.c.

Yamagata's correlation without correction factor:
Nu = 0.0135 Reg'85 Prg'a

Jackson's correlation with correction factor:

o 0.5 C .0.4
(G (@)
b

Nu = 0.0183 Re)-?

Jackson's correlation without correction factor:

0.82 , 0.5

Nu = 0.0183 Re b

Dittus-Boelter correlation:

. 0.82 0.4
‘Nu = 0.023 Reb Prb

Sieder-Tate's correlation:

"
0.8 Pr1/3 (_Q)
b Moy

0.14
Nu = 0.027 Re

.Petukhov's correlation:

Re Pr. (f/8):
Nu = T3 —
1.07 +~TZ.7Z(Pr - l)_/f/8
f = .(1.82 log Re -.1.64) v

Fig. S-fj; thé,expéEimenta1ly measured heat transfer
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Fig. 5-11. Variation of Heat Transfer Coefficient Along the
Heater Length Calculated by Various Correlations

and Based on Experimental Measurements of Run 218.

9k



»

Curve a:

T A - 0 a 6 o

(Continuation of Figure 5-11

from previous page)

Yamagata's correlation with correction factor.
Yamagata's correlation without correction factor.
Jackson's correlation with correction factors.
Jackson's correlation without correction factor.
Dittus-Boeltor correlation.

Sieder-Tate's correlation.

Petukhov's correlation.

Experimental measurement, Run 218,
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the heater tube, whereas the calculated coefficients show a peak
value within the heater length. This peak in value of heat
transfer coefficient is largest for those correlations without
the correction factors for properties vériatioﬁ,so that h, or
Nu, is proportional to Pr, Consequently, when Prb has a maximum’
value as Tb passes through Tp.c;’ a peak value in h is observed
along the length of the heater tube. When the correction factor
is applied to Yamagata and Jackson's equations, the value of h
is reduced and the peak is almost flattened out. Jackson's
equation with the correction factors seems to predict the
experimental results at x/D > 90 very well. On the other hand,
Yamagata's equation with a single correction factor for variation
of Cp with temperaturé predicts a higher value of h than Jackson's
equation. Therefore, the additional correction factor for density
variation with temperature in Jackson's equation is necessary.

The experimental Nusselt numbers are again compared with
the Dittus-Boelter correlation on Fig. 5~12, and with the Sieder-
Tate correlation on Fig. 5-13, and the Yamagata's correlétion on
Fig. 5-15,

On Fig. 5-12, the data points are scattered about the
prediction line by £ 55%. The data points are separated into
two groups according to their positive dr negative E value and
they are distinguished by the point designation as shown on
Fig. 5-12. The data points for E being positive lie
predominately above the Dittus-Boelter line and the data points
for E being negative are mostly below the line. Thus for most

of the runs a deterioration of heat transfer occurs after the



5-12, 'COMPARISON OF EXPERIMENTAL DATA FROM TABLE B-3
WITH DITTUS-BOELTER CORRELATION.

FIG.

o TR
Line a: Ny = 0.023 Prp"" Rep™® |
O EXPERIMENTAL DATA
3 0<Ec<I

©) E<O
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bulk temperature exceeds the pseudocritical temperature. Due to
the large scatter of experimental data, the Dittus-Boelter
correlation cannot be used to specify the data.

Fig. 5-13 compares the experimental data with the Sieder-Tate
correlation. Most of the data points are below the prediction
line and some are as much as 60% below the line. With such a
large scatter of data points, the Sieder-Tate correlation.also
cannot be used to specify the data.

Befqre comparing the experimental data with Yamagata's
correlation, the experimental heat fluxes, 95 TEAM? tabuléted 6n
columns 12, 20, 28 and 36 of Table B-3 are plotted against the
isobutane mass velocity, G, on Fig. 5-14. The data points all
lie within the region for which Yamagata recommends the use of
his correlation. The ratio of NuEXP/Nus_T for each experimental
data point is also included on the figure and-representéd by the
point designation.

On Fig. 5-15{ the data pdints are compared with Yamagata's
correlations for b <Es< 1 and E <0. The experimental data are
predominately scattered about the line for 0 < E < 1 and they
failed to follow the prediction line for £ < 0. There is also
a lack of data in the range when E < 0.

At this point, it can be concluded that fqr those data with

E passing through zero along the length of the heater:



FIG. 5-13.

Line a:

-bN

COMPARISON OF EXPERIMENTAL DATA FROM TABLE B-3
WITH SIEDER-TATE CORRELATION.

0027 a°8 1/3C )o 1

Q@ o0<Ec<
&) E<O

99




100

150Y - : T gt i
oo L
tertprarion 1"

i A BaBnal
b driigg

t
i U PRI ST DU YIS e -
L ; : 15 I DI SN G SRR B I R R
o> bk i ad b e e e B
B i RERRR AR R . * DR
sy -
.

) 5.5x102
G, Kg/m ~-sec ,
-- XBL 7911-12841 --

FIG. 5-W. COMPARISON OF EXPERIMENTAL DATA WITH YAMAGATA'S
SPECIFICATION OF LIMITING HEAT FLUX VS. MASS VELOCITY
FOR DETERIORATION IN HEAT TRANSFER. DATA TAKEN FROM
TABLE B-3.



Line a:
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(Continuation of Figure 5-14
from previous page)
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FIG. 5-15. COMPARISON OF EXPERIMENTAL DATA FROM TABLE B-3
WITH YAMAGATA's CORRELATION.

Line a: Yamagata's correlation for 0 < E<l
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(a) Correlatfng the experimental data by the Dittus-Boelter
or Siedgr-Tate correlations is impracticable due to
large sc;tter, up to * 55% or more, of data points.

{b) Plottihg the data poirnts as suggested by Yamagata has

not reduced the scattering of data points. This
indicates that the data points do not show much

; depehdencelon (c/c ).
, PPy

/Nus__T

5-3-3. Comparison of Nu with Eckert Number.

EXP

On Fig. 5-16, the ratio of experimental Nusselt number with
NuS_T'by Sieder-Tate correlation is plotted against E for all the

runs discussed so far., The scatter of data is reduced as compared
with Fig. 5-8 and Fig. 5-15.

When 0.1 < E < 1, the data points are within + 25% about
unity. As -O.l’{ E < 0.1, the value of NU/NUS-T shows a
decreasing trend towards a minimum value of 0.5, though the
scatter of data is almost + 37%. As E becomes more negative, the
data seem to return towards unity again, but there is insufficient
data for E more negative than -0.5 to substantiate this trend.

Figure 5-16 suggests_théf the:deferiorétidn in heat transfer
as observed in thig e*périméntal.study seéﬁs.tb be depehdent on
the Eckert nUmberL. The Eckert.number:isfan.indicafion of how
close the bulk tempéﬁgtﬁrgfjs]fé]atiyélfo the pﬁeudocritical
temperature, Tb::;{é”&h}{hgl;ééiaﬁxﬁheh-éO.T”< E‘<-0.], the bulk

temperature is ih'the,ngighborhgédgdf;Tp Cv;:ahd'large_variation

of properties of isobutane occurs across the cross-section of the
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heater tube. Consequently, deterioration of heat transfer was

measured.

On Fig. S-II,’Jacksonis correlation with the correction

" factors predicted the heat transfer coefficients very well for

Run 218 when x/D > 90, Therefore, the exper?mentél Nusselt
numbers for the data listed on,Tab!e B-3 afe also compared with
Nusselt anbers by Jackson's correlation and plotted against E.
The result shown on Fig. 5-17 indicates that for £ > 0.1, the

ratio of Nu_,./Nu is about 2 and for -0.1 < E < 0.1, the

EXP Jackson
same ratio decreases to unity. The scatter of data is slightly
less than Fig. 5-16, but the result is still not satisfactory to
make a definite COncluéion; |

From Chapter 4; the expefimental Nusselt numbers were
correlated to = 15% by Petukhov's correlation. Thus, the
experimental Nusselt numbers considered in this chapter are also
compared with Petukhov's correlation, and this is shown on Fig.
5-18. The data points are very similar to Fig. 5-16, with those

points in the range of 1.0 > E > 0.1 scattered about NUEXP/

NuPe'tukhov

= 1.12. When -0.1 < E < 0.1, the data points also
exhibit a decreasing t;eﬁ&btowards:O{S._sFor E' < =-0.1, the data

points seem to retuth‘toﬂuni;ylbgf;ﬁhfsfTS not conclusive due to

lack of data points.
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5-3-l4. Reclassification of Experimental Nusselt Numbers.

Figss 5-16 to 5-18 suggest that an alternative method of
classifying the experimental Nusselt numbers considered in this
chapter is possible. Those experimental Nusselt numbers with
1.0 > E > 0.1 constitute one group of data tHat can be prescribed
by the Sieder~Tate correlation. Those experimental Nusselt
numbers with E < 0.1 constitute a second group of data which
exhibited a reductfon in the range of 0.1 > E > ~0.1 and large
scatter of experimental data when compared with Sieder-Tate or
Dittus-Boelter correlations.

Thus, the experimental data are reclassified according to
the above and compared with Dittus-Boelter, Sieder-Tate and
Petukhov ﬁorreiations on Fig. 5-19 to Fig. 5-24. Fig. 5-19 shows
a scatter of data points of +20% when compaéed with Dittus=-Boelter
correlation with the constant coefficient being 0,028, Fig. 5-20
shows a scatter of data points of about + IS%vwhen compared with
Sieder-Tate correlation. Fig. 5-21 shows that except for some
data points in the low Reynoldvnumber range, the data points are
within £ 15% of Petukhov's‘prediction.

When E < 0.1, the scatter of data points is still too large to

make a definite conclusion, as shown on Fig. 5-22 to 5-24.

5-4. Conclusion.

For the runs with 1.0 > E > 0.1, the experimental Nusselt numbers
can be specified by the Sieder-Tate correlation to + 15%. The Dittus-
Boelter correlation with constant coefficient of 0.028 as recommended

in Chapter 4-3 correlates the data to £ 18%. Petukhov's correlation

108



109

FIG. 5-19.

Line a:.

Line b:

2.5x10°

COMPARISON OF DATA WITH DITTUS BOELTER CORRELATION
‘DATA WITH 0.1 < E< 1.0 .

0. 023 Re g 2 5,
-o,ozs‘Rebta Pr

A

Nip-g. =

b

oo Tvo.

()  DATA FROM TABLE B-2

©) DATA FROM TABLE B-3




110

FIG. 5-20. COMPARISON OF DATA WITH 0.1 < £ < 1.0 AGAINST
SIEDER-TATE CORRELATION.

W
0.8 ;. 1/3 _g)o.lu

Hw

Llne.a: NuS-T =.0.027Re

)  DATA FROM TABLE B-2

©  DATA FROM TABLE B-3



moow >

2x10" 10° Lx10°

pu D
Re = b
Fig. 5-21, Comparison with Petukhov's correlation.

Data with 0.1<E<1.0.

Curves A Pr= 4.0 - © hL.o<Pr<s.0

B: . Pr=5.,0 - [ 5.0<Pr<6.0

"€ “Pro=6.0 L 6.0<Pr<7.0

‘D: Pr =7.0 7.0<Pr<8.0

E: Pr=28.0 8.0<Pr<9.0

M='~’(V&%ﬁ%}, “‘
['v‘°7f'2,--7(?r,2,/~31-1 )7/81

-+
It

(1.82 log Re - 1.64)~2
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FIG. 5-22, COMPARISON WITH DITTUS-BOELTER CORRELATION.
DATA WITH 0.1 > E > -3.0

Line a: NuD_B = 0.023Re0'$ Pro'h

()  DATA FROM TABLE B-2

®  DATA FROM TABLE B-3



Nq/[Pr'/B(u/uw)o']h}= (ho/k)/}(ucp/k)'/B(u/uw)o.14}

FIG. 5-23. COMPARISON OF ‘DATA WITH SIEDER-TATE CORRELATION.
DATA WITH 0.1 > E > -3.0. :

L 0.8 /30 \0. 14
Line a:. Nug_g = 0.027Re " Pr _(ﬁ;)_ |

¢  DATA FROM TABLE B-2

.~ © ' DATA FROM TABLE B-3
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2
S5x10°F T

FIG. 5-24. COMPARISON OF DATA WITH PETUKHOV CORRELATION.
DATA WITH 0.1 > E > 3.0

Line A: Pr = 3.0 ® 3.0<Pr<ho
C: Pr=5.0 :
D: Pr = 2.0 A 5.0 <Pr< 6.0
E: Pr=7.0 {) 6.0 <Pr<7.0
F: Pr =8.0
G: Pr =10.0 O 7.0<Pr<8.0
& 8.0 < Pr < 10.0
Petukhov's correlation: 0 Pr > 10.0

(1‘/8)Reb Pr

b
Nu =
[i.o7+12.7(Pr§/3-1)Vf/8]

f = (1.82 log Re = 1.64)72
'J



correlates the data to = 15% also.

For those runs with E less than 0.1, both Siedér-Tate and Dittus-
Boelter correlation cannot be used to correlate the experimental data
due to large scatter of data.

| The scatter of experimental data is caused by a deterioration in
heat transfer when the bulk temberature passes through the pseudo-
critical temperature region. This is substantiated by the plot of

/Nu against £ on Fig. 5-13, which exhibited a trend of

Nugyp/Nug_1
decreasing NUEXP/NUS-T in the range of -0.1 < E <0.1.

When the experimental data for both 0 < E < 1 and E < 0 are
compared with Yamagata's correlation, the scatter of data about the
correlation line is as much as = 35% when 0 < £ < |, but the data
failed to follow the line for E < 0. Yamagata's correlation was based
on his experimental data on supercritical water for vertical upflow
and hi; data had a scatter of =% 20%.about the correlation line. Thus,

Yamagata's correiation is not quite applicable to the present

experimental data.

Before ending thfs’chapter, it should be pointed out that
experimental data points of large negative values were few because the
experimental runs désigned fo obtain such data points requfred very high
steam temperatures. HoWever; thelhighesf temperature'of steam allowable
in the steam jacket was set;at-zéo°c'(446°F), In addition, the preheater
also required sfeam~From fhé'5011er'fd:ﬁéat;théaiéoﬁutané) Therefore,

only a few datavpoihts‘were thaihédzﬁfthﬂE'Q -0.5 in this stﬁdy.




CHAPTER 6
CONCLUS IONS

Exper}mental measurements of heat transfer to isobutane at 4.14 MPa
(600 psia) have produced values of heat-transfer coefficients
accurate to £ 20%.‘ The overall range of Reynofds number for the
experiment wés from 2.2 x IOLF to. 2.5 x 105 and 4.3 < Pr <‘]!.I.
When E = pec. b > 1, the variation of the properties. of
isobutane was least severe. The heat transfer coéfficient for

this range of E and with 2.3 X 104 < Re € 2.0 x !05; L.,3 <« Pr < 5,5
was discussed in Chapter L. The experimental Nusselt numbers were

found to be correlated to = 15% by Petukhov's correlation. The
7 8

Grashof number for these results ranged from 4.5 x 10’ to 9.0 x 10°.

The analytical result of Futagami and Abe indicated an augmentation

of Nusselt number, due to free convection,.from 15% to 60% in this
range of Grashof number. However, a comparison of the expefimenta]
result with Fufagami and Abe's analytiéal result was hindered by
the jnappiicability of their‘corrélatfon, derived for Pr.= 0.7, to
the higher Prandtl number‘obtained in this gxperiment. As already
indicated, Petukhov's correlation seemed satisfactbry and he |

indicated no free convection effect on the peripherally-averaged

Nusselt number,
T c. _ Tb
The data for runs with E = —%;—f—?——— less than unity, i.e. when

b .
the bulk fluid temperature approached or exceeded the pseudocritical

temperature,over the exchanger length, were discussed in two parts

in Chapter 5. Part a considered the results for conditions with
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0.1 < E < 1.0 over the exchanger length. Part b contained data

for conditions with -3.0 < E < 0.1, and £ = 0 was obtained at

some point along the length of heat exchanger.

(a)

(b)

The aQerage-of the Nusselt numbers for 0.1 < E < 1.0
were about 10% less than those obtained from runs with
E >.1.0, and fhey could be correlated to +£ 15% by the

Sieder-Tate correlation or to + 15% by Petukhov's

correlation. The value of Gr/Ré2'7IVaried from

5.4 x !0-6 tobl,8 X 10'“, and there was no apparent
.influence of free convection or of property variation,

other than that already acccunted for by the Sieder-Tate

correlation, on the heat transfer.

For those results with 0.1 > E > -3.0, none of the

proposed correlations could correlate the results.

For 0.1 > E > -0.1, almost all of»the experimental
Nussé1t numbers were less than the prediction by Sieder-
Tate‘corre!ation, some by as much as 50%. In addition
there was séme, but not conclusive, evidence that such
reduﬁtidH i5 NUEXP seem§d~to‘be,de§éndent,on E. For

E < -O,i;.thé ratio of ekperimenfaj Nuéselt:nuﬁber to
the1Nusselt»numbek;predicted;by Sieder-Tate cofre!ation
Seeﬁéa-f;'apbfoééhiﬁaffyifér‘deéréésing1E. However, the

scatter oﬁvdaté;pdihtsawés too great to afford any

1

conclusion. -~
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Gr

Gr

Nu

LIST OF SYMBOLS

area
constant factor which is independent of angle ¢ in Eq. (4=1)
constant

constant pressure specific heat

integrated average specific heat over the cross section of

, T, " ib
the tube, T T
w b

diameter

Eckert number, o T

correction factor
friction factor defined by Eq. (4-4)

mass velocity per unit area used in Fig. 5-3.

P = Py apd
Grashof number, b w g
: ] 2
b Y
' P, - P b q
Grashof number defined by Petukhov, b L qg T w- )
b k w_ 'b

accelera;?on:by gray?ty
heat trans%er_c6é¥%€éien£“i'J‘
létent‘Eeat’bf*tohdénsétibﬁibfrégeam
enthafpy of fluid
thermal<cbndUEfTV}t935f\fﬁaf31 ’ ’
leﬁgtﬁfbf7Hééie?iéééttaa'j”g”ﬁ‘ |
conétant useé?inﬁ;g?}‘j%j)':ih

mass flow rate of fldfd

Nusselt number, EQ
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Ra

Ra’

Re

"

"

"

L]
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 constant used in Eq. (1-1)

index used for labelling experimental measurfng station

C
b

Prandt]. number, X o=
. _ o k

averaged Prandt] number over the range T; to Tb defined

by Brassington and'Cairns;

1 T, R -1
T - T, Jr o Pr(D) .
b

w

heat rate

heat flux, Q/A

lfmiting.heat flux, used in Eq. (5-10)
Raleigh number, Gr Pr

Raleigh number defined by Futagami and Abe,

L daT
8, r }-—31 -
" ldx | _ GriNu
-2 - kRe
p D .
' . m_ _ 4 dm
Reynolds number, = o Oy
.radiUs
. : Ai In (rolri)
resistance of the wall, kL

temperature (various subscripts are used, see section on

subscripts)

overall heat transfer coefficient

mean velocity in the axial direction, hmz
_ oD

volume of fhe calibrated flow meter

specifié’volume, 1/0
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X
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mass rate of condensate collected
axial distance from the beginning of the horizontal run

at the heater

Greek Symbols

Subscripts

thermal diffusivity, k/pCp

angle of inclination of the tube as defined by Futagami

and Abe

&)

T
p

isobaric compressibility of fluid, % (

mass rate of condensate collected per unit length
absolute viscosity of fluid

kinematic viscosity of fluid, u/bb

density of fluid

angle measured from the top of the heater tube

parameter evaluated at bulk temperature, Tb

Tb + KN

parameter evaluated at film temperature, Tf ==

parameter evaluated at inside tube radius, r
mean or averaged va]ue,'pefipherally averaged or cross

sectional averaged

parameter evaluated under the buoyancy-free condition

parameter evaluated at outside tube radius, L

‘at constant pressure

parameter evaluated at pseudocritical temperature, Tp

parameter evaluated at wall temperature, ]N
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DNSTRM = downstream

EXP . = experimental

ISOB = isobutane

LMTD = logarithmic mean temperature difference

T.C. - = _thermocouplé

UPSTRM = = upstream

( )AVG = averaged value

( )D-B = Dittus-Boelter

( )F-A = Futagaml-Abe

( )P =  Petukhov

( _)S-T = Sleder-Tate
Superscript

i

( ) = peripherally averaged value
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APPEMNDIX A

THERMODYNAMIC AND TRANSPORT PROPERTIES OF ISOBUTANE AT L.14 MPa (600 psia)

The thermodynamic and transport properties of isobutane employed in.
the analysis of experfmental data are plotted against temperatqre on
Fig. A-1. The values of these properties were calculated by Dr. L.
Silvester of Lawrence Berkeley Laboratory and furnished to this project.
The thermodynamic properties were calculated based.onvStarling's
equation of state and the transport properties were calculated based on
the method suggested by Hanley, et al [17]. |

The properties of isobutane were also investigated by the author
and the results compared with those furnished by Dr.- Silvester. From

the ASHRAE Thermodynamie Properties of Refrigerants [18] the enthalpy

of isobutane at 600 ps:a was tabulated on Table 50 against temperature.
These values of enthalpy were compared with those furnished by Dr.
Silvester on Fig. A—Z. The two values almost matched each other with
respect to variation wath temperature, except in the range of 135~ th C
or in the range encompassnng the pseudocrltlcal temperature. These

two sets of enthalpy values were compared in even more detall by
computlng the specanc heat C;; from them for comparlson.' The specific

A L TSP S

heat is deftned as

DR
Lo

¢ = =& . ey
P arp Nty ,

The results were plotted on‘ng, A43; Additional values of Cp

were also plotted on the figure from various other sources. From




Fig. A-3, the pseudocritical temperature of‘isobutahe at 600 psia was
determined to be at 142.5°C.

In cohcldéion, the thermodynqmic propérties of isobutane calculated
by Dr. Silvestervhas;been checked with tﬁé results calculated or obtained
by the author from other published sources and found to be accurate.

Fig. A-4 shows the variation of isobaric compressibility of

isobutane, 8, at 600 psia‘againsf temperature. The definition of B is:

D(avy L] vy : .
B = = (%) = == (A-2)
v (ar)p VMEAN (ATV _ |
where v = # = specific volume.

The values of B were used in the éalculation of Grashof»lnumber.

The transport,prbperties of isobutane, viscosity énd therma]'
conductiyity, were more difficult to find in fhe pyblished literature;
The viscositY of isobutane wés reported by Gonzalez and‘Lee [19)
over a range of temperature of IOOOF to QSOOF and pressure from
atmospheric to 8000 psia. The authof éléo calculated some values of
viscosity using the method described in Chapter i1 of tﬁe American

Petroleum Institute, Technical Data Book, 1970 [20].  All of these

values of viscosity are plotted on Fig. A-5 for comparison. The values

calculated by Silvester are about 20% higher than those obtained by

author and Gonzalez and Lee. Because the data points published by

GOnZalez.and Lee were few, the values of viscosity Provided'by Silvester |

were used in the data reduction; | |
The thermai conductivity, k,féf isobutane was nbt found in the

published literature., The author was .able to calculate some values of k
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using the procedures described in Chapter 12 of_[ZO]; These values of
k are plotted on Fig. A-6 for comparison with those furnished by
Silvester and the two sets of values do not agreé very well. The values
of thermal conductivity furnished by Silvester were used in the data
reduction. | “
At this point, the following ;onclu$ions'can b¢ stated:
(a) Thermodynaﬁic.brOperties‘of fsobutane‘calculated by
L. Sf&vester an&'used in the data reduction have beén checked
by author with the published data and his calculated values.
The comparison_has shown that Siivesfer's data are accurate.
(b) Transport propgrties of isobutane calculated by Silvester
have been checkedAélso using the same approach as before but
the results do not ﬁatch very well.' To be consistent with
the thermodynamic‘propertfes, the vélues‘by Silvester are

accepted and used in the data reduction.

e e N
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(Continuation of Figure A-3

from previous page)

[\ Values calculated from enthalpy of isobutane given by
L. Silvester.

<> Values calculated from Hougen, Watson and Ragatz [24].

- (O Values from Table 50, pp, 266, of [I18].
'<> Values calculated from interpolation of (C -~ C;) vs. P

, r’
pp. 108 of Chemical Process Principles Chart by Hougen

and Watson [25].

(5] values calculated from API Research Project 44, Table 23-
2-(1.2005)-jj, June 1970.
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Fig. A-L,  Isobaric Compressibility of Isobutane at L.l4 MPa (600 psia).
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Fig. A-6. Thermal Conductivity of Isobutane at 4.14 MPa (600 psia).

(®  Values calculated by L. Silvester.

AN Values calculated by API
Information [20].
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APPENDIX B

EXPER IMENTAL DATA

The experimental'data are presented in this appendix in three

tables:

(1)

(2)

(3)

-Table B-1 contains runs with E > 1 at almost all the

temperature measurement stations.

Table B-2 contains runs with 0.01 < E € 1.0 at all the

temperature measurement stations.
Table B-3 contains either those runs with E changing from

positive to negative along the length of the exchangér tube

or those runs with E negative at all the temperature

measurement stations.

Within each table, the experimental runs are tabulated in increasing

order of Reynolds number, Reb, at Section H, column 8, of each table.
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132 a2 155.6 125.) rés,! 115.6 . 1.54 .32 L3511 152.6 a7 18.9 786 nr.s 1.58 2.51 [ %14 169.9 7.25 1.3
(31 22 169.9 1931 i 6).9 k 95.0 2.45 | .46 ( 438 | 93.9 e.91 1.8 49.9 57.7 2.61 2.6t L% 1) 156.3 0.92 10.8
1% (1 146.9 148.7 I B7.2 139 L) m 5.50 | 205.5 2.03 | 22.1 96.4. 1%0.6 | 1.04 3.0h 866 | 203.0 2.3 .7
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e 48 261.7 i 109.1  85.6 103.! 3.28 h.26 b 45 306.3 0.85 .7 9.0 103.8 3.62 [} 4,61 290.7 0.8 9.4
w3 s | 270 153,64 868 1k0.7 1.9} w56 bS50 2973 2.89 | 33.0 . 9.2 180.7 | 1ok .99 M2 | 3133 3.37 28.4
w2 1 b02 1.6 1306 | 8k.y 120.2 1.62 62 1 a7, 2997 1,82 23.9 | %0.3 121.8 1.66 b9 LS3 21933 1.9 9.8
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158 421 634.6 .7 | 96.2 | 135.5 1B | 12.80 | 456 | 670.0 2.93 | 5.2 | 1000 t37.4 | Lk 13.25 469 | 685.5. 1 3.36 $2.3
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197 99.7 1h.2 2.95 | s 4.65 HIN IS 0 106 102.7 1S 3.22 5.38 | .74 3230 1.09 8.0 04.8 | V15,9 3.38
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TABLE B-1. TABULATION OF EXPERIMENTAL DATA FROM RUNS WITH E > l
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4y ] 13 L] 15 16 17 18 19 20
X/ = th.b [ SECTION H X/0 = 4S_.89 | SECTION G
RUN PRESSURE I TENP. OF [ BGLK [ TNSTOR 13 Re Pr Nu Cr q BULK | INSIDE |3 Rey Pr N | ¢r q
NO. oF fsob | syean [vewr. of | waLL % b b | T Lrewp. oF | WALL o b b b | feveam
IS’(:::TANE Kg/sec_mz °c iggﬂ . | Tg:? . x 10 a x 10 K\J/u\z 1 gga ; Tg’éP . X ;| x10 Kv/mz
185 5.16 159.2 | 156.3 | 118.6 | 148.2 | 0.81 | 4.3& | 533 |361.9 | 5.84 | 17.2 | tzg.y |42 [ 072 &I 1571 | 3835 } 6.73 | 15.0
195 410 281.7 191.3 1 1001 | 169.2 | 0.6 6.12 heh | 379.8 6.56 | 50.7 io.g | 712 0.52 6.77 4.87 Lis.o | B.29 k7.2
- .12 127.4 27,3 96.8 | 187.4 | 050 | 6.87 w67 | 3695 o P log.p | 190 0.41 7.96 5.08 4546 |11.70 66.7
e | W2 277.0 | 168.2 | 1177 | ash7 | 067 | 7.4k | 536 | 497.9 | 7.03 | 309 | 123y |'56°6 1 0.57 1825 | 5.65 | 5284 ) 893 ) 27.2
182 won fo3shz | 1283 | nss | 1se3 | o6 | 9.3 | 522 {s;.p | 783 | w6 | var.g | 1006 | 053 [10.08 | 7.67 | 629.2 | 9.08 | 39.1
[ ERY $58.8 | 176.3 | 843 | w2 | Lo | 9.91 | w6 [s22.7 | 306 |69.s | or3.|'¥7 |09 Jlo7h fash ) s63.6 | 350 | 660
175 4.50 519.3 1 219.1 95.7 180.1 0.55 10.50 4,62 Sth.9 6.61 91.5 104.} 183.9 0.48 H.Th b4 555.5 | 9.01 8.6
174 4.20 552.4 184.9 94 k& 152.3 0.83 11.00 4.60 572.3 4.27 N 161.7 157.1 0.74 12.02 475 604.2 5.3k 66.0
183 4.35 4043 ] 179.2 120.8 7| 158.4 | 0.58 1,14 5.61 716.2 8.27 a7 125.4 153.9 9.50 12.23 5.98 7652 110.18 ur.h
154 019 6523 | 17930 8700 | 130 | o.99 V.88 "5k - i} 315 ) 937 |13 0.9 |12.79 4.55 648.6 | 3.75 72.8
176 Lk 613.3 | 2286 | 96.6 | 180.3 | 055 {12.67 | wow [se2.5 | 1.0t llorn | we.e |'82-8 (047 |te20 | owso | j02.2 }9.36 |100.5
S 836 | 627.2 | 187.7 | 96.3 | 150.3 | 084 | 12.85 | 465 [670.3 | 439 |75.9 | ros.2 |'557 | O:7h f13.50 -1 hBo | 7217 ) 5.63. | 72.7
T 039 | 963 i bovzs | oises Loy | 13s s.40 | 809.3 702 | sug 123.2 | 1585 0.55  {14.13 5.67 853.0 | 8.48 50.0
189 418 528.0. | 2061 | 187 | 1754 | o2 | 1629 | 565 |700.2 | 1062 | 696 whe |76 | €35 [1s.8s 6.0 | 8u8.3 lisse | 686
b D 23 24 25 26 27 28 29 30 3 32 33 4 5 36 37 38 32
RUN. {TBULK -”nnns-mlzrj- '-‘e» “Re, Pr ‘ﬁI“‘" G qQ BULK 3 ?«;u;lcm' : € Re Pr SES:'ON Gr q BULK * ?u;;:L L 3
w0, freweoffwa | - °, b b g ' reme. oF | wALL o b b g | S |reme. oF| want
1508 | Tewp.- |. x10 x 10 2 | tsos. | Tewp. x10 2 | 1S08. | TEWP.
og  |eg | . - K/ o oc Ki/m o | ‘o
185 127.9- }..150.3 0.65 5.06 6.07 378.7 7.67 12.5 132.6 15V .4 0.53 5.66 6.56 6.7 10.04 1.7 137.1 152.8 0.35
195 159 11735 L0.46 T 7520 | 5.tk | K312 [10.64 2.3 1204 | 175.7 foa3s | 97 | 6.3 ses.1 | 15.10 | 417 138.3 | 172.8 | o.n)
18 120.5. [ 193.7 [0.30. | 9.53 5.79 524.7 '|18.82 60.9 131.7 | 196.2 | 0.17 12.10 | 7.45 644.3 | ho.42 | 57.8 .8 | 1982 | 0.0
184 129.4 |'158.1 | 0.46° | 9.26 6.48 562.9 |1i.80 23.3 135.0 | 1591 | 0.31 10.64 | 7.76 727.5 | 16.39 | 23.3 140.3 | 159.6 | 0.11
182 127.8 ] 162.1 0.43  }N.k2 6.26 72h.) 112.35 36.6 1341 163.2 | 0.29 13.09 7.33 9114 18.04 | 37.0 133.) 16454 | 0.13
153 98.9 148.9 ,_.__0,'87_-_ H.7d_ h,68 -603'7. .17 -60.2 106.8 1511 0.8 .| 12.94 4.99 6.7 5.27 56.5 15,6 1621 0.74
175 Mh.s | 187.6 }0.38 "13.67 | 5.35 | 626.4 11331 7.2 125.4 | 190.2 | 0.26 16.91 | 6.33 | 801.8 | 23.69 | 7.5 137.4 | 190.7 | 0.10
174 109.6 160.1 | 0.65 13.30 '5.06 63h.0 | 6.92 57.0 117.8 161.6 0.56 15.01 5.37 779.3 8.62 .5'0.2 126.5 162.3 0.45 -
183 130.3 {616 [ 0.39 |13.63 6.57 855.6 113.26 38.6 135.7 | 162.3 | 0.26 15.85 | 8.03 |1125.9 | 28.32 | 39.3 1.6 | 163.0 | 0.04
154 100.5 | 149.6. | 0.86 |13.89 AT3 6u2.4 | h.b2 62.2 107.9 | 151.6 | 0.79 15.28 | 5.02 822.0 5.40 | 64.1 16.0 | 152.6 | 0.72
176 115.7 | 186,56 } 0.38  16.37 5.23 72349 1132 88.2 124.9 183.6 | 0.27 ¥9.32 | 6.0V 936.1 21,03 | 92.3 134.3 192.7 | 0.14
17 109.3 | 158.2 | 0.68 14.00 5.02 755.4 | 6.42 67.3 116.2 | 159.4 | 0.6 16,75 | §.45 966.6 7.90 | 66.5 125.3 | 159.9 | o.50
186 126.4 1 159.9 | 0.49 j15.35 6.0} 910.3 110.68 47.0 130.6 | 161.3 | 0.37 17.50 - 1 6.94 [ 11439 | 14.78 | 47.2 138.2 | 162.5 | 0.18
189 t30.h | 177.3 | 0.26 117.86 6.67 918.3 [21.02 63.6 136.t 1182 | oo.is 21,05 | 3.2)  11199.5 | 34.52 | 68.5 w8 ! 178.7 | 0.02

TABLE B-2, TABULATION OF EXPERIMENTAL DATA FROM RUNS WITH 0.01 < E < 1.0
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1 2 ? ] 5 6 ? 8 9 0 " 12 13 14 15 6 7 18 9 29
. {
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7 Lt 315, II 192.6 ; e} 1655 0.56 7.39 ! 5.0 i se2.r 076 | 59.2 1 1229 1 1.7 1 ok ‘I 9.99 6.07 1 6206 . 1.57 uk, 7
193 [Nl 2299 7 206.2 P aas.6 | 1B 227 T 259 0 60 s22.2 ' 2.38 ' 47,70 138 | 190.5 i 0.08 | 10.00 7.6 | 520.4  5.93 8.8
194 €03, 2912 § 205.5 [ 115.0 | 1834 0.9 7.63 : .37 . w388 1279 © 5150 azed | %y 0.9 8.92 5.00 | 5150 " 19,43 5.4
ns a0 22,3 2083 128.3 185.7  3.15 7.88 | 6.83  558.4 3.08 : u6.8 Wie ;1937 L o0.02 ( 19.81 10.12 1 w574 6,76 32.8
191 iy 283y ! o065 - ze7 | 1836 0.0 8.6k | 5.8 , S73.0 .66 | 536 131 C 1858  9.21 9.5 &4y | 5527 2.5
209 Ry 260.9 90.6 1307 ' ares a7 &7 0 659 1 5328 vm | 335, usa amy loog 9.3 7401 5330 2.98 2
123 w96, 8L, 1822 k2 . 1725 30! 9.03 ' 8.54 s27.0 .22 22.0 . ek a7h7 [ -0.06  0.H) 7.90 1298 2.90 2.
227 w18 w0, 2338 - 1219 {202.2 0.2 3.12 5.77 566.0 217 | 135 [o1309 2047 0.6 102 730 8130 3.3 6.3
208 015 206.0 ¢ 1718 14027 ] 163.2 0.%0 $.21 8.92 ¢ 5017 2.6 . 193, b9 i 16k 9.66 9.00 . 4830 2.4t 15.2
12) wah o jo2msy oasnt 19 ; 1788 5.97 9.51 .88 . 658.1 343 6.k 142.8 | iB1.3 L HLIE 8.38 ¢ w22.2  4.07 119
190 Wb ) 3597, 2¢6.2 119.3 | B0k 33E. 1410 5.63 ’ 82,7 13,68 | 57.5 | 128.9 | 183.0 Ry 6.3 677 2056 6.3
2t w26 | oe2s.2 208.9 18,0 182.6 039 1135 5.7 1§70 1183 . 62570 1237 : 1BL.6 C92.67 6. o807 1382 9.8
188 [N} (‘ $20.2 V6.2 123.) | 179 238 170 558 i g05.4 1303 59_)! 126.7 | 181.0 i 13.23 6.16 28,5  i8.57 50.8
282 [N1Y 129.3 13.2 158 1818 -0.4a2 11.83 ST } sg9.¢ 128 1 b2 ,‘ 157.8 f 182,8 ] 12.68 3.46 L24.3 2.88 6.9
210 .ty 33k 205.5 133.3 . 626 2.19 12,23 ¢ 129 . 5653 3wy Sh.8 1 ikt o18Ly L 13.95 3.4 743.8 .65 »8.1
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TABLE B-3.

TABULATION OF EXPERIMENTAL DATA FROM RUN
WITH E . CHANGING FROM POSITIVE TO NEGATIVE.



APPENDIX C

DERIVATION OF EQUATIONS FOR DATA REDUCTION

The derivation of the equations used in the data reduction are

presented in this appendix.

C-1. The Calculation of the Inside and Qutside Heater Tube Wall

Temperatures from Experimental Measurements.

The imbedded wall thermocouples measured the temperatures of the
wall at r and ra but the temperatures of the wall at ri and,kokwere

required for data reduction as shown on Fig. C-1. (Refek to Table F-1,

Appendix F, for values of STHPY r  and ro-at'the five temperature
. . 1
measurement stations.)
Under.steady state.conditions, the governihg equation for

temperature distribution inside the wall of the heater tube is:

@..21+%,§g+lié_g+i-§= 0 (c-1)
or r- 3¢ Ox '

Assuming one dimensional heat conduction in r-direction only and
neglecting any périphera]-and axial heat flux, Equation C-1 can be

simplified to:

2. ' r
r

(%

(c-2)

o/
OIIOI
S~

(]
o

The boundary conditions are: ~:p .

T = T, atr=7r, - -
_ 7 LT

-
H
—
o
(ad
=
]
-

o o]
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Depending on the method of non-dimensionalizatfon, one solution can

" be written as:

T - To ) In (r/ro) (cos)
TO - Ti In (ro/ri)
" However, the value of T and Ti are still unknown but T] at r =r, and
'TZ at r =r, aré measured by the imbedded thermocouples. Thus
T] - To ) In (r]/ro) (c-6)
- T In (r /r)
o Z °c 4
Tz - T ) in (rz/ro) (7
T in (r /r.)
T -T. o 1
o 7
Dividing Eq. (C-6) by (C-7):
T] - TO ) in (r]/ro)
T, - T, In (rz/ro)
;- T, In (rz/ro) - T, In (r]/ro) (c:8)
o In (r2/r‘)
Another solution can be written as:
T-T. In (r/r.) ,
- - -+ (c-9)
T, =T In (ri/ro)_
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Again at r = o T = 'Tl
r = r2 , T = TZ
T =T In (r]/r;)
- = m— (c-10)
: Ti - To In (ri/ro) :
T. - T. . In{(r /r.)
e e T VRS (c-1)
1 [ 1" o
Dividing Eq. (C-10) by (C-11)
T] - Ti ) In (r]/ri)
T, - T In (rz/ri)
. Tl In (rz/ri) - Té In (r]/ri) (c-12)
Z In (r./r,)
271
C-2. Calculation of Steam Condensate Rate and QSTEAM'
The steam condensate rate is calculated from the equation
. _pV : ('
) = c-13)
STEAM TAVG :
Where Moream = Steam condensate rate.
) = Volume ofvthe calibréted condensate flow meter.

The volumes of the eight condensate flow meters
are listed in Table F-2. .
TAVG = Averaged~t?me,requffed to fill the calibrated

flow meter.

o = Density of the steam condensate.

AR
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The steam heat rate, QSTEAM’ is calculated as:

Uream = Msteam Mg (C-14)

where hfg = Latent heat of condensation of steam corresponding

to the saturated va
‘ por tewperature, TSTEAM'

€C-3. Calculation of Heat Rate, QISOB’

The heat absorbed by isobutane flowing through the heater tube in

between two bulk temperature measurement stations is calculated from:

Usos = M1s08 4% = Misop Cpu T Th) (c-15)

Misog. = Mass flow rate of isobutane through the heater
tube.

T i = Enthalpy of isobutane corresponding to the

bulk temperature measured at station (n+l) or n.

C-4. Calculation of Local Heat Transfer Coefficient.

The local heat transfer coefficients can be evaluated by two

methods :
Qerpearn/As ' . ' .
. (KN - Tb)
AVG
QSTEAM/Ai = Heat flux per unit inside tube area.
(T <T) = Averaged difference between the inside wall
Wb Aug

temperature of the tube, EN, and the bulk
temperature of isobutane, Tb’ in the 2 ft.

section of the heater tube for which the
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evaluation was made. This term was redefined
in the data reduction as a logarithmic mean

temperature difference for the pan section as:.

(T, upsTRM f‘Tb,UPSTRM) - Oy, onsTRM "Tb,pNSTRM)
I [T»LUPSTRM - TbLUPSTRM]
Tw,DNSTRM ~ b, DNSTRM

(2) The overall heat transfer coefficient for each pan section

is evaluated first:

- Qorean’?;
STEAM b AVG
where Ui'= Overall heat transfer coefficient based on Ai'
(TSTEAM - Tb)AVG =  Averaged difference betyeen the §team temperature

and the bulk temperature of isobutane in the 2 ft.
section of the heater tube for which the evaluation
was made. This term was redefined as a logarithmic

mean temperature difference for the pan section
as "o, oNSTRM ~ b, UPSTRM

: [TSTEAM " Ty upsTRH

T

STEAM ~ Tb,DNSTRM|

Thé,local-heat trénsfer coefficienf'df isobutane is related
R the overall heat transfer cbef%icfent by:.'
- Ai In (Fo/ri) - A

11 B )
U, - h * 2nkL. . T A_h_ ' (c-18)
EA S o © . : :




Where

c-5.

Local heat transfer coefficient based on A_.
T

Outside radius of the heater tube.

Inside radius of the heater tube.

Outside heater tube area for a 2 ft. section.

- Inside heater tube area for a 2 ft. section.
Thermal conductivity of the stainless steel heater tube.

'Leﬁgth of heater section = 2 ft.

Heat transfer coefficient of condensing steam on the

outside surface of the heater tube.

Calculation of Heat Transfer Coefficient of Condensing Steam

Using Nusselt's Equation.

The heat transfer coefficient of steam condensing on the outside

of a sihgle horizontal tube can be predicted by Nusselt's equation as:

" Where

2 173

b () - s (7 e

AT

ks of 9

Peripheral mean heat transfer coefficient over the

outside of the horizontal tube.
—%— Y is the mass rate of condensate collected
under the length of exchanger tube section, L, which

is 2 ft; long.

Viscosity of condensate.film at the film temperature

- .3
Tf N Ts.v. L aT.

Temperature of the saturated vapor.

Tsov. ~ TWALL,o

144
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kf = Thermal conductivity of condehsate at Tf.
Ps = Density of condensate film at Tf.
g = Acceleration due to gravity.

This equation is only valid for laminar flow of the condensate film

over the horizontal tube surface. The criterion for laminar flow is
1]
that the value of 55— can not exceed 4200.




FIG. C-2.

FIG. C~1. DEFINITION OF RADII USED IN SECTION C-1.
TsTeAM
o !
Ll E ;T
o —T1r_“—~ﬂ~—_——__——_'———_i—w,DNSTRM
> t 1w, UPSTRM ;
<L ' '
o f 1
wl [
o " iT,
o /b,DNSTRM
= _ ' :
i Th, UPSTRM :
n n+l

—_— x/D
DIRECTION OF '
ISOBUTANE FLOW

DEFINITION OF TEMPERATURES USED IN EQUATIONS (C-16) and (C-17).
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APPENDIX D

EXPERIMENTAL RESULTS FOR LOW GRASHOF NUMBER RUNS

In Chapter L4, the experimental heat transfer'coefficients‘were
compared with those correlations given by Petukhov and Futagami for =
possible effect of buoyancy on the heat transferred to isobutane. The

result suggested that the experimental data had Tittle apparent

dependence on Grashof number. However, in the comparison with Futagami

Ra =
and Abe's result, the range of the values of 2/3Re3/2 varied from

3.5 to 80 and these values all exceeded the cruteruon given by Futagami
and Abe for the onset.of free convectlon effect. Therefore, some
specsal experlmental runs were performed ‘in addition to those tabu]ated
in Appendix B, to gather data in the very low Grashof number range,
Those ]ow Grashof number runs requlred a low temperature dlfference
between the condensing steam end the bulk fSQButane temperatures in the
heater tuber This low tempereture difference influenced the rate of
condensation pf‘steam on-the outside'of the heater tube causing the
time taken to fill the condensate flow meters to increase to more than
L000 seconds. Thls exceedlngly Iong time requured to fill each flow
meter made the recording of several suéh‘stopwatch_times impractical
for each run. Therefore, the heat'rate-Qiqsed for the calculation.of
local heat transfer cbefficient Wae'célcuTated from the heat fiux
measured by the imbedded thermOCOUpfes;multipiie& by‘the_outside heater
tube area, A, for the sectiqn. | |
The results et-thesehspeciallruns are_eomnared with the Sieder-
Tate and Petukhov correlations on Fig. D-1 and D-2 fdr‘coﬁparison with

Fig. 4-5 and 4-6 in Chapter 4.




‘Fig.:D-l shows most of the data points are above the Sieder-Tate

correlation line similar to the data boints on Fig. 4-6. The data can

be correlated by a new Sieder-Tate correlation with constant coefficient

‘being 0.0362 to within *20% when the data points for RUN 171 are

excluded. This new constant coefficient fs.about 21% largef than the’
one obtafned from Fig L-5 for the data with E>I.

Fig. D;Z'showsbthe comparison of data with P;tukhov.correlation;
The range of Prandt! number for the data points varies from 4.5 to 4.8,
but the data points are widely scattered on thé’figure.

Fig. D-3 shows the plot of experimental data in terms of (Nu/

Ra
Nu_ ..) against ( ).
o,FA : Pr2/3Re3/2

higher than unity while the prediction of Futagami and Abe indicates

The experimental data are mostly

the values should be about unity. The data-points are cohsistenf with
those shown on Fig. L-9 and the datavpoints failed to‘follow the
prediction by rucagémi and Abe. |

At thfs point it can be concluded that the>éxperimenta]>data
obtained for theseAIOW‘Gréshof number runs showed little.depehdence on

Grashof number and failed to follow the prediction by Futagami and Abe.
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Fig. D-1.
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Re No.

"
. ‘b
Comparison of experimental data obtained from low Grashof
Number runs with Sleder-Tate Correlatnon.

' o 0.14
Line a: Nu= O, 027R 0.8,,1/3 (E )

e 5 0.14
Line b: . Nu= 0. 0362R ]/3 T (2 )
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Run 301,
Run 3QO,
Run 305,
Run 306,
Run 163,
Run 165,

Run 171,

Gr/Re  T=1.42x1077~1,55x107

(Continuation of Figure D-1

from previous page)

Gr/Re2'7=2.79x10-7~3.leld-7

ar/Re27=5.85x10"7~6.21x10"
or/Re27=1.82x10"~2.5bx10”
Gr/Rez'7=6.6x10-§~8.47x10-6
or/Re2* T=1.3Ux10"5~1.99x10”
7

Gr/Re2'7=9.86xl0-z~l.29x10—6

6

5
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Fig. D=2,
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Comparison of experimental data with Petukhov Correlation.

Line a: Pr=1.0

Line b: Pr=2.0 (]  Run 163
Line c: Pr=3.0 ®  Run 165
Line d: Pr=4.0 (O Run 171
Line e: Pr=5.0 O Run 300
Line f: Pr=6.0 - Run 301
Line g: Pr=8.0 - & Run 305
Line h: Pr=1050 :5<>: ‘

o

Pe tukhov CorrelatTon:

Nu _ Re(f/8). . .

f=(l.82109Ré“-6“)f2

Note: L4.5< Pr <4t.8 for all data points.
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Fig. D-3.
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Pr2/3Re3/2

:Comparison of experimental data with the prediction by

Futagami and Abe on the effect of free convection to heat

transfer
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Run 165
Run 171

Run 300

Run 301
Run 305
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in the horizontal tube,

Ra 0.1
1.008(
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APPENDIX E

PRELIMINARY RESULTS ON THE CONDENSATION OF ISOBUTANE
ON A HORIZONTAL TUBE

The experimental‘resultg presented in this appendix on the
condensation of isobutane on a horizontal tube at the condenéer should
be considered as preliminary results. The data were obtainea-from |
those expérimental runs with the imbedded thermocouples in the
condenser tube at Configuration A. Aftef the'héater and the condenser
tubes were rotéted.to Confiéuration B, the main effort of this study
was directed at obtaiﬁing data on the heater sfde. Conseqqently; the
data on the condenser side are not completely reduced for analysis
and the.raw data are available at SWCL.

For those'experimental data already reduced, the data are plotfed
on Fig. E-l'for compafison with Nusselt correlatién for condensation

on a single horizontal tube. The Nusselt correlation is:

uZ 1/3 -1/3 _ o
. ! ’ '
hm (—§-§——> o= 1,51 (%E—) ' ‘ (E-1) .
hm = Peripheral mean heat transfer coefficient
over the outside of the horizontal tube.
r ‘é"Méss.fldw'féééﬂof{céndeﬂsate:per unit
~tength df.éohdénser-tﬁbe.
e = fAbsafqte Vi5co§ftyl¢f'cdndénsate film
L Cew o o _3
at thé film témpgratgrg Tf Ts.v. 4 AT,
TS v = Temperature of the saturated vapor.
AT = T -7

s.v. WALL,o0

v

GO s
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Thermal conductivity of condensate at Tf.

kf =
Pe = Density of condensate film at Tf.
g = Acceleration due to gravity.

The correlation given by Zazuli [2]] for 'wavy laminar'* solution
condensate flowing down the vertical tube is also added on Fig. E-1,

The correlation is:
| 1/3 | -0.22 -0.22

5
M ' '
hm (-§—f——2--) = 0,606 (E"’) = 0.822 ('L%') (E-2)
ke” Pg 9 f N
The experimental data points almost all lie on or above the

. v
prediction lines. At high values of 5&— the data points seem to

follow Zazuli's prediction for a 'wavy laminar'' flow of condensate

film around the condensing tube. The Reynolds number of the condensate
film for the horizontal tube is:

. . | ,
Re, = — - (E-3)
foug _ v

The critical Reynolds number for transition from laminar to
turbulent flow is 2f00 corresponding to &Ei of 4200 for a Horizontal
tube. The values of Efi for this experimental study were less than
1000.

In conclusion, the preliminary data obtained on the condensation
of isobutane on a horizontal tube give heat transfer coefficient that

are equal to or above, by as much as 60%, than the Nusselt's and Zazuli's

predictions.
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APPENDIX F

LOCATIONS AND CONFIGURATIONS OF IMBEDDED
THERMOCOUPLES IN THE INSTRUMENTED TUBES

Table F-1 is a tabulafion of.the axial and radial locations of
the imbedded thermocouples in the heater and condenser tubes.

Table F-Zlis aftabulation.of the calibrated voiumes of the
condensate flow meters.

Figure F-1 is an illustration of the imbedded thermocouples in
Configuration A.

Figure F-2 is an illustration of the imbedded thermocouples in

Configuration B.



THE IMBEDDED THERMOCOUPLES AT THE INSTRUMENTED TUBES.

WALL THICKNESS
cm i " ‘ ) "o
STATION x/p | 0% LINE 90° LINE cm cm cm cm

1 114 | 0.5466 ~ .9601 1.0368 4305 1.5067
T 2 45,89 | - 0.5532 .9601 1.0434 4371 1.5133
Q w

- .

: o 3 77.63 | 0.5494 - .9601 1.0396 4333 1.5095
o X .
= L4 109.38 - 0.5494 .9601 1.0396 4333 1.5095

5 W02 | 0.551L - .9601 1.0417 L4354 1.5116

90° LINE | 180° LINE

! bk | 0.5 - .9601 1.0363 4300 1.5062
g 2 45.89 ~ 0.5436 .9601 | 1.0338 4275 | 1,5037
o = i
. 2 3 77.63 | 0.5420 - .9601 1.0323 4260 1.5022
2 8 o :
= L 109.38 - 0.5420 .9601 1.0323 4260 1.5022

5 141,12 | 0.5474 - .9601 1.0376 4313 1.5075

D'i = 1.92 cm = 0,756 .in.
TABLE F-1. TABULATION OF AXIAL LOCATION, WALL THICKNESS AND RADII OF

L51



- HEATER CONDENSER
ELOv METERS ; ¢ F ; ° § i i
e 12| oow | wos | oo | oone | uam | oom | 0 | 00
e 386.8 382.2 382.5 384.5 796.9 79k .1 796.2 794.5
: |

TABLE F-2. CALIBRATED VOLUMES OF CONDENSATE FLOW METERS.

89t




T 24,
J}-' : 24 in.
¢4 2 24 in.
P
24 in. (0,6l m)
THERMOCOUPLE
7.25in.(0.18 m)
te. DIRECTION OF
ISOBUTANE
FLOW

FIG. F-1. LOCATION OF THERMOCOUPLES IN THE HEATER AND CONDENSER TUBES: CONFIGURATION A,

631




5.38 in.(0.14 m)

.24in.(0.6| M)
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