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ABSTRACT

. An experimental investigation was conducted to study convective heat transfer in
straight and curved rectangular channels of high aspect ratio that approximate plates

. of infinite extent. Experiments were performed at steady state in the turbulent flow
regime with one wall held at a constant heat flux and the opposite wall essentially
adiabatic. The effect of curvature induced secondary flow on heat transfer on the
concave and convex walls was observed by comparing Nusselt numbers for four
different configurations at several different Reynolds numbers. Significant heat transfer
enhancement was observed on the concave wall. Correlations for Nusselt number as a
function of Reynolds number were calculated for the cases studied.
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I. INTRODUCTION

A. BACKGROUND

Lord Rayleigh [Ref. 1] was seemingly the first to investigate the mechanics of
flows with curved streamlines. His analvsis showed that inviscid curved streamline
flows are stable providing that circulation increases with radial distance (for flow
between concentric cylinders this condition is met when the outer cylinder spins more

quickly than the inner cylinder).

Later, Taylor [Ref. 2] studied viscous flow between concentric rotating cvlinders
and showed that when the inner cylinder is rotated while holding the outer cyvlinder

stationary, the onset of instability is predicted by the dimensionless parameter:

Ud /d

Ta (Taylor number)= -~ — 2413, (eqn 1.1)
r.
1

where U is the tangential velocity of the inner cylinder, d is the gap between cylinders,
r, is the radius of curvature of the inner cylinder, and v is kinematic viscosity. The
instability is manifest in the formation of regularly spaced, counter-rotating vortices
whose axes of rotation lie in the circumferential (main flow) direction (see Figure 1.1).
Furthermore, Tavlor concluded that these vortices form in the laminar flow regime but

do not induce turbulent main flow [Ref. 3].

The flow of a viscous fluid in a curved channel was studied by Dean [Ref. d]. lle
developed an analytical solution for flow in a curved channel approximated bv
concentric cvlinders where the radius of the inner cvlinder was much greater than the
gap between cvlinders. Instead of rotating the inner c¢ylinder Dean imposed a pressure
gradient along the channel wall and predicted that tlow instabihty would occur when a

critical value of a dimensionless parameter similiar to the Tavlor number was exceeded:
Ud
De (Dean number)= — — 236, reqn 1.2y
v r.
1

where d represents the channel half-width.

12




\

OO NN N

Figure 1.1 Taylor Vortices Between Rotating Cvlinders.
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Gortler [Ref. 5] went on to investigate viscous flow in a curved channel and
concluded that the flow instability predicted by Dean would take a form analagous to
the Tavlor vortices of concentric cvlinder flow (see Figure 1.2). Regularly spaced
counter rotating vortices form along axes of rotation parallel to the main flow
direction. Yih and Sangster [Ref. 6] concluded that the centrifugal force coupled with
the velocity gradient near the concave wall caused instability due to a stratification in
specific weight that led to vortex formation.

The secondary flows predicted by Tavlor and Gortler (Tavlor-Gortler vortices)
have been confirmed experimentally using various flow visualization techniques, and
hot wire anemometry [Ref. 7). The presence of these vortices in the laminar flow
regime led to speculation of the effect of this secondarv flow on heat transfer over
curved surfaces. Extensive research has been done which vields good experimental
agreement with analytical solutions for laminar flow in curved channels of rectangular
cross section [Refs. 8,9,10], and for turbulent flow in a curved rectangular channel of
low aspect ratio (ratio of the spanwise dimension to the channel height)
[Refs. 11.12,13]. Research in these areas indicates that there is enhancement of heat
transfer in these flow regimes when Tayvlor-Gortler vortices form near the concave wall.
However, information relating to the fluid mechanics and heat transfer in the transition
and turbulent flow regimes for channels of high aspect ratio is very limited.

B. APPLICATIONS

Studving heat transfer over a curved surface is just one aspect of the complex
fluid dvnamics and heat transfer problems that exist in an operating gas turbine. The
high temperatures characteristic of a combustion engine constrain gas turbine
performance because of metalurgical limitations of turbine blades which in turn
restricts the efficiency of the turbine. Information gathered in this tvpe of
experimentation could lead to a better understanding of the problem and facilitate the

design of gas turbines of higher efliciency and power to weight ratio.

C. INTENT OF THIS STUDY
The purpose of this investigation was to study the effect of curvature on heat

transfer in a curved rectangular channel of lirge aspect ratio by gathering extensive

14
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data relating Nusselt number to Reynolds number for flow over walls of constant ..eat
flux of straight, convex and concave geometry. This information will provide a firm
data base for validating computer models of the complex flow and heat transfer in
curved rectangular channels similar in geometry.

Data for hydraulically fully developed flow in a straight rectangular channel
heated either from above or below was taken to provide a basis for comparison with
the flow over a heated convex or concave wall. Empirical correlations similiar to the
familiar Dittus-Boelter correlation for Nusselt number as a function of Reynolds
number were calculated from the data so that the heat transfer enhancement could be
described quantitatively and compared to previous data.

A secondary goal was to determine the relative effect of buovancy on heat
transfer in a curved channel. The effect of buovancy on heat transfer in forced flow
must be considered if the effects of free and forced convection are comparable because
the combined heat transfer is then dependent on the direction of free convection in
comparison to that of forced convection.

16




II. EXPERIMENTAL APPARATUS AND PROCEDURE

A detailed description of the materials and construction methods used to build
the experimental channel and associated instrumentation is contained in G. Galvo's
thesis [Ref. 14: pp. 25-43]. Some minor changes had to be made to the existing
hardware and computer software and are described herein.

A. DESCRIPTION UF THE APPARATUS

The channel was built of plexiglass, having a channel width of 25.4 ¢cm and a
height of 0.635 cm, yielding an aspect ratio of 40:1. The channel was rigidly supported
on a wooden frame and insulated over its entire length with three lavers of half inch
foam insulation. The curved section subtends 180° of ar., and the convex wall (inner
curved wall) had a radius of curvature of 29.7 cm (see Figure 2.1) \ir was pulled
through the channel by a compressor joined to the duct by two inch PVC pipe through
a throttle valve.

Four 30.48 ¢cm x 25.4 cm wire wound rubber heaters laminated to copper plates
were mounted on the inside walls ot the channel to accomplish heating of the air. Two
heaters were mounted in the straight test section, one on the upper wall and one on the
lower, at a sufficient distance from the channel entrance to insure that flow was
hydrodynamically fully developed prior to flowing over the straight heated sections.
The two remaining heaters were installed in the curved test section, one on the concave
wall and one on the convex wall, with the leading edges of the heaters beginning at an
angle of 101.5° from the curved section entrance; this allowed vortices to form prior to
flowing over the curved heated sections. The heaters were constant power density tvpe
capable of 600 watts each, and could be energized individually or in anv combination
of pairs by use of two power supplies.

Thi ty copper-constantan thermocouples were imbedded in cach of the copper
plates at the copper plate-rubber heater interface so that local temperatures could he
measured (see Figure 2.2). Four thermocouples were mounted laterally across the

channel entrance to measure inlet temperature (see Figure 2.1).  Similiarly, four

thermocouples had been mounted at the e\it of the channel; however, expenimentation
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showed that there was insufficient mixing of the air up to the exit which resulted in
erratic outlet temperature measurements [Ref 14: p. 67]. Instead, eighth inch
honeycombing was installed at the exit of the channel to promote mixing, and the four
exit thermocouples were placed in the PVC pipe near the end of the channel outlet
transition bell (see Figure 2.1). Two lavers of half inch foam insulation were applied to
\ the PVC to a distance of approximately fourty-eight centimeters past these
' thermocouples to minimize heat loss to the surroundings prior to measuring outlet
temperature. One thermocouple was placed downstream of the flow measuring orifice
and used to calculate the density of the air flowing through the orifice. Three groups
of five thermocouples each were connected in parallel between the layers of insulation
surrounding the heated sections so that losses to the surroundings through the
insulation could be estimated.

Any combination of eighty voltages from the thermocouples and power supplies
could be read by the Hewlett Packard 3054A automatic data acquisition system used
for this research. Coupled to the data acquisition system were a Hewlett Packard 9826
computer and a printer which provided control of the data acquisition svstem and

P’

> =~

’n

facilitated recording, reducing, and printing of data.

A flow measuring orifice was installed in accordance with the ASME Power Test
Code [Ref. 15], and water and mercury manometers were used {0 measure the pressure
upstream of the orifice and differential pressure across the orifice so that mass flowrate
' could be calculated.

B. EXPERIMENTAL PROCEDURE

The procedures followed for testing were the same irrespective of the specific test

. T,

configuration. The procedures are:

L e

1. Zero the manometers, shut the system throttle valve, then start the compressor.
2. Use the throttle valve to adjust the differential pressure across the flow

measuring orifice to that corre<ponding to the desired flowrate or Revnolds
B number. Determining the approximate differential pressure corresponding to a
specific Revnolds number takes some experience and the use of the

1 approximation:
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Re
(AP), ~ [—* 2 (AP) (eqn 2.1)
2 Rel |

3. Energize the heater and adjust the voitage for the approximate value of

(TOUI
centigrade was used for the temperature differential, the objective being to

- T, ) desired. In these experiments a value of six to twelve degrees

maximize (T ,-T. ) while limiting the highest local plate temperature to a

out
maximum of about 100°C. Maximizing this temperature differential lessens the
uncertainty of the calculated Nusselt number.

4. Experience showed that the channel reached steady state about four hours after
first energizing the heater, and approximately one hour to steady out between
consecutive data runs at different flowrates. When all of the following criteria
were met, steady state was considered to have been achieved:

a. Change in_the quantity (T

g -T, ) of less than two percent over a ten
minute period.

out

b. Change in the heated wall temperature of less than one percent over a ten
minute period.

c. Change in heated wall insulation temperatures of less than one percent over
a ten minute period.

5. When the above criteria for steady state are met, run the data gathering and
reducing program (see Appendix A) several times in succession to verify that
steady state has been reached. Three to six consecutive data collection runs at
steady state meeting the criteria of (4) above are required to determine an
average Nusselt number versus Reynolds number relationship. Generally the
run-to-run variation in Nusselt number and Reynolds number were much less at
lower flowrates.

6. When a sufficient number of consistent data runs have been recorded, throttle
to adjust flowrate to the next desired Revnolds number and adjust the heater
voltage to achieve the desired plate temperature.

The atmospheric pressure, orifice differential pressure and pressure upstream of
the orifice had to be read from a barometer and two manometers and entered into the
data reduction program interactively; these parameters were not read by the automatic

data acquisition system.




: During this study it was noted that small (one degree) ambient temperature
perturbations had a noticeable effect on temperatures measured throughout the test
system: therefore, close control of ambient temperature oscillations was required so
that temperature changes in the test system could be minimized and consistent data
measured from run to run.

The initial configuration of the test channel was such that buoyancy induced flow

opposed forced flow in the curved test section. After data was taken over the full

: range of flow that the compressor was capable of, the rig was inverted and data was
: taken with buoyancy induced flow aiding forced flow. The purpose of this aspect of

the study was to determine whether natural convection contributed significantly to the

total heat transfer in the curved test sections.
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IIIl. DATA REDUCTION

' . Each heater plate provided a constant surface heat flux. The heater plates were
o energized by regulated D.C. power supplies through stable precision resistors of low
resistance value (see Figure 3.1). The voltage drop across both the heater element and
the precision resistor were read and recorded by the data acquisition system. Then the
total power supplied by the heater was determined from the relation:

i Vh X V
i b = ___ pr. (eqn 3.1
R pr
o
g where Rpr was a known value of resistance included as a constant in the data reduction
¥
‘:: program. The insulated, unheated walls were treated as adiabatic because the heat loss
through them was negligible compared to the total heat input from the heater plate.
Yipd Therefore, the bulk temperature varied linearly from the leading to the trailing edge of
F%Y%
;}‘;. ; the heated plate.
(’g
) . .
@ Thermocouple voltages were converted to centigrade temperature using individual

thermocouple calibration curves. All temperatures were recorded then combined to

',«:;':\:5 calculate specific average temperatures desired.

*uati

,Z:;: The actual heat loss to the surroundings was difficult to account for. Tvpically
B the estimated total heat loss by conduction through the insulation and by radiation
. was only about ten percent of the actual total heat loss. The major difficulty in

,..' making an accurate prediction of the heat loss was due to not being able to deternune

:: the area of the channel over which heat was lost to the surroundings. For the purpose
‘ of estimating the heat loss, the area of the heated plate was used as the effective arca

Sy of loss: however, the plexiglass section of the channel adjacent to the heater plates acts

:”fj; as extended heat transfer surfaces, and the other copper heater surfaces in the channel.

:':?.. which have a low resistance to thermal conduction, act like heat sinks. Therefore.
. instead of assuming that the energy transferred to the air was equal to the energy input

o from the plate minus the estimated energy lost to the surroundings over the area of the

'-f‘{i:; plate, the energy actually transferred to the working {luid was calculated as follows:

'4:‘:’3
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Qi = chAT (eqn 3.2)
where AT = T - T,
The corresponding plate average heat transfer coefficient and Nusselt number based on
the hvdraulic diameter of the duct were then calculated as follows:

h = TQai' (eqn 3.3)
Apl ( wh ~ Tb)
— hD
.\u.nd = th‘ {eqn 3.4)
air

where D, ,. the hydraulic diameter of the channel, is a geometric constant,

4 X Cross Sectional Area of the Duct

th -

- ; - (eqn 3.5)
Wetted Perimeter of the Duct

Data on atmospheric pressure, orifice differential pressure, and orifice upstream
pressure was used with the flow measuring orifice characteristics and air density based
on air temperature at the orifice to calculate mass flowrate, m. Revnolds number

based on hvdraulic diameter was then found by the relation:

mD
Re = —hd (eqn 3.6)
Ac"lair

where p_. was the viscosity of the working fluid at the average bulk temperature
measured in the test channel. Similiarlv. Revnolds numbers based on the pipe diameter
and channel height were also determuned. For the concave and convex sections only,
the dimensionless parameter, Dean number, was calculated fron:

mD/2 /D2

o
o
I

~1

(egn 3.

Ac"air ri




IV. EXPERIMENTAL RESULTS

Several sets of data were taken over the approximate range of Revnolds numbers ]
from 6000 to 20,000. A computer program (see Appendix A) was used to reduce the
raw data and calculate the quantities of interest, particularly plate average \usselt

numbers for corresponding Reynolds numbers, both based on the hvdraulic diameter of 1
= the channel. Three to six separate data sets at each Revnolds number were taken, then
;*E averaged to give the value of the quantities of interest.

A

N After extensive data had been taken for the channel configured such that free
a convection opposed the direction of forced convection, the channel was inverted and
'E}i several sets of data were taken for the convex and concave plates with the directions of
;;i free and forced convection coincident so that the etfect of buovant flow could be
M determined.

';g The significant parameters and corresponding uncertainty for the different
R configurations follows in Tables | through 4. Graphic comparisons of plate averaged
ivi Nusselt number versus Revnolds number are shown in Figures 4.1 through 4.7. These
) graphs also include calculated uncertainty ranges for the data, the best fit correlations
‘{’3 for each configuration, data for comparison from other sources, and some of the
'f correlations that have been documented in research similiar to this experimentation.

. A. HEATING THE STRAIGHT UPPER PLATE

::: A total of sixty-nine data pairs were taken over an approXximate range of
“:. Revnolds numbers of 6800 to 20,000 (see Table 1). One means used to analvze the
- data was the statistics software, MINITAB [Ref. 16]. [t was observed that the data at
r.:‘ Revnolds numbers below 7000 exhibited a relatively large deviation from the regression
0 in comparison to the data for Revnolds numbers above T000. This result agrees with
1‘: previous research done by J. Wilson [Ref. 17: p. 0] which revealed that transition {low
2 in the channel persisted up to a Revnolds number of approximately 7100; therefore,
™ data at Revnolds numbers below 7000 was not included in the regression calculated tor J
S::f the upper straight plate.

‘o
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Using a least squares regression, a correlation for the heat transfer from the

upper plate was determined to be:
Ny, = 0.024Re, 07° (eqn 4.1)

where Revnolds and Nusselt numbers are based on the hvdraulic diameter. The
statistical correlation of the regression was 0.998. The experimental uncertainty of the
data was approximately = 5% for Nusselt number and £ 6% for Reynolds number.

For comparison, consider the well known Dittus-Boelter correlation based on
hydraulic diameter and a Prandtl number of 0.71:

Ny, 4 = 0.02Re, 080 (eqn 4.2

At first glance this small difference between the correlations seems insignificant;
however, a look at Figure 4.1 shows that the Dittus-Boelter correlation overestimates
the actual Nusselt number by about thirty to thirty-seven percent over its range of
applicability (Re 2 10,000).

Also shown for comparison on Figure 4.1 are interpolated values from the Kavs
and Leung [Ref. 18] analytical solution for infinite parallel plates. These values too lie
outside the uncertainty limits of the actual data, but only overestimate Nusselt number
by ten to fifteen percent when compared to the finite flat plates of this research.

Data previously taken by G. Galvo [Ref. 14: p. 58] is included in this plot. His
data agrees with that of this research to within the bounds of uncertainty. It must be
noted that the data taken by Galyo at Revnolds numbers above about 17,000 is less
certain than the other data due to the difliculty he encountered in recording an
accurate channel outlet temperature at high flowrates [Ref. 14: p. 67].

B. HEATING THE STRAIGHT LOWER PLATE

A total of sixty-four data pairs were recorded over an approximate range of
Reynolds numbers of 6000 to 19000 (see Table 2). As in the previous case for the
upper plate, the data recorded for Revnolds numbers less than about ~000 were not
included in the least squares regression because of their relatively high Jeviation from

the regression. The best fit regression correlation was:

4
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Nu,, = 0.018Re, 078 (eqn 4.3)

The statistical correlation of the regression was 0.998, and the experimental uncertainty
of the data was essentially the same as that for the upper flat plate.

Figure 4.2 shows that over the full range of testing there is essentiallv no
difference in the results for the two flat plate cases. Data previously taken by G.
Galyo [Ref. 14:p. 59] i1s shown as well for comparison, and is well within the
experimental uncertainty of the data recorded in this studv except at the highest
Revnolds number where, as mentioned previously, G. Galvo's data was highly

uncertain.

C. HEATING THE OUTER CURVED (CONCAVE) PLATE

Seventy-two data pairs were taken over an approximate range of Revnolds
numbers of 600V to 20000 (see Table 3). A least squares regression of the data
resulted in the relaticn:

Ny, = 0.05Re, 0% (eqn 4.4

The statistical correlation of the regression was 0.999, and the experimental uncertainty

was the same as that for the two previous cases.

Figure 4.3 revealed that the previous data reported by G. Galvo [Ref. 14: p. 60]
coincides well with the data recorded in this study except, again, at the highest
Reynolds number where G. Galvo had ditficulty determining duct outlet temperature
accuratelv. Also shown for comparison are extrapolated correlations from Kreith
[Ref. 12: p. 1233], and Brinich and Graham [Ref. 11: p. 33].

In contrast to the results for the flat plates there was no significant deviation
from the regression even at the lowest Revnolds number tested for the concave plate.
This supports previous research by J. Wilson {Ret. 17: p. 30} which indicated that the

limung Revnolds number for transition tlow in curved sections was less than that for

flat plates and approximately equal to 3300,




The data for the flat plates was used as a baseline for comparison with the
concave plate, and heat transfer enhancement for the concave section was reflected by
an increase in Nusselt number of about twenty-one percent at a Reynolds number of
10,000 to fourteen percent at a Revnolds number of 20,000 (see Figure 4.4).

There is a tendency to extrapolate this data to where the correlations for the
concave plate and the flat plates converge in order to estimate a Reynolds number
where the effect of curvature is no longer significant. For these correlations
convergence occurs at a Revnolds number of about 205,000 and a Nusselt number of
approximately 232; however, research by Brinich and Graham indicated that the
enhancement in heat transfer in a concave section was significant even at Revnolds
numbers as high as 250,000.

D. HEATING THE INNER CURVED (CONVEX) PLATE
A total of seventy-three data pairs were recorded over a range of Revnolds
numbers of 6000 to 20,000 (see Table 4). A least squares fit of the data gave the

relation:
.\—'uhd = 0.017Rehd°'78 (eqn 4.5)

at a statistical correlation of 0.997, and an experimental uncertainty the same as for the

previous cases.

Figure 4.5 revealed that, as was the case for the concave plate, there was no
significant deviation from the regression even at the lowest Reynolds number tested. A
comparison of this data with that reported by G. Galyvo [Ref. 14: p. 61] showed that
there is agreement to within the bounds of experimental uncertainty except at the
highest Revnolds number. For comparison, data reported by Kreith [Ref. 12: p. 1257],
and Brinich and Graham [Ref. 11: p. 36| for a convex surface were included in the

graph.

Using the flat plate data as a reference of comparison, the reduction in heat
transfer on the convex plate was manifest in a Nusselt number consistently six percent
lower than that of the flat plates over the entire range of flow rates. This did not

represent a large difference between the convex and flat plate cases: however, six
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percent was at least one percent more than the conservatively calculated experimental
uncertainty of the data. Therefore, this data implied that a decrease in heat transfer on
a convex surface should be expected, though probably small.

A comparison of the convex and concave surfaces (see Figure 4.6) pointed out
that the concave surface heat transfer is approximately thirty percent greater than that
for the convex surface at a Reynolds number of 8000, and about twenty percent greater
at a Reynolds number of 20,000.

E. EFFECT OF BUOYANCY

Tables 3 and 4 include data taken when the test channel was oriented such that
free convection aided forced convection. Graphical comparison for this case is shown
in Figure 4.7.

Data taken for this configuration was within the bounds of experimental
uncertainty, and showed no pattern in dilfering from the case where the direction of
free convection opposed that of forced convection. These results indicated that there
was no significant buoyant effect over the full range of flow rates studied.
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TABLE |
SUMMARY OF STRAIGHT UPPER WALL RESULTS

liem _\—_um M(el I ReI ! 6.\?5 I \—5 !

6841 17.30 +0.0560 +0.0481

7856 19.92

8588 21.46

9327 23.06

10168 24.75 +0.0576 +0.0467

10936 26.18

11947 28.11

12082 28.38

12981 29.25 |
13969 30.96 +0.0571 +0.0485

14997 32.66

15950 34.62 |
17169 36.85

17839 37.30 +0.0570 +0.0495

18927 39.01

20008 40.27 +0.0570 +0.0509
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Reng

6071
7065
8116
8968
9997
10934
12014
12984
14047
14989
15981
16984
18035
19002
19458

iy

15.03
17.85
19.72
21.26
23.63
25.35
27.17
29.11
30.89
32.67
34.10
35.45
36.21
37.46
39.83

TABLE 2
SUMMARY OF STRAIGHT LOWER WALL RESULTS

GRS]IRS“

+0.0581

£0.0573

+0.0571

+0.0571

+0.0570

£0.0570

45.\_'5l Ny
+0.0452

£0.0458

+0.0464

+0.0473

+0.0479

+0.0474




TABLE 3
SUMMARY OF CONCAVE WALL RESULTS
Ehd E‘M GRe! !;Rel ! 45.\—"3l !‘,'\_.ﬁd
5884 20.04 +0.0582 +0.0448
- 6025* 19.98%
o 7050 22.89
i 8016 24.73 £0.0573 +0.0450
804d* 24.80*
9094 26.89
10025* 28.08*
10045 28.71
11023 30.72 £0.0571 £0.0451
11977 32.72
, . 13028 34.90
R 13993 36.19 +0.0571 +0.0459
14982* 38.05*
| 15021 37.95
15996 40.11
17053 42.51 +0.0570 +0.0464
' 17943 42.90
19169 45.26
20189 46.80 £0.0571 £0.0478

* Indicates measurements that were taken with the test channel inverted
Lﬁ such that the directions of free and forced convection were coincident.
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TABLE 4

SUMMARY OF CONVEX WALL RESULTS
Reyg _\_LLM 6Rel Ry 6.\—'5 !;'T\'-ﬁ d
6065 15.04 +0.0581 +0.0492
6088* 15.15%
7050 16.85
3009 18.87 +0.0574 +0.0498
3034* 18.88*
9058 19.90
10020 22.12
10040* 22.48%
11054 24.32 +0.0571 +0.0525
12003 24.92
12988 27.83
13944 29.42 +0.0571 +0.0545
14871 30.57*
15003 30.72
15981 32.20 3
17009 32.84 +0.0570 £0.0517
17898 35.43
19015 36.25 |
20210 37.73 +0.0571 +0.0524

* Indicates measurements that were taken with the test channel inverted
such that the directions of free and forced convection were coincident.
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Figure 4.2 Straight Lower Plate Results.
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Figure 4.3 Concave Plate Results.
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3:
V. DISCUSSION

‘ :Z' A. FLAT PLATES
’ The experimental results for the upper and lower straight sections of the channel
were essentially the same, and are not considered scparately in this discussion.

The Dittus-Boelter correlation for Nusselt number based on the hyvdraulic
\:' diameter of the test channel and a Prandtl number of 0.71 vielded Nusselt numbers
;::t thirty to thirty-seven percent higher than those recorded in this experimentation. The

Dittus-Boelter correlation is an empirical approximation that was developed to
“ estimate local Nusselt numbers for circular tubes. The correlation itself is only an
.‘ approximation, and when modified for non-circular ducts where convection coefTicients
§:i: vary about the periphery, the approximation becomes less certain. Here the correlation
' was used to estimate the average Nusselt number over the length of the heated section.
!'.': To a first appreximation the Dittus-Boelter correlation can be used to estimate the
9 average Nusselt number because the ratio of the plate length to the hydraulic radius
;_:, was greater than ten; however, this assumption adds to the uncertainty of the resulung
convection coefficient.

?:: The solution for parrallel plates of infinite extent developed by Kays and Leung
;\: gave Nusselt numbers closer to the experimental results, but was still high by ten to
& fitteen percent, though ten to fifteen percent accuracy when estimating heat transfer

, coefficients in the turbulent flow regime is not unusual. Even though the straight
,: section of the test channei approximated flat parallel plates of infinite extent, some
':: sidewall influence on flow was expected and may account for a part of the disparity of
: the comparison. The graphical comparison shown in Figure 4.1 was developed by
- linear interpolation: of the data from [Ref. 18: p. 552]. though there was no evidence to
4 support the assumption that the results of the Kays and Leung solution are a lincar
‘?‘ function of either Prandtl or Revnolds number; therefore, additional inaccuracy may
N have been introduced into the comparison.
|
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B. CURVED PLATES

Experimental and analytical investigation of flow and heat transfer on concave
and convex surfaces in a rectangular duct of high aspect ratio has thus far received
little attention; consequently, there is scant previous work available for comparison.
Some results are available for channels of modest aspect ratios, but these do not

generally compare well due to the significant sidewall effect introduced at low aspect
ratios.

Studies of the flow and heat transfer characteristics in high aspect ratio channels
has been done at the Naval Postgraduate School [Refs. 9,14,17,19,20,21,22]. Results of
this previous research were comparable to the results of this experimentation and were
highly depended upon to validate these results. Only Galvo's work is shown for
comparison in this report, but his results agreed within the limits of experimental
uncertainty with those of Wilson [Ref. 17], and Daughety [Ref. 22]. The major
improvements of this experimentation over that previously done were the decreased
experimental uncertainty, especially at the highest Revnolds number, and the
preponderance of data that permitted empirical correlations to be determined to a verv
high level of confidence.

In 1955 Kreith [Ref. 12: p. 1253] investigated the influence of curvature on heat
transfer in a rectangular channel of aspect ratio equal to three. For a Prandtl number
of 0.71, graphical comparison with the results recorded in this experimentation showed
that Kreith's results were approximately thirty percent lower (see Figures 4.3 and 4.5);
however, Kreith’s test apparatus not only had a much lower aspect ratio, it was also
heated by a heating clement that was centered between the upper and lower walls of

the channel instead of heating the walls themselves.

Research done in 1977 with a channel of aspect ratio six bv Brinich and Graham
[Ref. T1: pp. 35-36] was shown for comparison in Figures 4.3 and 4.5. The range of
Revnolds numbers over which thev performed their experiments was approximately
§4.000 to 253.,000. For the concave surfuce. Brinich's and Graham's data extrapolated
to a Revnolds number of 15.000 vielded a Nusselt number about fifty percent higher
than that recorded in this experiment. Likewise, an extrapolation to a Revnolds

number of 15,000 for the convex plate showed that there was about a thirty percent

difference in the results of the two experiments. These differences are rather large. but,




again, the two studies differed greatly in that the aspect ratios and the range of
Reynolds numbers investigated were much different.

Similiar research was done in 1978 by Uchida and Koizumi [Ref. 13: pp.
1714-1716], with channels of aspect ratio up to four; however, the full report has not *
been translated into English. From figures, graphs, and equations included in their
report it appears that their test channel was heated along its entire periphery and that -
the published results were in the form of an average Nusselt number for the
combination of a convex and concave wall.

It is unlikely that an average heat transfer coefficient or Nusselt number can be
determined when both the convex and concave walls are heated bv simple
superposition of the individual correlations for the convex and concave walls because
of the complex nature of the flow in a curved channel. Therefore, there was no
manner in which the results detailed in Ref. 13 could justifiably be compared to the
results of this experimentation.

Even though the test equipment was such that a pair of heaters could be
energized to supply a constant heat flux on opposite walls of the channel. no
conclusive experiments could be performed to determine an average Nusselt number
for this configuration. '

Referring to (eqn. 3.3) and denoting h_l as the average heat transfer coeflicient for
single plate heating, and Hz as the average heat transfer coefficient when heating a pair
of opposite walls, then:

(T, + T

7.
wo wi) 2-T

(Twh -T

21_ = : lzlk.l {egn 5.1)
h, bik

where T ., represents the average temperature when one wall (inner or outer) is heated.,
and the heat flux from both the inner and outer plates was assumed equal when
heating a pair of plates. The average wall temperature term in the numerator of (zyn.
5.1) can be recast as:

(Tyy + Ty 2 =T, + 6T (eqn 5.2)

wo w1
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where 8T represents the difference between the average temperature when heating a
pair of plates and the single plate average temperature. Combining (eqn. 5.1) and (eqn.
5.2) vields:

21_ a(TJ’IL' Thlk + oD (eqn 3.3)
h, (T - Tow!
I + 8T (T, - Ty)

1
1 + 8T AT
1

(Eqn. 5.3) reveals that only when the temperatures of both plates are the same, such
that 8T = 0, when heating a pair of plates, can a true average heat transfer coeflicient
for both walls be obtained. Strictlv speaking the temperature at all corresponding
points opposite each other on the plates should be equal to vield an average heat
transfer coeflicient for the combination of both walls. The heaters used in this
experimentation were constant heat flux heaters. and temperatures at corresponding
points on opposite walls could not be matched; therefore, conclusive data for the case
of heating a pair of plates could not be gathered using the existing equipment.

Though local heat transfer coefficients and Nusselt numbers were calculated at
the leading edge. at mid-plate, and at the trailing edge of the heated plates. no
conclusive pattern was evident in the data. The same was true for local temperatures.
More conclusive results could not be obtained because there were too few
thermocouples spaced too far apart; that is, the spanwise thermocouple spacing was
greater than the diameter of the Tavlor-Gortler vortices that formed.
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V1. CONCLUSION

The results of this experimentation, detailed in Chapter 1V, indicated that
secondarv flow in a curved rectangular channel in the form of Tavlor-Gortler vortices
influenced the heat transier on the concave and convex surfaces over a range of flow

corresponding to Revnolds numbers from about 6000 to 20000.

Correlations of Nusselt number as a function of Revnolds number for the two
flat plates, the convex plate, and the concave plate were calculated to a high level of
certainty and showed that heat transfer was enhanced by approximately twentyv percent
on the concave surface as compared to the flat surfaces. Simuliarly, heat transfer over
the convex surface was reduced by approximately six percent in comparison to the flat
surfaces. Furthermore, the enhancement or reduction in heat transfer on the curved
plates was noted to be greatest at the lowest Revnolds number tested, and tapered oft

with increased flow rate.

Comparisons made of the results obtained in this experimentation to that of
other pertinent research supported the conclusion that heat transfer is enhanced on a
concave surface. Experiments performed for the purpose of determining the relative
significance of buovancy induced low indicated that even at the lowest Revnolds
number of 60X, buovant tree convection was negligible compared to !orced

convecuon.
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6.

ViI. RECOMMENDATIONS

EQUIPMENT

Small oscillations in ambient temperature (=%1°) noticeably affected
temperatures in the channel and contributed to the differences in the results in
successive data taking runs. Maintaining close control over ambient
temperature would make experimental results more reproducible and decrease
the time necessary to gather data.

Existing equipment allowed for testing only up to a Revnolds number of about
20000, though the corresponding Revnolds numbers for flow through a gas
turbine are much higher. A larger test channel and higher capacitv air
compressor would be required for experimentation at higher flow rates.

A great amount of time was spent waiting approximately four hours for the test
channel to reach steady state after first energizing the heater. Installing guard
heaters would significantly reduce tite warm up time to steadv state.
Additionally, guard heaters would prevent heat loss through the insulation
surrounding the heaters.

Pressure sensors that could be read directly by the automatic data acquisition
svstem several times during the course of a data run would increase the
accuracy of flow rate measurements and permit successive data runs to be taken
without the presence of an operator.

More thermocouples should be installed closer together to improve the accuracy
of temperature measurements and to facilitate studving the pattern of local
variations in temperature and heat transfer in the spanwise and flow-wise
directions.

The single most significant contributor to experimental uncertaintv in the
calculated average Nusselt number and hyvdraulic Revnolds number was the
uncertainty in the channel cross sccuon. The uncertainty in experimental
results could be greatly reduced if « channel were constructed paving special

attention to the cross section Jdimensions.
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FURTHER RESEARCH
Experimentation similiar to this but at higher flow rates should be done so that
a large data base could be established and heat transfer correlations could be
calculated for a wide range of application.
Experiments at lower flow rates where buoyancy is significant should be done
so that a suitable length parameter can be deduced for calculating the Grashof
number for curved channel flow.
Different curvatures should be studied to determine the effect of the degree of
curvature on heat transfer in a curved channel.
Thermostatic control should be included in the experimental equipment that
could maintain equal plate average temperatures when heating a pair of heaters
on opposite walls so that experimental results for channel average heat transfer
coeflicients could be gathered.
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APPENDIX A
DATA REDUCTION PROGRAM

FILE NAME: MAIN
LAST REVISION DATE: 19 OCT 1986
EDITED BY: LT. J.R. HAKK 111

-

PROGRAM FOR GATHERING AND REDUCING DATA WHEN HERTING ONE COPPER PLATE,
HWITH S MINUTES BETHEEN RUNS. PROGRAM IS MODIFIED TO ACCOUNT FOR

BROKEN THERMOCOUPLE CHANNELS S, (6, 21, AND 26 WHICH EFFECT QUTER
CURVED HEATER, THERMOCOUPLE CHANNEL 47 WHICH EFFECTS INNER CURVED
HEATER, AND THERMOCOUPLE CHANNEL 11 WHICH EFFECTS OUTER STRAIGHT HEATER

COM /Co/ D{7),Rat?6,2)
DIM Emf(79),T(79)

! CORRELATION FACTORS FOR EMF TO DEGREES CELSIUS FOR Cu-CO T/C.

pATA 0.14086091,25727.94369,-767345.8295,78025595.8!

DATA -9247486589,6.97688E+11,-2.66192E+13,3.94078E+14

READ D(#)

PRINTER 1S 700

BFEP

INPUT “ENTER MONTH, DAY, AND TIME (MM:DD:HH:MM:SS)" Time$

QUTPUT 709;"TD";Time$

BEEP

INPUT "ENTER INPUT MODE (0=3054A,1-FILE)®,Im

IF Im=1 THEN

BEEP

INPUT "ENTER NAME OF EXISTING DATA FILE®,0ldfiles

Ps[NT USING *20X,""These Results Are From Data File: "",10A";01dfile$
PRINT

PRINT

ELSE

BEEP

INPUT *“ENTER NAME OF NEW DATA FILE?® ,Newfile$

PRINT USING "20X,""Data For This Run Is Stored In Data File: "",10R“;Neuf

PRINT
PRINT
END IF

! ENTER THE CHANNEL CONFIGURATION.

PR}N; USING "9X,"“"THE FOLLOWING CHANNEL CONFIGURATION WAS SELECTED:""*
PRIN

BEEP

INPUT "SELECT HEATER TYPE (0<STRAIGHT, 1=CURVED)",Itype

IF Itype=0 THEN PRINT USING "12X,""Heating STRAIGHT Test Section."""
IF Itype=1 THEN PRINT USING "12X,*"Heating CURVED Test Section.""”
BEEP

INPUT "SELECT HEATER POSITION (N-OUTER, 1=INNER)",Ipes

IF ipos=0 THEM PRINT USING "12X,"“Heattng OUTER Plate,""*

L%IL%OS.‘ THEN PRINT USING "12X,""Heating INNER Plate,""®




1520
1530!
1540
1550
1560
1570
1580

11590

1600!
1610
1620!
1630
1640
1650
1660
1670
1680
1630
1700
1710
1720
1730
17401
1750
1760!
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1830!
1300
1910!
1320
1930
1940
1950
1960
1970
1980
1990
dd)
2000
dal
2010
s)"""
2020
S)llul
2020
2040
2050
2060!
2070
2080!

- TRIURS T UIST TV AN BN

! ENTERS FILES WITH T/C CALIBRATION COEFFICIENTS BASED ON HEATER TYPE.

IF Itype=0 THEN ASSIGN #F,lec TO “STRA_CQEF*
IF Itype=1 THEN ASSIGN @F:lec TO “CURV_COEF*“
FOR I=0 TO 76

ENTER #Filec:Ra(l,0),RAatI,1),Ra(I,2)

NEXT I

ASSIGN 8Filec TQO »

! INSERT DATA STORAGE DISK.

BEEP

INPUT "CHANGE DISK AND HIT EMTER®,0k

IF Im=1 THEN ASSIGN &File 7O Oldfile$

IF Im=0 THEN

CREATE BDAT Newfile$,40

ASSIGN &Ftle TO Newf1le$

END IF

ENTER 709:T1imeS

CLEAR 709

22}“} USING *"20X,""Month, Day. and Time: °*“,14A";Time$

! FOR DATA RUN READ AND STORE ALL RAW EMF VALUES.

IF Im=0 THEN

QUTPUT 709:°AR AF0D AL79"
QUTPUT 722:"F1t Rt T1 Z1t FL1*
FOR I=-0 T0 79

OUTPUT 709;"AS"

ENTER 722:Emf (D)

NEXT I

QUTPUT @F1le:Emf(#)

ELSE

ENTER @F tle:Emf(#)

END IF

OUTPUT 709:"TD*

! CONVERT AND CALIBRATE ALL T/C READINGS TO DEGREES CELSIUS.
PRINT USING “9X,"*THE FOLLOWING DATA WERE RECORDED:***

PRINT
FOR [=0 TO 79

IF I=38 OR I=39 OR I=77 OR [=-78 THEN

IF (Ipos=0 AND [=38) OR (Ipos=1 AND I=77) THEN

Tadd=0 :

IF Ipos=1 THEN ladd=39

PRINT USING "12X,""Heater Voltage (Yh) a " 2D.3D.** (V)" *":Emf(38¢]a
PRINT USING "12X,""Resistor Voltage (Vr) = ** . 2D.3D, " (VI iEmr (39+1a
IF Ipos~0 THEN PRINT USING "12X,""Precision Resistor (Rpr) = 2,01729 (Ohm
IF Ipos=! THEN PRINT USING “12X.""Precision Resistor (Rpr) = 2.00839 (Ohm
PRINT

END IF

ELSE

' [F T/C OUT OF RANGE PRINT A QUE.
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2210
2220!
2230
2240!
2250
2280,
2270
(5)
2280
12“‘.
2290
T(11)
2300
’8“"
2310

Aemt=Emf(])

IF Aemf<7.09E-4 OR Aemf>3.630E-3 THEN
T(1)=999.99

ELSE

CALL Tusv(Emf(I),Tt)
IF 1«79 THEN

T(I)=T¢t

GOTO 2210

END IF
T(I)=FNTcorr(Tt, D)
END IF

END IF

NEXT I

! PRINT ALL T/C READINGS.

PRINT USING *12X,"“0QUTER PLATE:""*
PRINT USING *“14X,""T/C Number: 1 2 3 4 5

PRINT USING *14X,""Temp (C): **.6(3D.0D,2X)°;T€0),T(1),TC(2),T(3),T(4),T
PRINT USING *14X,*"T/C Number: 7 8 9 10 1"
PRINT USING *14X,"“Temp (C}: **,6(3D.D0,2X) " T(6),T(7),T(8),T(3),T(10),
PRINT USING “14X,""T/C Number: 13 14 15 16 17
PRINT USING *14X,""Temp (C): **,6(3D.DD,2X)°:T(12),TC(13),T(14),T(15),T(

16),T17)

2320
2““’"

2330

PRINT USING *14X,""T/C Number: 19 20 21 22 23
PRINT USING "14X,*"Temp (C): *%,6(3D.DD,2X)";T(18),7T(19),T(20),T(21),T(

22),T(23)

2340

2350

PRINT USING "14X,"*T/C Number: 25 26 27 28 29
PRINT USING *"14X,""Temp (C): "*,6(3D.DD,2X)";T(24),T(25),T(26),T(27),T(

28),T(29)

PRINT
! CALCULATE AVERAGE TEMPERATURE OF OUTER HEATED WALL.

" Sum=0.

IF [type=0 THEN
FOR I-0 TO 29

IF I=11 THEN 2440
Sum=Sum+T(])

NEXT I

Two=5um/29

! CORRECTION FOR BROKEM T/C CHANNELS S5, 16, 21, AND 26 IN OUTER CURVED HE

ELSE

FOR I=0 TO 29

IF I=S OR [-16 OR I=21 OR I=26 THEN 2530
Sum=Sum+T(D)

NEXT I

Two=Sum/26

END TIF

PRINT USING "12X,""QUTER INSULATIOM:""*"
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2570 PRINT USING *14X,**T/C Number: 31 (Tingol) 32 (Tinso?l) 33 (Tinsod)"

2580 PRINT USING "14X,"“Temp (C): “= . 3(3D.DD,8X)":T(30),T(31),T(32)
2590 Tinsol=T(30)

2600 Tinsol=T(31)

2610 Tinso3=T(32)

2620 PRINT

2630 PRINT USING *12X,*°ORIFICE TEMP (Torf) = **,3D.DD,"" (C)""*";7(33)

2640 PRINT
2650 PRINT USING =12X,*"INLET TEMPERATURE:"*"*
2660 PRINT USING *14X,""T/C Number: 35 36 37 v

2670 PRINT USING *14X,""Temp (C): **,4(3D.DD.2X)";T(34),7(35),T(36),T(37)
2680 PRINT

2700 ! CALCULATE AVERAGE INLET TEMPERATURE.

2720 Sum=0.
27306 FOR [=-34 TO 37
2740 Sum=Sum+T(])
2750 NEXT I
2760 Tin=Sum/4
2770 PRINT USING =12X,"*INNER PLATE:""*
2780 PRINT USING ®"14X,""T7/C Number: 41 42 43 44 45
46"“-
2790T(P§INT USING *14X,.““Temp (C): “*,6(3D.DD,2X)";T(40).T(41),T(42),T143),T¢(
44),T(45)
Zggq PRINT USING "14X,""T/C Number: 47 48 49 50 S1
é%?ﬂr ZRINT USING "14X,"*Temp (C): “*,6(3D.DD,2X)":T(a6).TL47),T(48),T(49),T(
). T(51)
28§9u PRINT USING "14X,""T/C Number: 53 S4 sS 56 S7
%g30r ZglNT USING *14X,*"Temp (C): °*,6(30.DD.2X)":T(52),T(53),T(54),T(55),T¢
), T(S7)
5340 PRINT USING *14X,“"T/C Number: 59 60 61 62 63
4"
éBSOT(EglNT USING *14X,“"*Temp (C): "*,.6(3D.DD,2X)":7(58),T(59),T(60),T(61),T(
2). )
;%@9_ PRINT USING “14X,*"T/C Number: 65 66 67 68 69
é%70T EgINT USING "14X,"“Temp (C): “*,6(3D.DD.2X)";T(64),T(65),T(66),T(67),T¢
31,T(69)
2880 PRINT
2190
53?0' ! CALCULATE AVERAGE TEMPERATURE OF INMER HEATED WALL.
0!
2320 Sum=0.
2930 IF Itype=0 THEM
294y FGR [=4) TOQ 63
2350 Sum=Sum+T(1)
2960 NEAT |
2970 Twi=Sum/30
29gn!
%%%%| t* CORRECTION FOR BROKEN T/C CHAMNEL 47 IN INNER CURVED HEARTER.
nyot
3010 ELSE
3020 FJOR [=40 TO 69
3030 IF I-47 THEN 3050
3040 Sum=Sum+T(])
3060 MNEXT [
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. 3250
S 3260
32701
3280
S 32901
G 3300
o 33101
" 3320
O 3330!
“.".' 3340
) 3350!
' 3360
X 3370!
Y- 3280
e 290
whad 3400
) po,.""
s 3410
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3.
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34641
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LA 3840
- 3530
go.""
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AL 3589
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‘i': } 3570
l.:;" »
."';.
oty

Twi*Sum/29

END IF

PRINT USING *12X."“"INNER INSULATION:“®*"

PRINT USING *14X,""T/C Number: 71 (Tinsi1) 72 (Tins:12) 73 (Tinsi D"

PRINT USING *14X,""Temp (C): “*,3(3D.0D,8%)":T(70), T(71) , T(72)
Tins11=T(70)

Tinsi12=T(71)

Tinsi3=T(72)

PRINT

PRINT USING *12X,“"QUTLET TEMPERATURE:"“"

PRINT USING “14X,"*“T/C Number: 74 75 76

PRINT USING *14X,"*Temp (C): **,4(3D.0D.2X)":T(73),T(74),T(75),T(76)
PRINT USING *"9,s*

! CALCULATE AVERAGE OUTLET TEMPERATURE.

Sum=0,

FOR I-73 10 76

Sum=Sum+T(])

NEXT 1

Tout=Sum/4

! CALCULATE DIFFERENCE BETWEEN CHANNEL INLET AND QUTLET TEMPERATURES.
Tdiff=Tout-Tin

! CALCULATE CHANNEL BULK TEMPERATURE.

Tolk=(Tin+Tout)/2
' PRINT CALCULATED TEMPERATURES.

PRINT USING “9X,"*THE FOLLOWING TEMPERATURES WERE CALCULATED:**"
PRINT

PRIQIGQSING "12X,*"Average Outer Wall Temperature (Two) - *",3D.
égiq[_qg?SG *12X,""Average Inner Wall Temperature (Tui) = **.3D.
;g;q[_qg?gG *12X,"“Averaae Outlet Temperature (Tout) « ", 30.
SS;QI_Qg?#é *12X,""Average Inlet Temperature (Tin) = *",3D.
;g;Q[;ngﬁq *12X,""Channel Inlet and Outlet Temp Diff (Tdiff) = "".3D.
%§§QI~Q%EQé"12X."Rverage Buik Temperature (Tblk) = “",3D.

' CALCULATE DELTA T (Tdel) FOR USE IN CALCULRTING H LATER.

idelo=Two-Tblk

Taeli=Twi1-Tblk

[F [pos=) THEN Tdel=Tdelo

[F [pos=1 THEN Tdel=Tdel.

P?INT U?IN? "12X,""Mean Temperature Difference (Tdel) - “*,3D.
(Cr*="=iTde

! CALCULATE DIFFERENCE BETWEEN OUTER AND INNER WALL.
Twudiff*ABS(Two-Twli)
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3960

PRINT USING *12X,*"0Outer and Inner Hall Temp Difference (Tudiff) <« °* 3D,
(Cr*=*;Twdiff

! CALCULATE LOCAL CHANNEL TEMPERATURES AT INLET, MIDDLE AND OUTLET.

Tecin=Tin+(.S5¢Td1ff/12)

Tcmid=Tin*(4.5Td,1f§/12)

icout=Tin+(11,5¢Tdiff/12)

PgINT U?ING *“124,“"Average Local Channel Temp at Inlet (Tcin) - **.3D.
(CHr"**;Tcin

PRINT U?ING “12X,"“Average Local Channel Temp at Middle (Tcmid) - *°%.30.
(C)**";Tcmid

PRINT USING *12X,""Average Local Channel Temp at Outlet (Tcout) - *°,3D.
(C)*"**;Tcout

! CALCULATE AVERAGE LOCAL HEATED WALL TEMPERATURE AT INLET.

Sum=0.
ladd=0
IF Ipos=1 THEN Iadd=40

! CORRECTION FOR BROKEN T/C CHANNELS S, AND 47 CURVED HEATER ONLY.

IF Ttype=1 THEN

FOR I=0 10 6

IF (Ipos=0 AND I=5) OR (Ipos=? AND [=6) THEN 3810

Sum=Sum+T([+ladd)

NEXT I

Twin=Sun/6

ELSE

FOR I=0 TO 7

IF (Ipos=0 AND I=7) OR (Ipos=! AND [-6) THEN 3870

Sum*Sum+T(]+Tadd)

NEXT I

Twin=Sum/7

END IF

TglNT U?ING *12X,°"Avg Local Heated Kall Temp at Inlet (Twin) - **,30.
1*= % Twin

!  CALCULATE AVERAGE LOCAL HEATED WALL TEMPERATURE NEAR MIDDLE.
Sum=0.
!  CORRECTION FOR BROKEM T/C CHANNEL 16 CURVED HEATER CNLY, AND T/C

3951 1CHANNEL 11 STRAIGHT HEATER ONLY.

3970!
3980
2990
an00
4010
4029
4030
4031
4040
4050
4060
4070
4080
4081
4090

IF Itype=t THEN

FOR I-9 T0 156

IF t(Ipos=n AND I=10) OR 'Ipos=" AND [=16) DR (lpng=1 AMD [« “wEh «i, .
Sum=Sum+T(]+[3ad)

NELT I

IF Ipos=0 THEN Tumid=Sum/6.0

IF Ipos=1 THEMN Tumid=5um/7.2

ELSE

FOR [-9 TO 16

IF (Ipos=0 AND I=10) OR (Ipos=! AND [=9) OR ([pos=d AND !et!) THEN 2080
Sum=Sum+T(]+ladd)

NEXT I

IF Ipos=0 THEN Tumid<Sum/K.0

IF Ipos=1 THEN Tumid=Sum/7.0
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4340!
43S0
4360!
4370
4380
4390
4400
4410
4420
4430
4440
4459
4460!
44710
4480
4490
4500
a5 1!
450
4530
Q< ui)
accy
Qtny
L) |
4c .31
4€ 1y
ahG
an 1!
4hcn
4b i
ah i)
ans()
abni)
an 0
aks()

EMD IF
PgINT U?ING *12X,""Avg Local Heated Hall Temp Near Middle (Twmid) = **,3D.
(C)***:Tumid

! CALCULATE AVERAGE LOCAL HEATED WALL TEMPERATURE AT QUTLET.
Sum=0.
! CORRECTION FOR BROKEN T/C CHANNEL 26 CURVED HEATER ONLY.

IF Itype=1 AND Ipos=0 THEN
FOR I-23 10 29

IF I=26 THEN 4230
Sum=Sum+T(])

NEXT I

Twout=Sum/6

ELSE

FOR [-23 TO 29
Sum=Sum+T(I+[add)

NEXT I

Twout=Sum/7

END IF

PRINT USING *12X,""Avg Local Heated HWall Temp at Outlet (Twout) - “* 3D.
(Cr***;Twout

PRINT

PRINT

! ENTER ORIFICE PRESSURE DATA.

BEEP

INPUT “ENTER PATM (inHg), DPM(1nH20), P1M(inH20), RE1“.Patm,Dpm,P1m Re!
:g}:; USING ®“9X,"“THE FOLLOKWING ORIFICE DATA WERE ENTERED:"""

PRINT USING "12X,*“Patm(1inHg) DPM( 1nH20) P1M(1nH20) RE1=**®
;:%x; USING *14Xx,2(2D.DD,10X),(2D.DD,.7X),SD.D";Patm,Dpm,P1m,Retl

!  CONVERT PRESSURE READINGS TO SI UNITS AND PIM TO ABSOLUTE.

Patm=Patm#3376.8
Pdel=Dpome248.84
PlePatm-(Pim*248.84)
Torf=T(33)

! PHYSICAL PROPERTIES AND CONSTANTS.

R=286.987 'FOR AIR.

Rha=P1/(Re(Tort+273,15)) IDENSITY OF AIR AT ORIF PLATE.
Gamma=1,40 'FNOR AR,

CD-:OOS 'Co GOOD FOR Tblk BETWEEN 12 AND 33 (DEG C).
o=t

S13ma=5.6673€ -3

Ecu=.12 TEMISSIVITY OF COPPER,

! DIMENSIONS OF CHANNEL.

Dce.3U6350
Wide, 2541
Ri=.297
Puet=2e(Dcedid!
AceDcemid
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4630 Dhd=4+*Ac/Puat

4700 Apl=.0774192

47210}

4720 ! PROPERTIES OF INSULATION.
4730!

4740 Xins=.0127

4750 Kins=3.8E-2

4760!

4770 ! ENTER ORIFICE CONFIGURATION.
4780

4790 BEEP

4800 IHPUT “SELECT DIAMETER OF ORIFICE (0-.5334, 1=1.0755 (inches))®,Size
4810 IF Size=0 THEN Dorf=.013548

4828' IF Size=1 THEN Dort=.027318

4830!

484%' ! DIMENSIONS OF PIPE AND ORIFICE PLATE.

4850!

4860 A=(PI+Dorf"2)/4

4870 Dpipe=.051772

4880 Apipe=PleDpipe-2/4

4830 Beta=Dorf/Dpipe

4900 PRINT USING *12X,*"Dorf(m) Alm 2) Beta""*

4910 PRINT USING ®"12X,(2.6D,.6X),(2.3DE,6%),2.4D0";Dorf,A.Beta

4920 PRINT

4930 PRINT

4940!

4953 ! CORRELATION FOR EXPANSION FACTOR BASED ON 1D AND 1/2D TAPS,
4960!

4978| Ye1-(.41+,35¢Beta‘4)2(Pdel/(GammaeP1))

4980

gggg' ! CALCULATION OF FLOW COEFFICIENT (K) IN SI UNITS.

S010 B=.0002+2.794E-S/Dpipet(.0038+1.016E-S/Dpipe)*(Beta2+(16.5+1,968504E+2+Dp
tpe)*Beta“16)

ot
5030’ ! K1 AND K2 ARE DUMMY VARIABLES TO CALCULATE Ko.

5050 K1=,6014-5.3974064€E-3/Dpi1pe" .25

5060 K2=(,376¢2.8971138E-2/0pi1pe°.25)1#(1.6129€-7/(Dpipe 2+Beta 2+6.35E-5+Dpipe)
+Beta’4+1.5+Beta"16)

G070 Ko=K1+K2

5080 K=Ko+1000#B/Re!".S

S100 ¢ Mu CORRELATION GOOD FOR Torf BETWEEN 17 AND 41 DEGREES CELSIUS.
S120 Mu=4,6971429E-8eTorf+1,.7194722E-5
5140 ' CALCULATE Mdot AND REpipe AND COMPARE TQ PREDICTED RET.

€1h) Mdot=KeAeYe(leliceRhoePde] ) .5

Si7) RepipeciMdnteDpipe) /i MyeAp ipa)

G180 Ditf=(ABS(Rel-Repipa)/ReilelN)

5190 Rel=Repipe

5200 IF D.(ff>.001 THEN S080

%35% gg{n; USING "9X,“°THE FOLLOWING DATA WERE CALCULATED:®*""
2 N

€230 PRIMT USING *12X,.""0Orifice Expansion Factor (Y) = **.2.4D.":Y

524 PRINT USING "12X.""0rifice Flow Coetticient (k) = "",7.4D.":x

€259 znxnr USING “12X,**Dens.ty Basea on Torf (Rho) .« *=,l.4D,°" (kg/m
31"*";Rho
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§%§0“ PRINT USING "12X,“""Viscosity Based on Torf {(Mu) - %, 22.3DE,"" (kg/m.s)
Mu
5270
géggl ! Mu CORRELATION GOQD FOR Tbilk BETWEEN 17 AND 41 DEGREES CELSIUS.
5300 Mu=4.6371429E-8eTblk+}.7198722E-5
5310 Red=>(Mdot+*Dc}/(Mu*Ac)
23%0 Rehd=(Mdot*Dhd)/ (Mu*Ac)
€330¢
g%gg { CALCULATION OF POKER INTO HEATER PLATE.
!
5360 Iadd=0
6370 IF lpos=1 THEN Tadd=39
5380 IF lpos=0 THEN Rpr=2.01729
§390 IF lpos=1 THEN Rpr=2.00839
S400 Qp=(Emf(38+Iadd)*Emf(39+ladd))/Rpr

5410}

%2%3‘ ! CALCULATION OF HEAT INPUT TO AIR.
5440' Qair=Mdat*Cpe(Tout-Tun)

5450!

22§g| ! CALCULATE LOCAL HEAY TRANSFER COEF. AND NUSSELT NUMBER.
CuB80 Kair=?.7257143E-S#Tcin+.024165836

5490 Hin=Qa:r/(Apl*(Twin-Tcin))

5560 Nuin~(Hin+Dhd)/Kair

6510 Kair=7.7257143E-52Tcm1d+.024165836

£620 Hmid*Qair/(Apl#(Tumid-Tcmid))

S530 Numid=(Hmid*Dhd)/Kair

SS540 Xair=7.7257143E-5+Tcout+.024165836

S550 Hout=Qair/(Aple(Tuout-~Tcout))

5560 Nuout=(Hout*Dhd)/Kair

§580 ! Kair CORRELATION GOOD FOR Thlk BETWEEN 17 AND 41 DEGREES CELSIUS.
€600 Kair=7.7257143E-5¢Tblk+.024165836
5620 ! CALCULATE AVERAGE HEAT TRANSFER COEF. AND NUSSELT NUMBER.

5640 Havg=Oair/(ApleTdel)
S6S0 Nuavge=(Havg#*Dhd)/Kair

5678 ' CALCULATE HEAT LOSSES.

5630 Qlol=(Kins+Aple(Tinsol-Tinsol2)i/Xins

5700 Qlo2=(Kins*PAple(T nsol2-Tinso3ii/Xins

5710 Qlo=(Qlol+Qlo)/2

5720 Qlut=tKinseRpie(Tins1t~-Tinsi2))/X1ins

5720 Qli2*KinseApletTins12~-Tinsi3))1/,ns

S74 Qli=(Qli1+Ql12)/72

S7S) Re=2.0e((1-Ecul/(Apl+Ecul)*it . 0/Rol)

€760 Qr+(S1gma* (ABS1{Two*273.15)°4-(Tw:+273,15)° 4111 /Ry
5770 Qdel=dp-air-Qlol-Qr-3111

6790 ! CALCULATE DEAN NUMBER.

5810 De=~.S*Rede(1Dc/2)/R1)".S
5829 PRINT USING "12X,."*Viscosity Based on Tblk (My) = "° 27.30E."" tkq/m.s)

)
5830 PRINT USING *12X,"“Therm Cond Based on Tbik (Kair) = **,7.3DE,"" tH/m.K)"
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f "“:Kair

o S840 PRINT

o G8S0 PRINT USING “12X.“"Patm

)’ 5860 PRINT USING “12X,""Pdel

. 5870 PRINT USING *12X,""Pt
S880 PRINT USING "12X,"“Mdot
©890 PRINT USING “12X.""Repipe

** 6D.0D."" (N/m'2)°*":Patm
**.4D0.DD,"" (N/m*2)°"":Pdel
**.6D0.DD.** (N/m*2)""":P1
**,2.4D,%° (kg/s)**" Mdot
**,6D0.D":Repipe

S900 PRINT USING "12X,°“Red *",60.0" :Red

?gégl PRINT USING *12X,""Rehd “",6D.D";Rehd

2338; ! ONLY PRINT DEAN NUMBER WHEN HEATING CURVED SECTION.
4Q!

5950 IF Itype=1 THEN PRINT USING "12X,"“De = *%,4D.D":De

5960 PRINT

5970 PRINT USING "*12X,""Qp = ** 30.3D,°" (Hatts)"",7X,""Gair = *°,3D.3D,"* (W
atts)*“*i0p,Qarr
o 5380 PRINT USING *"12X,"*"Qlot = **,2D.3D,"" (WHatts)*®,7X,.“"Qls1 - **,2D0.3D,°"
. (Hatts)""":Qlot.Q111
] S990 PRINT USING "12X,*“0Qlo2 **,2D.3D,"" (Watts)*",7X,*"Ql:2 - *°*,2D0.3D,""
*=,2D.3D,"" (Hatts)**,7X,.*"Ql, = °**,2D0.3D0,°°

(Watts)""";0102,0112
#*.20.30,"*" (Hatts)"",7X,°"Qdel = *=",2D.30,.°°

! 6000 PRINT USING *12X,"*Qlo
- (Watts)**"“;Qlo,Ql:
6010 PRINT USING *12X,"*Qr
(Watts)""";0r,Qdel

e, 6020 PRINT
e 5030 PRINT USING “12X,""Hin = °=,3D.DD,"*" (W/m'2C)°*"*,7X,*"*Nusn = **,3D.DD,":M
g in.Nuin
v 6040 PRINT USING “12X,°"Hmid = “*,3D.0D,"" (W/m-2C)°°,7X,"*Numid = **,3D.DD,*:H
. mid.Numid

60S0 PRINT USING "12X, " “Hout
out.Nuout
6060 PIINT USING "12X, "“Havg
C avg.Nuavg
' 6070 PRINT
E 6080 PRINT
St 6090 BEEP
' 6100 INPUT “WILL THERE BE ANOTHER RUN? (!=Y,0=N)",Go_on
6110 IF Go_on<>0 THEN
6120 PRINT USING "9,#"
6130 IF Im=0 THEN WAIT 300
6140 GOTO 1700
5150 END [F
6160 "PRINT USING "8X,*"END OF RUN®*"*
6170 PRINT USING “9,s*
6130 PRINTER IS 1
6190 ASSIGN 8File TO »
6200 END
K21yt
%g%ql ' COMNVERTS EMF TO DEGREES CELSIUS.
=30
n2al SUB TvsviVv,T)
6250 COM /Co/ D(7),Ra(?76.2)
5260 Lume(
2720 FOR I=0 10 7
0280 Sum=Sum+D([)eV"]
) 6290 NEXT [
- 6300 T<Sum
" 6310 SUBEND
v 6320!
N 6330 ' CALIBRATES T/C READINGS.

**,30.DD,*" (W/m°2C)°",7X,"*"Nuout = **,30.DD,":H
**,3D.0D,"" (W/m°2C)"*",7X,"“Nuavg = “",3D.DD,":H
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6340!
5350 DEF FNTcorrtT,I)
6360 COM /Co/ D(7),Rat76,2)
6370 Tc=Ra(].0)
6380 FOR J=1 TQ 2
« 6390 Tc=TcrRall, J)eTY
s 6400 NEXT J
6410 RETURN Tc¢
6420 FNEND




APPENDIX B
SAMPLE CALCULATION

Figure (B.1) shows the components of the heat balance in the test channel. A
sample calculation follows that details the methods used in the data reduction program
to estimate the value of the energy balance components and then calculate the
hydraulic Reynold- number and average Nusselt number for each data set. A copy of
an actual record of one set of experimental data for the concave test section precedes
the sample calculations together with a list of the parameters necessary to make the

sample calculation.

HEATED COPPER WALL

Figure B.1 Test Section Energy Balance.

4
v
!

¥
v b
‘

" o)

- ap L AL ! . ' » y "y -
,i‘.-l'l- KRN ISR N LARNA gty '1'—‘3‘. AHEGES l"!’-l‘ RA AW RIS lt‘i'«!




1.  SAMPLE CALCULATION DATA

Month, Day. and Time: (19:16€:15:14:54
THE FOLLOWING DARTA WERE RECORDED:

Heater Yoltage (Vh) = 9% ,7C5 v
Kesistor Vo,.tage (Vr) = 7,704 (W)
Frecizien Rezistor (hpry o= 2 0172% (Dhme)

suTin Braton

Numtier : 1 z o q < 5
Temp i 72.35 t3.07 Te.un €8.0" 26.20 72090
T Nuntier 7 R o o ! 12
Temp (C): 79.99 72.13 7..77 74,26 TT.03 75.00
1/C liumber: 13 14 1€ 16 17 18
Temg (1 74.32 7¢.52 75.70 63.57 62.45 76.73
7/C Number: 19 20 g 22 23 24
Temp (L) 79.13 R4 .26 8t.87 €9.58 76.27 76.07
7/ Numtier: 25 26 27 28 29 30
Temp (1 77.53 80.33 47.70 79.2% 80.06 83.47
OUTER INSULATION:
1/C Number: 31 (Tinsol} 32 (Tinsol2) 33 (Tinso3)
Temp (C): 82.38 56.88 40.01
ORIFICE TEMP (Torf) = 30.25 (C)
INLET TEMPERATURE :
1/C Number: 35 36 37 38
Temp (C): 22.09 22.07 22.08 22.07
INNER PLATE:
1/C Number: 41 492 3 44 45 46
Temp (C): 23.89 23.69 23.40 23.34 23.21 23.49
T/C Numper: 47 44 a9 SO S 52
Temp ((): 23.28 2€.29 25.56 23.27 24.03 24.23
T/{ Number: 53 G4 €S 56 57 S8
Temp (C1): 231 22.82 23.58 23.€3 23.56 24,02
7/C Humber: 59 €0 61 62 63 64
Temp 10): 23.80 24,49 24,27 24.87 24.68 25.87
T/C Number: 65 (3 w7 68 69 70
Temp (C): 25.56 28.52 25.16 25.04 24,495 24.83
INNER INSULATION:
7/{ Number: 71" (Ting 1 72 (Tins:2) 73 (Tine1 3D
Temp () 24.40 24,13 23.70
QUTLET TEMPERATURE :
1/C Number: 74 75 76 7?
Temp (C): 30.66 36,73 306.65 30.69
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THE FOLLOWING TEMPERATURES WERE CALCULATED:

Average Quter Wall Temperature (Two)
Average Inner Wail Temperature (Twi)

Average Outlet Temperature (Tout)
Average Inlet Temperature (Tin)

Channel Inlet and Qutiet Temp D:ff (Tdiff)

Averaae Bulk Temperature (Tblk)
Mean Temperature Difference (Tdel)

OQuter and Inner Wal! Temp Difference (Twdiff)
Average Local Channel Temp at Inlet (Tcin)
Average Local Channel Temp at Middle (Tcmid)
Averaqge Local Channel Temp at Qutlet (Tcout)
Ava Local Heated Wall Temp at Inlet (Twin)

Avg Local Heated Wall Temp Near Middle (Tumid)
Avg Local Heated HWall Temp at Qutlet (Twout)

a8 5 8 u 8B 8 8 0 N 2
[

THE FOLLOWING ORIFICE DATA WERE EMTERED:
P1M(1nH20) RE1
16.90

Patm(1nHg) DPM(1nH20)
29.86 i7.60

Dorf(m) Alm*2)

0.027318 S.861E-04

Beta

6.52

THE FOLLOKWING DATA WERE CALCULATED:

Orifice Expansion Factor (Y)
Orifice Flow Coefficient (K)
Density Based on Torf (Rho)

Viscosity Based on Torf (My)
Viscosity Based on Tblk (Mu)

Therm Cond Based on Tblk (Kair)

Patm = 100848.13 (N/m°2)
Pdel - 4379.58 (N/m°2)
P1 = 96642.74 (N/m*2)
Mdot - 0.0360 (ka/s)
Repipe = 47611.83
Red - 7697.2
Rehd = 15018.9
De = 397.3
Jp = 360.411 (Katts)
ol = S.308 (Hatts)
dlol = 3.308 tHatts)
lo = 4,303 tWattzs
ar . 1,396 iwattz!
Hin = 73.74 (W/m 20
Hmid = 34,53 tlW/m 20
Hout = 31,48 (W/m 2C)
Havg = 30.47 (W/m 2C)

thD OF Run

Oair
DINR
DINT
Ll

lael

Huin

77

flum1d

Nuou

t

Nuavy

15000.0

32
099 (kg/m°3)

34E-06 (ka/m.3)
20E-02 (W/m.X)

0.9
0.6
1.1
18.616E-06 (kg/m.s)
18.4
2.6

311,991 (Katts)

.0R3 tWatts)
LN gt ts)
LDl tmatt o

30.455 twatts:

37.07
ai, J2
38.03
28.0%

C)
(C)
C)
«C)
(C)
(C)
C)
C)
)
(C)
)
)
)
(C)
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91.755 V P
7.704 V r.
201729 Q

29.86 in. Hg

17.60 in. H,0

16.90 in. H,0

22.08 °C

30.68 °C

76.46 °C

24.1¢ °C

24.40 °C

24.13 °C

23.70 °C

82.38 °C

56.88 °C

40.01 °C

30.25 °C

0262 W. m-°K

1007 J Kg-°K

wet

5207 m
297 m

46971 x 108 x T + L.71947x10°5 Kg'm-s

0380 W'm-°C
0127 m

0.12

5.669 X 108 W m2.°K*
5277

1.40

1.0 Kg-m \-s?
286.98 \\m Kg-°K
1.0

07742 m?

0016 m?

00211 m?

00635 m

0518 m

027318 m
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2. TEMPERATURE CALCULATIONS

a. Average Temperature of the Quter (Inner) Wall

T Y Outer (Inner) Plate Temperatures

(T.. = 76.46°C (24.16°C
wol Twi) Number of Outer (Inner) Plate Thermocouples ( )

b. Average Channel Outlet (Inlet) Temperature

Y Outlet (Inlet) Temperatures
T uT) = = = 30.68°C (22.08°C)
out” “in Number of OQutlet (Inlet) Thermocouples

¢. Channel Inlet to Outlet Temperature Difference
Tyg = Ty - Ty, = 30.68°C - 22.08°C = 8.6°C

d. Bulk Temperature of the Flow Through the Channel
T+ T _ 22.08°C + 30.68°C

Ty = 43— - = 26.38°C

e. Average Temperature Difference of the Heated Wall and Fluid Bulk Temperature
AT = T, - Ty = 76.46°C - 26.38°C = 50.08°C

f. Temperature Difference Between the Outer and Inner Walls
Tedir = Tuo - T,; = 76.46°C - 24.16°C = 52.30°C

3.  POWER CALCULATIONS

a. Power supplied by the Heated Plate

Vh XV 91.755V x 7.704V R
= L = = 350.41 Watts

P R, 2.01729Q

Q
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b. Power Loss Through the Outer Wall Insulation
Qo = (12AQ; + Q)

T, -T.
= (1:2)[( insol inso2 k. A ,
Axins imns p

T. -T.
+ ( msozx. inso3 )kinsApl] =
ins

(0.038 W'm°C)

1.2).07742m?
(12X ™) = 77m

[(82.38 - 56.88(°C)) + (56.88 - 40.01(°C))] = 4.908W

c. Power Loss Through the Inner Wall Insulation

Q; = (172)Qy; + Q)

T ..-T. ..
= (L2)[( msXX. insi2 )kinsApl
ins

+ ( Tinsi2 - Tinsi3 )k ‘\

- Ayl =
AXins imns p.
| 2 (0038 WmC) . | o
(12)(07742m%) ——o [(24.40 - 24.13(°C)) + 24.13 - 23.70(C))] = 08IW
- =3 m

d. Heat Loss by Radiation

1. Radiation Resistance

l-¢ 1
Rr = 2 x( Uy + =
Apl X acu Apl X I:wo wi
12 1 2 s
= ( -1 = 5 ( -1) = 20236 m
Ay &y 0.07742m?" 0.12

2. Heat Radiated
4 4
- iy Two N ij )
r Rr

(5.669 X 10 8)[(76.46 + 273)* - (24.16+ 273)

= = 1.996 W
202.36




4. MASS FLOW RATE CALCULATIONS

a. Pressure Conversions
Poum = 29865 in Hg X 3376.8 = 100848.13 N m?
AP = 17.60 in H,0 x 248.84 = 4379.58 N m?

P, = (16.90 in H,O x 248.84) - 100848.13 = 96642.74 N m?

b. Density of Air
_ P (96642.74)
RT,  (286.98)(30.25 + 273)

= 1.1099 Kg m*

p air

c. Expansion Factor
AP
Y = 1-(0.41 + 0.35p%) —
YP,
4379.58

= 1-[0.41 + 0.35(0.5277)Y] = 0.9859
(1.40)(96642.74)

d. Mass Flow Rate
h = YKA /2gp_ AP = (.9859)K(.0003861m")

X /2(1 Kg-m Ns*}(1.1099 Kg m*¥4379.58 N m?) = 05669K Kg s
Iterate to find m:

Assume a hydraulic Reynolds number = 15000
D. A 0518 x.0016
-~ pipe” ¢ = ( ——) ~ 3.
Re ( I Reha = (Sazow ooz )~ >1961 " Reng

- R ~ 15000(3.1961) = 47942

Cpipe
Interpolate in the appropriate table in Reference 15 for K, the flow coeflicient:
K = .6329

(Note that the cc nputer program used to reduce the data used an approximaiiong
polynonual 1o find e correct value of the flow coetticient, K.)

- m = (.05669).6329) = .0359 Kg s

Solve for the improved value of Repipe:

mD_. 03594.0518)
Re o, = —oiBe- = f i — = 47315
.~\pipepair (021118616 x 10T
Iterate until successive values of m difter by less than 00L m = 030

(LT R




REYNOLDS NUMBER CALCULATIONS

a. Re Based on Pipe Diameter
mD_. . (.0360).0518)

o Re . = = = 47475
5 Asioelty  (00211X18.616 X 10°)
h‘ *
L“ v’h
o b. Re Based on Channel Height
mD 0360)%.00635
Re, = < Lo L 7751

d = 2 3
AM,  (0016)(18.434 X 10°)

e c. Re Based on Hydraulic Diameter of the Channel

th D, (.0360)(.01229) )
Re,, = = : — = 15000.8
AR, (0016)(18.434 X 10°°)

6. HEAT TRANSFERRED TO THE WORKING FLUID

Q,y = e, (Toy - T;y) = (0360 Kg (1007 J Kg-*C)(30.86 - 22.08)°C = 312 W

AVERAGE HEAT TRANSFER COEFFICIENT CALCULATION
Q. 32 W
o AGAT  (07742m?)(50.08°C)

= 80.5 W m?-°C

o]

AVERAGE NUSSELT NUMBER CALCULATION
— hD (80.3 W m2-"C)(.01229m")
1l d K. 0262 W m-"C

air

37.8

DEAN NUMBER CALCULATION
' ] / 2 7751 NGRS Y
Mot De = RL‘J— = J DC = ‘/ : = J00).7

. 9 R, At




APPENDIX C

EXPERIMENTAL UNCERTAINTY

The experimental uncertainty in calculated parameters was determuned in
accordance with the method described by Kline and McChintock [Ref. 23]

The qualitative results shown here correspond to the data set and calculation of
Appendix B. There was a significant decrease in the experimental uncertaints of the
average Nusselt number for Revnolds numbers above 17,000 in this experimentation
compared to that of Galyo [Ref. 14: pp. 104-103] because of the changes made to the
test channel that promoted mixing of the working {luid at the eut of the channel.

The equations used to determine the experimental uncertainty of calculated

parameters are shown below.

1. DENSITY OF THE WORKING FLUID
& 6R 3P 8T,

— == + (P + (=) P
P R Pl orf
2.  MASS FLOW RATE OF THE WORKING FLUID
o Y oK é
—_— = [ — )2 2t e, (020
— = ()7 + (=7 + (")
op_. ]
rayLay 4 (2208

AP

air

3.  HEAT TRANSFERRED TO THE WORKING FLUID

Vg 2 2y v (o
Qair m cp
8(Tout 3 Tin) )2 ] 0.5
(Tout B Tin)
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4.  AVERAGE HEAT TRANSFER COEFFICIENT

Gﬁ—-l(—_ﬂ_w )2+(_ﬂ.6.‘\ ,2+(w)2]0'5
- A AT

5.  AVERAGE NUSSELT NUMBER

‘l‘.‘hd.-uﬂ,z + (6_Dm)2 + (_'S,En)z 103
Nuyg h Dpq K

6. HYDRAULIC REYNOLDS NUMBER

om > on
6&.(&)-4.(_%,-4-(_'&;)2*.(_';’2]05
Re m hd 'a&r [

Several parameters used in the calculations described herein had uncertainties
that were constant over the entire range of testing. These quanutties and their relauve

uncertainties follow.

Quantity (B) Uncertainty (£ 4B B)

A 0020
:\c 0408
Ky
A pl 06
C o 0020
Dc 0300
Dh 4 0391
N 0030
Km.r KV Jht]
p atm 0010
R 0003
\\'i d N80
Y 0020
Mo 034
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The approximating polvnomuals used to resolve thermocouple voltages into
temperatures matched actual temperatures to within less than£0.1°C over a range of
temperatures from 20°C to 85°C; however, in some cases this temperature range was
exceeded. A conservative estimate of the uncertainty of temperatures measured by
thermocouples was set at £0.1°C, the accuracy of the thermocouples specified by the

manufacturer of the thermocouple wire. The following uncertainties were used in

calculauons:
Quantity (T) Uncertainty (£ T)
1bll& 0.1°C
T'm 0.1 ¢
Turf 0.1
ruul 0.1 °C
r“h o1 C
rout " in 0.2 C
AT 0.2°C

For the data taken at a hvdraulic Revnolds number of 15000 in the concave test

section the following additional uncertainties applied:

Quanuty (P) U ncertinty (£ P)

P XIS
AP 0o




The results of the uncertainty calculations at a Reynolds number of 15000 in the
concave test section were:

Quantity (B) Uncertainty (£ 8B B)
P 00445
m 00544
Q,;, 02397
h 02431
Nuy, 04620
Re, , 05703

The major contribution to experimental uncertainty in both the average Nusselt

number and hvdraulic Revnolds number was the uncertainty in cross sectional area of

the channel. The hvdraulic diameter of the channel was a function of channel cross
sectional area, resulting in a relatively large uncertainty in the hvdraulic diameter.
These two parameters accounted for approximately fourty percent of the uncertainty in
the average Nusselt number calculation, and about eighty percent of the uncertainty in
the calculated hydraulic Reynolds number.
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