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ABSTRACT

This report covers analysis and testing Arthur D, Little, Inc conducted

under Rotary Reciprocating Refrigerator Development Programs. To improve
system life, an effort was undertaken to develop all-metal compact heat
exchangers to replace existing heat exchangers which contain organic materials.
Eliminating organic materials increases system life because outgassing
organics can contaminate the helium working fluid and reduce system life,
Perforated plate heat exchangers have been found to have inherently low axial
conduction and are therefore excellent candidates for cryogenic applications
where an all-metal design is required. A total of 11 plate cores were tested;
2 were chemically etched, 1 was mechanically punched, and 8 were manufactured
using electron beam drilling. Hole size, percent open area, and plate
thickness parameters were varied among the plates. Experimental results

were compared to analytical projections and found to differ significantly.

The single-blow transient test technique was used to determine the heat
transfer coefficients and an isothermal pressure drop test was used to

determine friction factors, as a function of Reynolds number.
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SECTION 1
INTRODUCTION

This report discusses testing and analysis Arthur D Little, Inc (ADL) conducted
under the Rotary Reciprocating Refrigerator (RCUBE)} Development Program [11. The
RCUBE cooler operates on a reverse-Brayton cycle to provide cooling at 60 K and 12
K. A schematic of the cycle is shown in Fiqure 1.

Compressor
| ; p
Compressor Assembly =e=———ump- J & Aftercooler Sensor
. b /
Heat Exchanger #1 $ 3 Expander™
s
IEEJI | 60K
Heat Exchanger ¥2 114 $ $=—Heat Load
4 P 4
Heat Exchanger #*3 4 $ Expander ¥2
I\ -
lcijl 12K
Expander Assembly cmmge ] *—Heat Load
o

Figure 1. Schematic of two-expander reverse-Brayton cycle

The counterflow heat exchangers are vital cooler components -- typically each is
required to have an effectiveness on the order of 0.98. Because of the large
required effectiveness, the heat exchangers make up a significant portion of the
cooler mass and volume. In order to reduce heat exchanger mass and volume, compact
heat exchangers composed of perforated plates separated hy G-10 spacers were
developed. lnfortunately, the organic materials in the heat exchangers can outgas
and contaminate the working fluid which reduces system life,
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Since system 1ife is a primary concern, an effort was undertaken to develop
all-metal compact heat exchangers to replace the PCUBE heat exchangers which
contained organic materials. The heat exchangers would he composed of copper
perforated plates separated by stainless steel e-seal spacers. They would still he
a two-pass counterflow design with the high pressure stream in the circular center
section and the Tow pressure stream in the outer annular section (see Figures ? and
3).

Note that the e-seal spacer has twn functions., It both separates the two flow
paths, and inhibits Tongitudinal conduction between adiacent plates. Recause of the
e-seal geometry, the physical plate separation is 0.087" while the conduction path
Tenath is 0,.156" (see Figure 4),

High Pressure Low Pressure
Stream In 1 Stream Out
\ ML
- Perforated Plate

e
F =& 3

o3 t+—— E-Seal Spacer

S
) ll ]lr l S shel

Low Pressuret High Pressure
Stream In Stream Out

Figure ?., Side view of sample heat-exchanger with six plates and five
e-seal spacers




e

AFHAL-TR-88-3102

Low Pressure Stream
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orated Plate 2 25n
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lﬁ 3in 4"

Figure 3. Top view of plate and e-seal spacer

1.125” —b-i

1.5" >

Y77 Y VI 7

l E-Seal / <= 008" 087"

Spacer _{_
% YR YY),
é hol Perforated Plate

Figure 4. E-seal geometry and hole misalignment

Although the all-metal heat exchanger reduces contamination and therefore
increases system life, it also results in a laraer heat exchanger for a given
effectiveness because it doesn't provide as much thermal isclation hetween the
plates. Recause svstem 1ife is considered so important, the increase in svstem mass

and volume is acceptable.




AFWAL-TR-88-3102

RCUBE system requirements dictate the minimum heat exchanger effectiveness and
the maximum acceptable pressure drop across the heat exchangers. Tn order to design
the heat exchangers, heat-transfer and pressure drop data had to be gathered for
various plate geometries and flow conditions. The required effectiveness of the
balanced, counterflow heat exchangers dictates the number of heat-transfer units
("fu) for the entire heat exchanger. Consequently, Ntu/plate was chosen to compare
the heat-transfer characteristics of various plate geometries. The friction factor
was chosen to compare the pressure drop characteristics. Knowing the Ntu/p1ate and
friction factor, the number of plates needed to achieve the required effectiveness
and the associated heat exchanger pressure drop can be determined.

Next, test methods to determine Ntu/p‘ate and friction factor were chonsen. An
isothermal pressure drop test was used to find friction factors while the
single-blow transient test method [2] was used to gather heat-transfer data.

The single-blow transient test method allows a core of plates separated by
e-seals to be tested using only ene flow path (see Figure 5). The room temperature
core is placed into a heated air flow and the air temperature downstream from the
core is recored until a steady state is reached. The core Ntu can he determined
from the maximum slope of the time-temperature plot and the longitudinal heat

conduction in the core,.

Flow Direction

e

1

o
N
e

Fiqure 5. Configuration of test core
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Since each plate in the core is isothermal at any given time during this test
the Ntu/plate data reported is for 100% fin effectiveness. In order to use the data
to design actual counterflow heat exchangers, the fin effectiveness must be
considered (see Appendix C).

Eleven different plate geometries were tested and compared. The plate
geometries that provided the best heat transfer and friction factors were
identified. A1l the perforated plate test sections had 3" diameter cogper plates
separated by stainless steel e-seal spacers and were designed for a helium working
fluid. Two test sections had plates with etched holes (9% and ?4.5% open area), one
had plates with punched holes (23.6% open area), and eight had plates manufactured
using electron beam drilling (20% open area).

Nriginally the punched and etched plates were tested and the testina indicated
that plates with smaller hole diameter to plate thickness (d/t) ratio had better
heat-transfer characteristics. Consequently, ADL searched for a manufacturing
methnd which could produce plates with smaller d/t ratios. They found the electron
beam drilling process, so eight more cores (0.154 < d/t £ 0.750) were manufactured
and tested., The three original test cores had 40 plates separated by 39 e-seals.
As thicker plates were manufactured, the cores had to have fewer plates to fit in
the switching box -- the last 8 cores had 24 to 32 plates. Figure 6 shows an
assembled test section, an e-seal spacer, and the three original plates,

o @D
<P @

Figure 6. Assembled test section, e-seal spacer, and three plate types
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Throughout the tests, the holes in the test cores were misaligned (see Figure
4), 1€ the distance between the plates is small enough the alignment or

misalignment of the holes is expected to affect both heat-transfer and pressure drop
characteristics. Misalioning the holes is expected to enhance heat transfer while
increasing pressure drop and aligning the holes is expected to minimize pressure
drop at the expense of heat transfer. There is an indication [1] that if the ratio
of plate separation to plate thickness is greater than one, the plates won't be
influenced by adjacent plates. The ratio of plate separation to plate thickness
ranged from 4.70 to 1.34 in the test cores. Consequently, the hole misalignment
shouldn't affect the pressure drop through the cores. Furthermore, as long as total
exchanger pressure drop remains acceptablyv small, it's desirable to enhance heat
transfer at the expense of pressure drop.

This repnrt describes the test methods and apparatus used to evaluate and
compare the plates. Evaluations, and resulting modifications, of the test method
and apparatus are also discussed. Data gathered using the final method were
considered accurate ennugh for design purposes and were compared to theoretical
results.

Section 1T discusses the characteristics chosen to compare the test sections
and specifies the measurements necessary to calculate the plate characteristics.
Next, this section describes the test apparatus and procedure. Finallyv, the
assumptions of the sinale blow transient-test and the test conditions that closely
approximate these assumptions are presented,

Section IIT shows the ponor agreement between the test and theoretical results.
The review of the test procedure and the subsequent modifications of the test
apparatus are then discussed. Next, Section III verifies the accuracy of results
obtained using the modified test apparatus. Section IV then presents the results.
Sections V and VI cover conclusions and recommendations.

Appendix A presents the equations used to perform data reduction. The data,
including a time-temperature trace from the modified apparatus and results are
presented here and Appendix B describes the accuracy of the results,
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The theoretical equations used to check the experimental data are derived in
Appendix C. Appendix D compares the steady state and transient analysis to
determine the insulation requirements.

The theory behind the single-blow transient test method is clearly presented by
Pucci et al [2].

. This report is based on a summary report [1] documenting tests performed by Mr
Richard Hubbell, The tests were conducted at ADL under a contract to develop a
two-stage rotary reciprocating refrigerator. Dr Fowle, a consultant to ADL, did the
necessary analytical work tn support the tests.
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SECTION 11
TEST SETUP

1. DATA

Since the objective of the tests was to compare test sections composed of
different plates, a method of comparison had to be chosen. Since the number of
heat-transfer units (Ntu) per plate will dictate the size of the heat exchanger for
anv required heat exchanger effectiveness, the Ntu/p1ate was selected to compare
heat-transfer data. The friction factor (f) was selected for the pressure drop
comparison and data were qgathered for Revnolds numbers ranging from 4 to 666. The
Reynolds number used for all calculations (hole Reynolds number) was calculated
using a hole diameter as the representative length, and the mass flow rate was based
on the minimum free flow area. The following properties were measured and used to
calculate Ntu and f: the mass flow rate, the pressure drop across the test section,
the temperature upstream and downstream from the test section as a function of time,

The Ntu is a function of the longitudinal heat conduction (thermal conduction
in the solid, parallel to the flow direction) and the maximum slope of the
temperature downstream from the test section vs time plot. The relationship between
the lnnaitudinal heat conduction, the maximum rate of change of temperature with
time and the Ntu is presented in tabular and graphic form by Pucci [2]. Note that

the Colburn modulus can be calculated given the heat-transfer number (Ntu), the
Prandtl number (Npr)’ and the plate geometryv (AC/A) using the following
relationship:

= 2/3

i Ntu (AC/A\ NPr / (1)

where

Colburn modulus.

.
]

>
"

Minimum free flow area.
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b
1]

Total heat-transfer surface arca.

=
(]

tu Number of heat-transfer units,

NPr = Prandtl number.

The friction factor per plate can be calculated given the mass flow rate and
pressure drop across the test section during steady state operation,

i 2
. Dh AP p Ac 9.

2nt m2 (2)

where

-
1}

Friction factor.
Dh = Hydraulic diameter.
AP = Pressure change across the test section.
p = Density of working fluid.
AC = Minimum free flow area.
n = Number of plates.
t = Plate thickness.
h = Mass flow rate.
g. = Proportionality factor in Newton's second law.
nh Ac2

2 is a phvsical property of the test section, and the temperature,
bgéssure change, and volumetric flow rate were measured.

2. DE PT OF APPARAT
DESCRIPTION OF us Switching Box

é fﬁ , : Dummy
Resistance Straightening | '
Heater Section TP

T P

&, / / y r v / T /
Compressed / Test Section
Fluid rotometer Yy
(Air or He)

Fiqure 7. Schematic of test apparatus (dummy core in place)
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Dummy

—] Dummy b —— ] Test Section jemp

Test Section

A
|
i

-
BEFORE: DUMMY IN FLOW AFTER: TEST SECTION IN FLOW

Figure 8. Schematic of switch box operation

The test apparatus (Figure 7) consists of a source of compressed air (or
helium), a resistance heater followed by a flow straightening section and the test
section. The test section is in a switching box (Fiqure 8) which allows it to be
moved aquickly into the stream of heated fluid. When the test section is not in
the system, a dummy core, which causes the same pressure drop as the test section,
is in place. Temperature and pressure readings are taken downstream from the
straightening section, and the volumetric flow rate is measured upstream from the
straightening section using a rotometer. The outlet temperature is measured after
the switching hox, and the outlet pressure tap is far enough downstream from the
test section (v3 in) to allow for pressure recovery.

3. TEST PROCEDURE
The test procedure used to collect the data follows:
a. Number of Heat-Transfer lnits (Ntu)
(1) Establish a uniform temperature in the test core by blowing
ronm-temperature compressed air, or helium, through the test apparatus with the

test section in place. A uniform temperature (+0,1°F) is necessary through the
entire test core volume to ensure repeatable results.

10




—j

AFWAL-TR-88-3102

(2) Move the dummy section into the flow to allow the fluid to bypass the
test section,

(3) Use the resistance heater to increase the fluid temperature about

20°F.

(4) Maintain the heated airflow until all the apparatus components reach
a stable temperature. The time-temperature plot should vary less than 1.0°F/hr
once this steady-state condition is achieved.

(5) Next, move the rnom-temperature test section into the hot air stream,
and record the air temperature leaving the test sectinn as a function of time.
The pressure drop across the test section and the dummv section must be within
0.1" H20 of each other to maintain a constant flow rate through the apparatus
before and after the test section is moved into the stream.

(6) PRepeat the procedure for various mass flow rates.
b. Friction Factor (f)

Record the pressure drop across the test section for steady-state,
room-temperature fluid as a function of the flow rate.

4, THEORETICAL ASSIMPTINNS

The transient-test technique is based on assumptions which the test method and
apparatus must insure. The assumptions and the test conditions that closely
approximate each assumption follow:

a. The fluid temperature and velocity profiles are uniform across the
cross~-sectional area of the test section. The flow straighteners insure a uniform
velocity profile, and the time-temperature plot shows when a steady-state, uniform
temperature is reached.

11
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b. The fluid flow rate is steady. This is assured by keeping a large
reservoir of fluid and insuring that the pressure drop is the same across the test

and dummy sections.

c. Longitudinal heat conduction is minimal. This is a design characteristic

of perforated-plate heat exchangers.

d. Heat conduction across the core holder is negligible. An insulated balsa
wood holder, which has low thermal capacity and conductivity, meets this
requirement.

e. The matrix (core) heat-transfer coefficient is independent of pnsition
and time, The plate construction is uniform, and heat-transfer and fluid fiow
effects are distributed uniformly through the core.

f. The thermal properties of the test fluid are independent of temperature.
A 20°F temperature change assures that the properties do not change substantially.
This condition was tested by comparing the Ntu/p1ate for 20, 30, and 40°F changes
in air. The results were within 4% of each other for the same Reynolds number.

a. The gas acts as a perfect gas. At ambient temperature and pressure (test
conditions) air and helium can be considered perfect gases. Also, using air as a
test gas to gather data on helium heat exchangers is appropriate because the
Prandt] numbers of air and helium are verv close (Npr(air) = 0.72, NPr(He) =
n.68).

h. The thermal capacity of the gas in the matrix is small compared to the
thermal capacity of the matrix. A core of 24 - 40 plates was used for the test

assuring quod thermal capacity.

i. Heat conduction in the gas is negligible in the flow direction. The
convective heat transfer is much greater than any gas conduction effects.

12
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SECTION ITY
EVALUATION OF TEST APPARATUS

1. COMPARISON WITH THEORY

The Ntu/plate can be determined as a function of plate geometry and hole
Reynolds number. The equations used to calculate the Nfu/plate assume that

1 o 21000

NPr = 0.7
and the section has a uniform wall temperature. Two laminar flow cases were
considered. O0One case assumed a developing velocity profile in each hole and the
nther assumed a fully developed parabolic velocity profile. The results of the
calculations in Appendix C follow,

FOR A DEVELOPING VELOCITY PROFILE

-0.232 0.520 0,121

(1-0)o  (2.55442.011N. o ) 20.9 %/ 0.417
N,,/PLATE = 0 ke +— d., 5 8(3)
u Re Re  1+0.012[(d/t)Np T
FOR A PARABOLIC VELOCITY PROFILF
(1-0)0"0-232(2 554+2.011 NgéS? 9-121y,4 q 1, c.269
N, /PLATE _ . . -
Nae Npe 1400327 (d/t N 1 -(4)
where
. Ntu = Heat-transfer number.

Ratio of plate open area to frontal area.
Plate thickness.
Hole diameter.

+ Q¢
"

NRe = Hole Reynolds number.

13
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Comparing the predicted values with the test results (Figure 9) showed that
the predicted Ntu/plate are 2.3 to 4.7 times the test results. The actual and
predicted times to maximum slope of the temperature vs time curve were also
compared. The time to maximum slope (6%) is based on the mass flow rate and the
fluid and heat exchanger properties.

mc
o* m ¢
= (5)

m c (air
p()

Ihere:

Mass flow rate of the fluid.

M = Mass of plates.
Cn = Specific heat of plates.
Cpair = Specific heat of air (or helium).

Tahle 1 compares the calculated and measured time to maximum slope for runs 3
and 5,

8™ (sec)
RUN ACTUAL PREDICTED
3 169 151
5 87.5 74.1

Table 1. Comparison of calculated and measured time to the maximum
cooling rate

The actual values were read from the time temperature traces. The difference
in the values indicates a fluid loss; however, it is very difficult to determine
the time to maximum slope accurately from the traces.

Since there were large differences between the actual and predicted values of

both the Nfu/p1ate and time tn maximum slope, the test method and apparatus was
suspect.

14
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2. REVIEW OF TEST PROCEDURE

Because of the discrepancy between predicted and measured values of Nfu/plate
Vs NRe and time to maximum slope, the test procedure was reviewed. The followina
aspects of the test were checked:

ASSUMPTIONS., Uere the assumptions used to model the heat exchanger and
predict the results met during the test?

INSTRUMENTATION. Was the instrumentation accurate enouagh to provide reliahle
data?

CALCULATIONS. Uere the methods and calculations used to manipulate the data
correct?

The instrumentation and calculations were fine; however, there was a large
apparent heat leak that could have been due to either heat leaks, fluid leaks, or
some combination of the two. The test apparatus model assumed that mass flow
remained constant (no flow leakage) and that heat conduction across the core
holder is negligible (no heat leakage). The assumptions upon which the
transient-test technique is based were not met.

a. Heat Leaks

A heat leak was suspected when a temperature difference was noticed across
the core once the system reached steady state. The instrumentation was checked --
it provided accurate sensing. The apparent heat leak was then estimated based on
the following core information:

Ti = Q8°F = Tnlet temperature.
T0 = 95,3°F = OQutlet temperature.
“AT = 20°F = Tnitial temperature step applied to the
core.
h=0.22 1bm/min = Mass flow rate.
'A8 = 340 s = Time to reach steady state.

16
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me = 1.787 1bm = Mass nf plates.
¢ = n.09 RTI/1bm R = Specific heat of plate.
cp(air) = 0.24 BRTU/1bm R = Specific heat of air.

If the temperature difference was due only to a heat leak, the heat loss rate
(q1) can be found from the following relationship:

*

. 4, = cp(air) (Ti -T)

o

(0.2? 1bm/min) (0.74 BTU/1bm R) (98 - 95.3)F (60min/hr)

8.55 RTU/hr

To find the percent heat leak, the rate of heat storage must be estimated.
The heat ahsorbed by the heat exchanger from the start of the test to steadv state
(Q) is calculated using the following equation:

0= mC AT

(1.287 1bm) (0.09 BTU/1bm R) (20°F)

2.316 BTU

The average rate of heat storage (qs) can now be approximated:

4 0 2.316 BTU
§ =-—=-——— (3600 s/hr)

AD 340 s

. = 24.52 BTU/hr

The resulting apparent heat loss rate (q, = 8.55 BTU/hr) is 35% of the heat
storage rate (qq = 24,55 BRTU/hr) -- this is an unacceptable loss.
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h, Fluid Leaks

The apparent heat leak may be partially due to fluid leaks. A reasonahle
estimate nof the heat leak is 4.5 BTU/hr., Tf the heat leak was actually only 4.5
BTU/hr, the fluid leak can be estimated by performing an energy balance on the
system,

’ m
M 9y 2
m1 m2
SRS S —i
T, T,
1 2

Figure 10. Test section control volume

The fluid loss at Section 1 is the critical loss; anv lnss at Section 2
should not significantly affect the test,

dE .,
fq]dt =f — dt +/{m

- + m21)cpT?dt + I(mll + ml)c T,dt

? pl

where
hy = Mass flow into test section.
m11 = Mass flow leaking out of test section at
the entrance.
h, = Mass flow out of the test section.

th,y = Mass flow leaking out of the test section at
the exit.

t = Time,

E = Internal energy.

B Tll (100%) = Percent fluid loss.
™
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The following relaticaship results from the continuity equation:

m2 + m?1 =th, -t

1 1

Now, assuming all the flows are constant, for the steadv-state condition the
percent fluid loss can be found directly from the following retationship:

0,
Aml] = 1 « —— (100%)
mlcp(Tl-TZ)

-1 4.5 BTY/hr hr

(0.22 1bm/min) (0.24 BTU/1bm R)(2.7F) 60 min

47%

The calculations indicated the need to modifv the apparatus te reduce hoth heat
and fluid leaks.

3. MNDTFTCATION OF TEST APPARATUS

The test apparatus was modified using a seal tight design to reduce fluid leaks
and more effective insulation tn reduce heat leaks. The transient behavior of the
insulation, not the steady state behavior, determined how much insulation was
needed. Figure 8 compares the estimated total heat loss vs t.me calculated using
steady state and transient analysis. Measured values of the apparent heat leak are
also presented. Runs 25 and 30 were performed using the modified apparatus. Refore
the modification, the discrepancy between the measured and predicted values (using
both steady state and transient analysis) of the heat leak were large. After the
modification the heat leak for long runs had decreased considerably ard the measure’
and predicted values (using transient analysis) were much closer,
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)
Q INSULATION
S 5 —{ PROPERTIES !
(Btu) | RUN 30
2
S
3
T
=
2 T
32
b
5 g
L £
=
=<

Elapsed Time"!(seg:)

Fiqure 11. Comparison of measured and predicted heat leaks

The modified apparatus reduced heat and flow leaks, producing results accurate
enough for design evaluations. The accuracy of the apparatus can be demonstrated by
comparing the actual and theoretical apparent heat leaks and time to the maximum

temperature slope for various runs.

The heat loss from the system was found using an enerqgy balance assuming no

fluid leakage.

dA
m l m
—— B
T. Té

1

@ ®

Figure 12, Test section control volume
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T T
Moss = {)odt = ég% dt + {:mcpT? dt - f; e, T dt
T
= -mc. (tf - ti) + mcp 6 (T1 - Tz)dt
. where
My = Mass of core.
- Cp = Specific heat of core,

tf = Temperature of core at final steady state.
| t;
f;(T1 - T?)dt = Area under the temperature vs time plot.

Temperature of core before heating.

T = Time for the run to reach steady state.

The test generates data to calculate the actual heat leak. The predicted heat
loss for infinite insulation can be estimated using tabulated values of heat Toss as
a function of insulation properties and the time needed to reach the steady-state
condition., The actual time to maximum slope can be read from the time-temperature
plot and equation (5) generates the predicted time to maximum slope.

The results of the comparisons for test runs 2?5 and 30 are presented in Table 2,
The runs show excellent aqreement between the predicted and measured values and
indicate minimal heat and fluid losses.
. *
RUN T (sec) 0 (BTU) 8 (sec)
Measured Predicted Measured Predicted
25 117 0.2% 0.17 38.0 38.9

30 420 0.45 N.35 293 298

Table 2. Comparison of actual and predicted apparent heat
leak and time to maximum slope
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SECTION 1V
TEST RESULTS

The three heat exchanger core tyvpes (punched, etched, and electron beam drilled
(EBNY) were tested four ways. The punched and EBD plates have a breakout caused by
manufacturing (See Figure 13). Tests were run with the breakout facing both
upstream and downstream. The orientation of the core affected the Ntu/plate but did
not affect the friction factor. Since the etched plates do not have breakouts,
orientation was not considered. The etched plates were tested with both helium and
air to insure there was not a significant Prandt] number effect--there wasn't.

Figure 14 presents both the theoretical and measured friction factors as a
function of hole Reynolds number. The theoretical results were calculated using
equation (C44) and are presented in Tables C1 and C?. The theoretical results show
that the friction factor decreases as the percent open area increases and as the
hole diameter to plate thickness ratio decreases. The experimental results indicate
that the friction factor is more sensitive to the hole diameter to plate thickness
ratio than the percent open area. As the hole diameter tn plate thickness ratio
decreases, the friction factor also decreases.

Figure 15 shows that the friction factor data didn't depend on the test gas
(air or helium) or the core orientation.

Figure 16 presents the theoretical and measured heat-transfer data. The
theoretical results presented assume a parabolic velocitv profile in the holes, were
calculated using equations in appendix C, and are tabulated in Tables C3 and C4.

The theoretical results indicate that Ntu/p1ate increases with decreasing d/t ratio.
The experimental results indicate that for hole Reynolds numbers above 30, the
Ntu/plate increases as d/t decreases. Also, the slope of the Ntu/plate Vs NRe
decreases as d/t increases.

Figure 17 demonstrates the dependence of the heat-transfer data on plate

orientation (or hole shape). Both the punched and EBD plates were oriented in the
core with all the hole breakouts facing the same direction. When the core was
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BREAKOUT FACING UPSTREAM
/-’

N /plate FACING DOWNSTREAM

ELECTRON BEAM DRILLED PLATE

L

d = 02"
t :=.065”
o = 20"
A T L v T LUMEE SN B |
10 " 100
Re
1.0 -
ﬁ
) /=P BREAKOUT FACING UPSTREAM
Ntu/plate r
J
] BREAKOUT FACING
DOWNSTREAM
4 PUNCHED PLATE .
= 018"
t.=.021"
o = 236" .
A . g r Y vy
10 100
N e

Figure 17. Effect of plate orientation on Ntu/plate
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oriented so the fluid in the holes followed a converging path, the Ntu/p1ate for a
given NRe was higher than for a core oriented so the fluid followed a diverging
path, This small, but measurable, increase in Ntu/p1ate is probably due to less
flow separation in the holes.

The heat-transfer data didn't depend on the test gas (Figure 18).

Note that the thenretical heat-transfer predictions are not accurate. Both the
predicted slope and intercepts are off resulting in predictions that are too high
(bv as much as a factor of 20 for low NRe and low d/t). Alsn, the model failed to
predict that larger d/t ratios result in larger drops in Ntu/plafe as NRe increases.
The discrepancies are probably due to uncertainty over actual fluid flow in the
holes., Clearly hole shape affects the heat-transfer data and the model assumes
cylindrical holes with no flow separation. Actually the holes are not
cylindrical and there may be flow separation which accounts for the
lower measured Ntu/p1ate values.

4 o 1 1

t'= .0185"

T 1 ¥ T[‘TIT L] T 1 rm 1 T 1 71

10 100 1000
Re

Figure 18. Comparisdﬁ df helium and air heat-transfer data
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SECTION V
CONCLUSIONS

1. The modified apparatus using the single blow transient test method to determine
the heat-transfer characteristics of perforated-plate heat exchangers produces
results accurate enough for design evaluations.

2. The transient test method is somewhat insensitive to heat leaks when used to
determine the average heat-transfer characteristics of perforated-plate heat
exchangers. The test technique is; however, very sensitive to heat leaks (and all
assumptions) on an individual basis. If the assumptions aren't insured by the test
method, the individual results aren't repeatable.

3. Transient behavior dictates the amount of insulation needed for the test
section, not steadv-state conditions.

4. Air can be used to test heat exchangers designed for helium systems.

5. Hole shape affects the heat-transfer characteristics. The increase in Ntu/pIate
when the punched and ERD plates were tested with the breakout facing upstream
indicates that a converging-diverging hole may provide better heat-transfer
characteristics.

6. Heat-transfer characteristics depend strongly on the hole diameter to plate
thickness ratio. For hole Reynolds numbers greater than 30, the Ntu/p1ate increases
as d/t decreases. Also, the Ntu/pIate doesn't decrease as quickly with increasing
NRe for smaller d/t ratios.

7. The mndel used to determine the Ntu/p1ate doesn't completely describe the
svstem., The correlation between the theoretical and experimental results is poor,
but is better assuming a paraboalic velocity profile instead of a developing velocity
profile in the holes., The difference between the predicted and actual values is
probably due ton uncertainty over actual! flow conditions in the holes,
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SECTION VI

RECOMMENDATTONS
1. Further investigation should be conducted to determine the effect of hole shape
on Nfu/plate. Also, manufacturing techniques should be investigated to find ways to
manufacture plates with a smaller d/t ratio.
?. Use an analog to digital converter and a minicomputer to record the temperature
downstream from the test section. This will reduce the possible error in reading

the slope and will reduce the corresponding error in the Nfu/pTate vs hole Reynolds
number from * 6% (low NRe) or + 3% (higher NRe) to Tess than * 1%.
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APPENDIX A - DATA REDUCTTON

The test sections that were tested are shown in Figure 1.

Temperature,

pressure, volumetric flowrate, and the time-temperature history were recorded for
each run, This data was reduced using the following method to calculate the Colburn

modulus and friction factor vs hole Reynolds number.

The calculations are presented

in the following order: mass flow, hole Reynolds number, number of heat-transfer

units, Colburn modulus, and friction factor.

1. MASS FLOW

Start with the definition of mass flow:

.
t

OACV

Assume: Perfect Gas

*® _ py
© = Br
= o8
Ve o J RT
. v
m = f oP

32
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there:

V = Velocity of fluid entering test section.
Ac = 0Npen area of plate,
h = Mass flow rate,
Vf = VAC = Volumetric flow rate.
R = Gas constant.
v p = Density.
) P = Pressure.
T = Temperature.

The volumetric flow rate is available as a percentage of a full-scale

reading.

Let:
GF = Flow meter full-scale flow.
SR = Scale reading.
RAir = §3.34 ft 1bf
Tbm R
RH = 386.0 ft 1bf
€ Tbm R
G2 )
z\rE1 T
1bm 1bf, |
(=) (—)
Sp FGF (ft3/min)] o ft P in 12in
m = :

. A\///’ £t 1bf! T (R) ft
53.34 1bm R
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For air: (lﬁﬂ) (lﬁf) T
m (1bm/min) = 11,6444 Sk GF(Ft3/min) p ft3 P in2 (A3)
T (R)
For helium: (1bm, (lﬁf)‘i
M (1bm/min) = 0.611 Sp Gc(ft3/min) [P ft3 P in2 (A4)
T (R)

NOTE: Use upstream fluid properties.

2. HOLE REYNOLDS NUMBER

Again, start with the definition of the hole Reynolds number:

oV Dh

Re U (A5)

3
=)
>

=
=
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FROM THE DEFINTTION OF AC:

o(1D?)
A = A 1
¢ 4

9
= om( , ) in?

‘ ) deh
Re ~ Ggut.
9amu
_ 4m (1bm/min) ﬂh (in) min 124n
om(9in2) u (1bm) 60sec ft
sec ft
N < 2.829 x 1077 4 (lbm/min) D, (in)
Re .0 u (1bm/s ft)
Where:
hm = Mass flow rate.
Dh = Hydraulic diameter of hole.
D = Plate diameter.
d = Hole diameter.
o = Ratio of the plate open area to frontal area.
u = Fluid viscosity,

The Revnolds numher is based on the charateristics of one hole. Note that
the hydraulic diameter of anv cylindrical pipe is the pipe's diameter,
Consequently, the equation for Revnolds number can be rewritten as follows.

-2,
. " . 2.829 x 10 _m(1bm/min) d(in)

Re o u (1bm/s t)

(A6)
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3. NUMBER OF HEAT-TRANSFER LUNITS

Pucci [2] presents the Ntu as a function of the maximum <lope and
Tongitudinal conduction parameters both graphically (Figure 3{2]) and tabularly
(Table 1[21). To find the Neyo
parameters must be calculated.

the maximum slope and longitudinal conduction

a. MAXIMUM SLOPE PARAMETER

The maximum slope parameter is defined as follows:

dte,/d® [max

MAX. SLOPE PAR = (A7)
c
th pAtfl
MSCS
Yhere:
do max = The maximum slope of the trace of outlet
temperature vs time,
Atf1 = Step change imposed on inlet gas temperature.
MS = The mass of the heat-transfer core.
CS = The specific heat of the heat-transfer core.
cp = The specific heat of the fluid.
h = Mass flow rate of the fluid.

The mass of the core can be determined from the plate geometrv and the number
of plates,

WD?
M = (—)(1-0)tnp (A8)
S 4
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where

Plate diameter.

I

Ratio of plate open area to frontal area.
Density of plate.

Plate thickness.

3 &+ © QA D
"

"

number of plates in the core.

b. Longitudiral Conduction Parameter

The longitudinal conduction parameter is defined by the following ratio:

longitudinal heat transport by solid conduction

A= heat transport to flowing gas

The longitudinal heat transport by solid conduction can be hroken into
two components: conduction in the e-seals and conduction in the shell,

kkAk + ke-sea] Ae-seal
by Leseal (A9)
A= .
“p
kk = 9 BTU/hr ft R (stainless steel)
Ak = 0,015 in2
Lk = 4,2 in
. 186"

t .008»

1.125% ¢

Figure Al. E-seal dimensions
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7 BTU/hr ft R (Inconel)
2.25" (0,008") ™
(0.156" in/e-seal) (39 e-seal)

kesea1
Aesea]
eseal

KA (9 BTU/hr £t R) (0.015in2) £t hr

K 4.2in 12in 60min

5

= 4,464x10"° BTU/min R

Keseal Peseal . (7 BTU/hr ft R) (2.25in) (0.008)T ft  hr

L

eseal (0.156 in/e-seal) (39 e-seal) 12in  A0Omin

5

= 9,036 x 107" BTU/min R

-5

(4.464 + 9.N36) x 107" BTU/min R

h (1bm/min) (0.24 BTU/Tbm R)

5.63 x 10°°

m (1bm/min)

(For air)

1.09 x 1074

h (1bm/min)

(For helium)

4, COLBURN MODULUS (j-factor)

The definition of the Colburn modulus follows:

i = Nep Np2/4 (A10)
2
= h_— NPY‘ /3
G c

p
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But N =z —
tu the

Pr (A11)

there:

tu = Heat-transfer units.

= Minimum free flow area.

Total heat-transfer surface area.
= t+ R

Pr Prandtl number

. Z > >
]

= Colburn modulus.

5. FRICTTON FACTOR

Dh Ach

nt?pV?

But h = OACV

- ' 2
Dh A PpAc 9%

2nt M2 (A12)
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Where:
f = Friction factor.
(AP = Pressure change across the test section.
n = Number of plates.
t = Plate thickness.
9o = Proportionality factor in Newton's second law.

Tables A1-A5 present the reduced data. Tables Al and A2 present the friction
factor data, Tables A3 and A4 present the heat-transfer data collected using the
modified apparatus, and Table A5 presents the heat-transfer data collected using
the unmodified apparatus. The EBD and punched core tests were run with different
plate orientations. The core descriptions in Tables Al1-A5 refer to the following

plate orientations:
Alternating >

Enhanced
Breakout facing upstream >

Mot Enhanced
Breakout facing downstream >

Figure Al is a sample time/temperature plot for one run.
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E;n 1bmy [AP("H,0) ter. : a0 N GAS Core
m(ﬁTﬁ) Al fluid(°F) Re Description
. 1 0.025 0.09 76.0 4.29 9,52 Air Punched
2 0.049 0.13 76.0 8.57 3.44 Plate
3 0.099 0.19 76.0 17.15 1.26
. a4 0.173 0.38 76.0 29.99 0.82 Rreakout
5 0.247 0.59 76.0 42.85 0.63 facing
upstream
6 0.119 0.74 76.0 20.57 1.10 d=0.081"
7 0.237 0.57 76.0 41.13 0.66 t=0.071"
8 0.356 1.03 76.0 61.70 0.53 -0=0,236
9 0.474 1.70 76.0 82.25 0.49
10 0.911 4,65 76.0 158.11 0.36
11 0.075 0.12 75.0 13.0 1.39
12 0.100 0.16 75.0 17.34 1.04
13 0.120 0.23 75.0 20.80 1.04 Breakout
14 0.239 0.55 75.0 41.61 0.62 facing
15 0.335 0.91 75.0 58.24 0.52 downstream
16 0.479 1.65 75.0 83.20 0.47
Helium Etched
19 0.018 0.77 70.0 25.60 1.43 Plate
20 0.072 1.75 70.0 51.71 0.81
21 0.108 3.20 70.0 76.80 0.66 d=0.0785"
22 N.126 4,30 70.0 89.60 0.65 t=0.0185"
23 0.16? 6.50 70.0 115,71 0.60 ,0=0,09
Air
24 0.025 0.10 75.0 18.04 1.81
25 N.050 0.16 75.0 36.06 1.08
26 0.075 w0.25 75.0 54.12 0.77
27 0.100 0.39 75.0 72.16 0.68
28 0.125 0.55 75.0 90.27 0.61
29 0.150 0.73 75.0 108.31 0.56
. 30 n.175 0.93 75.0 126.35 0.52
31 0.183 0.99 75.0 131.76 0.51
32 0.192 1.16 75.0 138.62 0.55
. 33 0.240 1.70 75.0 173.25 0.51
34 0.360 3.57 75.0 259.92 0.48
35 0.432 5.08 75.0 311.87 0.47
36 0.480 6.31 75.0 346.51 0.48
37 0.923 18.20 75.0 666.1 0.37
Table Al., Friction factor data - punched and etched plates (40 plates/core)
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Run Tbmy |AP("H,0) |tey 2aro M f GAS Core
m{ﬁTi) 2 fluid(°F) Re Description
Air Etched
1 0.0508 0.07 69.0 16.1 2.727 Plate
? 0.1016 n0.14 69.0 32.21 1.364
3 0.1523 0,24 69.0 48,31 1.039 d=0.,0295"
4 0.2031 0.34 69.0 64.41 0.828 t=0.0185"
5 0.2539 0.45 69.0 80.5?7 0.701 | c=0,745
6 0.0487 0.07 69.0 15.46 2.961
7 0.0975 n.14 69.0 30,91 1.480
] 0.1949 0.33 69.0 61.82 0.R72
Q 0.2924 0.56 69.0 92.73 0.658
10 0.3898 0.85 69.0 123.60 0.562
11 0.4873 1.21 69.0 154 .60 0.512

Table Al. Concluded
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Run 1bmy | AP("H,0) {teq. s 470 N f GAS Core
m(ﬁTi) 2 fluid(°F) Re Descriptiaon
1 0.929 6.14 —70.0 117.3 0.081 Air 24 Plates
. ? 0.742 4.1? 70.0 93.6 N.085
3 0.481 ?2.67 70.0 60.7 0.131 d=0.010"
4 0.433 2.3 70.0 54.6 0.140 t=0.065"
v 5 0.385 1.94 70.0 48.5 0.149 6=0.,20
6 0.336 1.63 70.0 4?2 .5 0.164
7 0.288 1.34 70.0 36.4 N.183 Alternating
] 0.240 1.07 70.0 30.3 0.211 Pattern
9 0.192 0.82 70.0 24,2 0.252
10 0.144 0.60 70,0 18.2 0.328
11 0.096 0.39 70.0 12.1 N.480
12 0.048 0.21 70.0 6.1 1.03
13 0.125 0.50 70.0 15.8 0.363
14 0.100 0.04 70.0 17.6 0,442
15 0.075 0.30 70.0 9.5 0.605
16 0.050 0.20 70.0 6.3 0.908
17 0.025 0.12 70,0 3.2 2.2
69 0.940 8.42 73.0 118.1 0.121 32 Plates
70 0.749 5.60 73.0 94,2 0.126
71 0.486 3.73 73.0 61.1 0.199 da=0.010"
72 0.437 3.22 73.0 55.0 0.213 t=0.045"
73 0.389 2.74 73.0 48.8 0.229 0=0,20
74 0.340 2.30 73.0 42 .7 0.251
75 0,291 1.88 73.0 36.6 0.280 Not Enhanced
76 0.242 1.50 73.0 30.5 0.322
77 0.194 1.16 73.0 24 .4 0.389
78 0.145 0.83 73.0 18.3 0.495
79 0.097 0.55 73.0 12.2 0.738
80 0.048 0.29 73.0 6.1 1.557
81 0.176 0.70 73.0 15.9 0.554
82 0.101 0.55 73.0 12.7 0.680
83 0.076 0.40 73.0 9.5 0.879
84 0.050 0.28 73.0 6.3 1.384
85 0,025 0.14 73.0 3.? ?2.770

Table A2, Friction factor data - ERD plates
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Run Tbmy AP("H,0) f{teq. :4/0 N f GAS Core

m(ﬁTﬁ) 2 fluid(°F) Re Description

52 0.837 8.02 75.0 157.3 0.176 Air 27 Plates

53 0.742 5.89 75.0 139.4 0.164

54 0.481 3.68 75.0 90.4 0.243 d=0.015"

55 0,433 3.14 75.0 81.3 0.256 t=0.065"

56 0.384 2.62 75.0 72.3 0.271 0=0.20

57 0.336 2.16 75.0 63.2 0.292

58 0.288 1.76 75.0 54.1 0.324 Not Enhanced

59 0.240 1.39 75.0 a5.: 0.368

60 0.192 1.06 75.0 36.1 0.439

61 0.144 0.75 75.0 27.0 0.533

62 0.096 0.47 75.0 18.0 0.779

63 0.048 0.24 75.0 9.0 1.592

h4 0.125 0.61 75.0 ?3.5 0.596

65 0.100 0.47 75.0 18.8 0.718

66 0.075 0.34 75.0 14.1 0.923

67 0.050 n.”5 75.0 9.4 1.527

68 0.025 0.12 75.0 4.7 2.933

18 0.973 8.58 75.0 731.3 0.703 | 27 Plates

19 0.735 5.48 75.0 184.3 0.704

20 0.477 3.52 75.0 119. 0.310 d=0.020"

21 0.429 2.98 75.0 107.5 0.324 t=0.0n65"

2? 0.381 2.46 75.0 95.5 0.339 0=0.20

73 0.333 2.0 75.0 83.5 0.360

24 0.286 1.6 75.0 71.6 0.392 Enhanced

25 0.238 1.24 75.0 59.6 0.438

26 0.190 0.9? 75.0 47,7 0.508

27 0.143 0.65 75.0 35.7 0.639

28 0.095 0.41 75.0 23.8 0.907

29 0.048 0.20 75.0 11.9 1.77

30 0.124 0.52 75.0 31.0 0.678

31 0.100 0.40 75.0 24.8 0.815

32 0.074 0.30 75.0 18.6 1.086

33 0.050 0.20 75.0 12.4 1.630

34 0.025 0.10 75.0 6.20 3.260

Table A2. Continued
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Run 1bm, [AP{"H,0) |t < afo N f GAS Core
m(ﬁﬁﬁj ? fluid(°F) Re Description
. 35 0.922 8.78 75.0 ?231.2 0.196 Air 27 Plates
36 0.735 5.26 75.0 184.3 0.196
37 0.477 3.17 75.0 119.5 0.279 d=0.020"
. 38 0.429 2.66 75.0 107.5 0.29n0 t=0.065"
39 0.381 2.21 75.0 95.5 0.305 0=0.20
40 0.333 1.79 75.0 83.5 0.323
41 0.286 1.44 75.0 71.6 0.353 Not Enhanced
a» 0.238 1.12 75.0 59.6 0.396
43 0.190 0.84 75.0 47.7 0.464
44 0.143 0.59 75.0 35.7 0.580 ;
45 0.095 0.37 75.0 3.8 0.818 !
46 0.048 n.19 75.0 11.9 1.681 '
47 0.124 N.48 75.0 31.0 0.626 i
48 0.099 0.38 75.0 24.8 0.774
49 0.074 0.28 75.0 18.6 1.014
50 0.50 0.19 75.0 12.4 1.548
51 0.745 0.10 75.0 6.7 3.260
86 0.930 6.32 77.0 174.3 0.138 37 Plates
87 0.742 4.14 77.0 139.1 0.141
88 0.48? ?2.61 77.0 90.3 0.211 d=0,015"
89 0.433 2.20 77.0 81.2 n,220 t=0.,045"
90 0.385 1.85 77.0 72.2 0.234 0=0,20
91 n.337 1.53 77.0 63.1 0.253
92 0.788 1.23 77.0 54.1 0.277 Alternating
93 0.240 0.97 77.0 a5.1 0.315 Patterns
94 N0.192 0.73 77.0 36.0 0.370
95 0.144 0.54 77.0 27.0 n.487 ;
96 0.096 0.34 77.0 18.0 0.690 i
97 0.048 n.18 77.0 Q.0 1.461 ;
98 0.125 0.42 77.0 23.5 0.502 !
99 n.100 0.34 77.0 18.8 0.635 i
100 0.075 0.25 77.0 14.1 0.831
101 0.050 0.18 77.0 9.4 1.346
102 0.025 0.10 77.0 4,7 2.991
.
. Table A2. Continued
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Run Tbmy {AP("H,0) fteq. <470 N f GAS Core

n(mmn) 2 fluid(°F) | "Re Description
103 0.926 5.99 77.0 ?31.5 0.174 Air 37 Plates
104 0.739 3.95 77.0 184.7 0.180
105 0.480 2.38 77.0 119.9 0.7256 d=0.020"
106 0,432 1.99 77.0 107.9 0.765 t=0,045"
1n7 0.383 1.64 77.0 95.8 0,277 g=0.20
108 0.335 1.33 77.0 83.8 0.293
109 0.287 1.05 77.0 71.8 0.315 Alternating
110 n.239 0.81 77.0 59.8 0.350 Patterns
111 0.191 0.60 77.0 47.9 0.406
1172 0.144 0.41 77.0 35.9 0.493
113 0.096 0.26 77.0 ?3.9 0.704
114 N0.048 0.13 77.0 12.0 1.407
115 0.175 0.34 77.0 31.? 0.542
116 0.100 0.26 77.0 24.9 0.648
117 0.075 0.19 77.0 18.7 0.84?7
118 0.050 0.13 77.0 12.5 1.296
119 0.025 0.07 77.0 6.2 2.792
120 0.941 6.71 68.0 119.1 0.223 31 Plates
121 0.751 5.19 68.0 95.1 0.269
12? 0.487 2.97 68.0 61.7 0.366 d=0.010"
123 0.438 2.54 68.0 55.5 0.386 t=0.020"
124 0.389 2.12 68.0 49.3 0.408 o=0.20
125 0.341 1.68 68.0 43.1 0.423
176 0.792 1.44 68.0 36.9 0.493 Alternating
127 0.243 1.15 68.0 30.8 0.563 Patterns
178 N.194 0.88 68.0 ?24.6 0.679
129 0.146 0.63 68.0 18.4 0.864
130 0.097 0.4?2 68.0 12.3 1.296
131 0.049 0.21 68.0 6.1 ?.594
132 0.253 1.18 68.0 32.1 0.536
133 0.288 1.0 68.0 28.8 0.578
i34 0.203 0.9 68.0 ?5.6 0.639
135 0.177 0.78 68.0 ?22.4 0.724
136 0.152 0.64 68.0 19.2 0.808
137 0.126 0.53 68.0 16.0 0.964
138 n.101 0.40 68.0 12.8 1.137
139 0.076 0.31 68.0 9.6 1.567
140 0.051 0.21 68.0 6.4 2.389
141 Nn.025 0.11 68.0 3.2 5.006

Table A2. Continued
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Run 1bmy [AP("H,0) {teq. :ar0 N f GAS Core
m(ﬁTﬁ) 2 fluid(°F) Re Description
147 0.933 6.63 70,0 176.6 0.354 Air 29 Plates
. 143 0.744 3.97 70,0 140.8 0.332
144 0.483 2.38 70.0 91.4 0.47? d=n,015"
145 0,434 1.99 70.0 82.2 0.487 t=0.0720"
v 146 0.386 1.64 70.0 73.1 0.509 ag=0,20
147 0.338 1.32 70.0 63.9 0.535
148 0.789 1.05 70.0 54 .8 n.579 Alternating
149 0.741 0.82 70.0 45.6 0.652 Patterns
150 0.193 n.61 70.0 36.5 0.758
151 0.145 0.42 70.0 27.4 N.928
152 0.096 0.27 70.0 18.2 1.342
153 0.048 0.14 70.0 9.1 ?.783
154 0.751 0.85 70.0 47.5 0.62?
155 N.726 n.74 70.0 47,8 0.669
156 0.201 0.62 70.0 38.0 0.709
157 0.176 0.52 70.0 33.3 n.777
158 0.151 0.43 70.0 ?8.5 0.875
159 n.125 0.34 70.0 23.8 0.996
160 0.100 0.76 70,0 19.0 1.190
161 0.075 0.19 70.0 14,2 1.546
162 0.050 0.13 70.0 9.5 2.381
163 0.025 0.07 70.0 4.7 5.128
Tahle A2. Concluded
47




AFWAL-TR-88-3102

(940d/s93e(d Op) saje(d paydojo pue paysund - eILP UB4SURUG~IRSH "¢y 3|qe)
4Ly 95¢ U 9¢°01 6L°G9T] 9€6°V0 [8E°00T | v9°SL | 8BECTO LS
£SL°0 ol°0g 8¢°¢l SLv'1 |EL'u6 [EL°9L | 8IO"U 9¢
£E9°0 1£°G¢ 69°¢t viv'l jvL°66 |9¢°9L | 8¥0°0 55
19 m wni | oK €cr’0 vo"91 85°G8 | €8I'L 16¢ 00T | Le"LL ) Gel™0 vSs
ey~ NOL7e=N 661°0 86°L B°9v9[ 6€8°0 |WU'E6 | Lc'SL|6l6"0 £9
861°0 86°L €8°099| LEB'0 |6€°¢6 | SEVL| Peb'U 2
OLv™0 08°8I1 9104 | ¢I¢"T |6€790 [ 91°0L | 00T°U ov
bU"0=0 v6v°0 LL761 ¢8°19 | 9¢c’l |[S€°86 |S9°8L| vL0°0 9y
n4810°U=1 v4¢°0 91°01 8°CEE| €€6°0 |9¢°86 | 8Y'9L] 9L¥T0 £y
n§8¢0°0=P L5¢°0 82°01 §°T€¢| 8to'U [EL'YOI [ S9°6L ] VEE'O A
LLy°0 ¢8°81 S6°¢8 | 8IS°T JT19°€0T ) 9¢°6L) 02170 Iy
a3eld paydiy SL¢°0 00°T1 [7991| S96°0 597201 | 8¥° 6L j06EC"0 oy
£95°0 L9°¢¢ v6°8t | EvE'L vk 001 [ 9¢78L | ¢€C°0 LE
8LV 0 ¢l6l 0¢°6t Sve’l |4¢700T | L1794 vEC™U 9¢
ATV Le°01 LO"9ST| 6€6°0 [€8'E6 | G0°LL ¢c6'0 vE
EN N b9€" v LLvl 68708 | 8UL'L 165°96 |GS°LL] 6LV U e
105°0- N ¢EE="N wv"0 S9°L1 0L°9S | L6T'L ¢5°S6 [9¢°9L] 9¢¢°0 ct
90L°0 £¢°8¢ 68°61 Eoy 1 [<¢S°SOT | 19°8L} 61170 0¢
Wead 3 sumop 0v0°1 09°1y L9°¢l 19971 1/8°¢6 | 60°8L| SL0°0 6¢
buidoey 3noyesuy ¢1L70 Lv°8¢ 9,.°91 Lvp'T J16°66 | 16°LLf 00170 8¢
Log-u-_ v 097e="N 99,0 €9'0e | ¢w'91 | 26v°1 [8p7s6 | 96794 | wuI®y L
9Ec¢ Y=o 16171 86 ot 88°¢1 9T’ |eS57°06 [96°SL| Y670 Y¢
n1¢0°0=14 86¢°0 88°11 §G°waly S00°1 0°96 |ce'8L| Gl67U ¢
w810°0=P LU¥"0 b¢ Yl 90708 | 09171 |8BL'¢b | L& LL] 9LP°0 ve
weau3sdn ynoxeadq 008"V 66" L€ lo'61 EES"1 Lol [ 96°LL ] 61170 £¢
93e|d paydung 4Ly vSy°U 0L1°81 vLo4S 8l¢’l 8°001 | 99718 ] cct 0 e

seg a3e|d uad adjauededl  (40) | (do) Ul

uoL3dLudsa(j 3u0) +S9] =+z (10303 =+z mmz mmmﬂm _wu ?u TR uny

48




AFWAL-TR-88-3102

pspniouv) “‘gy 9(qe}
n
¢mm.c-mmz £l p=""N
96%°0 21 61 16 vee 1 1°66 v°SL| 691°0 9
ILe0 80°11 91°€¢L 296°0 146 €7¢L| U¥2 0 g
4b¢'0=0 Su¢U 81°8 0°8vll 8¥8°0 v dob STeL| ¢80 1%
wS810°0=3 642°0 G1°11 €01y 94670 1°vo €7¢L]| 09€°0 £
15620° 0=P yov°0 £5°02 p0° LE £9¢° [ L°96 L72L] 12170 2
a3e|d payoly ALy 80§ °0 £1°12 66°0¢ 6i¢ 1 L°€6 o'te | TUTU 1
seg aje(d Jad pojoliearg | (o) (do) uLl
UoL3dE4dS3( 3u0) 3S9] :uz (L2303 :pz mzz ¢mmﬁm pw wu TR uny

49




AFWAL-TR-88-3102

mmvm_.a ugl - eijep 494SUU} -3 RIH .¢< ol4yer
3 na GEE"0 S0°6 0°1S1] ¢88°0 €°L6 €718 628"V S1
oz u- N 997T1=""W 0¥°0 ¥8°01 € ver] €96°0 | 6°86 18] 8¢L70 Al
6SL°0 8t°02 7oLl 182°1 6°€0T | 9°¢L] 96070 €1
padueyud 0N PUS°0 V9 €l G5°68 | 690°1 0°€6 G°8L] 88¥°0 ¢l
0¢°0=9 €650 0°91 §°b9 £61°1 8° 56 6°94] 18€°0 1t
wG10°U=P L9Y°0 9°¢1 6°1§ 10" { 9°00T | $°9¢} 98¢0 vl
0G90°0=% 6€S°0 vS° V1 G°EP Wil 901 | 9Ll ¢veo b
soyejd /¢ 99§y QLI PARILS LOL°T P11 | €°4£]691°0Q 8
3 n3 11$°0 GI°¢1 v°U6 §S0°1 7" 66 6°28| 9vL°0 GE
g97-y- N 686°U=""N LLE°0 S0°¢1 0°#1I| T10°T v 6 1°28 ) vE6°0 e
965°0 90°61 861 Lve'1 £°0IT | 9°8L] 991°0 €€
paoueyua 30\ GIG"0 Ly 9T £°62 | «491°1 0°601 | 6°64) ¥P2°0 €
02°0=0 G29°0 10°02 6° V€ 082°1 6°v01 | L°8¢] 06¢°0 1€
wUT0°0=P LLS°0 Gt°81 £°11 ed¢’1 £°901 | €°8¢| #60°0 o€
wSG¥0°0=2 849°0 L°T¢ g6y | 2ee’1 6°L6 0°8L] €8€°0 6¢
saje|d g¢ 995°0 08° L1 0°65 £12°1 1°46 G'6L| ¥8Y°0 82
mmc.c-mmz £66°0=" N 81470 ve L1 sroz | o611 | 97001 | 07¢c| 69170 {
19L°0 ov°81 0°9¢ 1€2°1 L°96 0°¢L] 96270 9
uaazied bugjeuuazy ¥48°0 6¥°02 £°19 L6 1 L L8 8 1L] 86t°0 g
02°0=9 08.°0 £.°81 L°6¢ ove'1 5°66 1°€L1 G6E"0 v
w010 0=pP G8L°0 £8°81 9° LY TZA S 16 G L | 06E°0 €
#G90°0=3 286°0 0° 1 8°16 | 880°1 £°6 6°TL| ¢SL°0 2
sajeld ¢2 Aty 0€L°0 2S° L1 811 E61°1 6°Lb 9°0L ] L6070 I
sey aje(d uad ddjaweaed| (do) | (do) | utw
uoL3dLdISay auu) 3594 Bz (12203 Ez wmz mmw_ﬂ_m L L QL uny

50




76

AFWAL-TR-~88-3102

panutiuo)  “py oiyey
14 . ny 9957V ol°8l §°LS Ude L ¢ Wl | L b et (g
gepoo- N ECTE=TN 695°0 1¢°8l 589 vee°1 €°S0T [ §'ol | 98¢ U 0s
X LeLu YA XA 6°6€ 89€°1 v lLLe | 0708 ] 49170 6¥
Su4djed DuLeuUUd} LY yv°0 AR A (80°1 €°10T | 976 ]¢8E"0 8y
U2 0=0 bip 0 ve €l €°LIT| 950°1 8766 G 3L | 28v°0 LY
w020° V=P ¢0L°0 9¥%°22 6°€¢ 8ee" 1 8°801 | 06 | 001°0 9%
wSP0°0=3 L1E°0 pi 01 9°6/1] v¥E€6°0 8716 8°L6 | 6EL°U St
sajeyd ¢¢ 86¢°0 £G°b ¢"veel 8060 | ¢'yo | 9708161670 b
Iy m ¢¥5°0 GE° L1 L ¢S L61°1 L°LOT | L°6L]€62°0 £y
c1e 0- N €07e="N 109°0 £2°61 ¢ 1y ¥5e°1 G'OIL | 2764 |6V 2
89.°0 65 12 U UE VA €211 | U°6L | L9T°0 1t
u4djjed buijeuusl|y £09°0 61 1°69 A TAR £€°€0T | 17¢8 | ¢8€"0 0w
u¢ 0=0 ¢09°0 G2 61 8°/8 64¢°1 v 86 g 18| 280 6€
wG10°0=P L9.°0 65 ¢ [*L1 26€°1 9°611 | 8718146070 8¢
wSP0° V=3 SLE°0 ¢l 6°€ET| OL0°T 1°10T | 9718 |8€L°0 LE
soye|d ¢¢ ¥6£°0 09°¢1 €°691] €E0°1 8° 16 8°6L | 5¢6°U 9¢
W m 9ge"v 1v'01 L'yee| 96’0 9°06 ¢'18 | 916°0 Le
£1e0- N 867T="N €LE°0 90°01 L°6L1) 1E6°0 0" v6 908 | Y€£°0 9¢
FAS A 89°11 €°611| 966°0 8°€b 8°8L | 88Y°0 G2
padueyua JoN v8Y°0 LO°€1 L°¢6 050°1 G 66 0°6/ | 28€°U ve
0¢°0=0 L1870 96°¢1 L°69 180°1 L°%0T | $°8L | 68¢°0 €¢
«020°0=P I1S°0 08°¢€1 8°LS SL0°1 0°¢0T [ €°8L[1b2°0 2¢
G90°0=3 £69°0 2L°81 "oy 921 9°601 | 6784 1891°0 12
saje|d £¢ GeL°0 8G°61 ¢'€2 GG2°1 0°v0T | 1792 | 960°0 02
Jezp N 09°1=""N . . , |
0¢°0=0 1€r°0 v9°11 6°€42] Go6°0 £°16 ¢ €8 | 11670 61
w0Z0°0=P (€S0 0§ 91 9°91T| 101°1 0°46 6°8L | 8LE"0 81
4G90° 0=1 ¢65°0 66°G1 6°49 811 G° (01 | 2°u8 |€8L U L1
padueyui sajeld 42 ALy v69°0 L9°L1 L 6€ v0¢°1 9°¢€IT | 9718 {£91°0 91
sey g3e|d uad d93awededl  (4,) {(do) utw
uo13diuadsag 840) 389] :uz (12303) :pz mmz omm&m 13, wu GqL W uny

51




AFWAL-TR-88-3102

papnjouo) ‘py 81qel

po- N ggTe=" v2y*0 62°21 6'25| 610°1T | s°86 | €L ]162°0 59
10€°0 £L°8 ﬁ.mm¢ €48°0 ¢'16 STrL I ERLO0 9
Su4djjed bupjeuusy iy L1870 00°S1 6" EP AR ¢ 0l | 0%¢el [¢ebev £9
U¢0=0 16¢°0 Ev'8 8°T'l 64870 8°08 1°€L | €€6°0 ¢9
«S10°0=P 6LL°0 9°¢¢ L70E 0S€°1 I°¢0T | G°¢L }691°0 19
n0¢0° 0=3 S0 6L €l L° (8 9.0°1 9°16 6°WL | LLPT 09
sojeid 62 Lc8°0 66°€¢ €41 LLE”] L°86 v ¢e | SoU°0 6§
wav.c-umz Nm.muspz 96570V LYy 81 ¢'6¢ 1€l 17001 | €°¢L |1#c’0 86
R eLL™O £6°€C 0°0¢ L8€°1 9°00T | S"¢L {99170 LS|
suuaijed butjeusdly L¢5°0 €91 0°GE £€91°1 v° 86 ¢"tl |88¢°0 9%
U¢ 0=0 9’0 X0 A 876§ G60°1 §°88 G°¢L | Y8y 0 8§
w010°0=P 808°0 ¥0°5¢ ¢cl 90t "0 L°66 [°€L 1 101°0 1]
w0cV " 0=3 65€°0 el 1l L°16 §/6°0 0°€o6 8°G6L | 06470 €9
saje(d [¢ Aty vce 0 0 ul I'vIl  0€6°0 9°L6 9°8L | 6E6°0 4]
sey 93eid uad pjajaueded | (do) (do) uLw
uoL3dLuadsSag 9403 389y =uz (12303) :uz mmz mmm&m _w *p TR uny




AFWAL-TR-88-3102

snjededde [eulbrao fute y3im pajsay 9je(d payound ~ ejep 43sSueRUI-3R3H "Gy I(qey

61v°0 194791 841799 LIBT T | SEV'OTT | 8Ly 18] L¢tE"0 0¢

Ly 0 188° L1 05" 1S 61 T | GL7221 | €847 18| vEEE O 61

66£°0 Ev6°G1 AT pSI°1 | €967 811 0°84]89¢€°0 81

¢9¢°0 98y ¥l 88€ °G§ ¢0T°T 9997411 G LL]8IEEVL L1

€L2°0 ¢06°01 ¢€'59 99670 | €8G°811 | 0£/8°9/|89€€°0 91

eV 0 09g° /1 £G°6¢ 02T | 6€L°21T | 8Ly°8L]06E2°0 G1

18¢°0 Ive 11 G0'2GT | £646°0 {SEV CIT | GS¥°LL{0616°0 A}

9¢5°1 190°19 (WA 8ES'T |8YE" L8 | EVO°6L]LP20°0 £l

989°0 19 2 A A ¥9°8 Ev°1 | 299°¢€6 | ¥98°GL] 1S0°0 cl

809°0 1AL 24 psv°91 68€°1 G°60T { £96°8L{1660°0 11

(VA AV 008°81 £G°6¢ Tve"1 | SEY™80T | 99" LL]|8LESTV ot

59°0 1°9¢ 86°61 9€p°1 | 609° 10T | 9¥S°GL} 261170 6

194870 12v°2¢ v vs 6GE°T | /99°€21 | 8PE"8L] £EE€"0 8

9€¢°0=0 S0¥°0 60¢"91 LE LL €91°1 | €80°VET | 606" LL VLLY"O L
w120°0=3 ¢L°0 ¢68°8¢ £9°91 $0s°1 [ 8027 LOT | S¥S°08]|6660°0 9
«810°0=p N80 £0§°91 898°LL €L1°1 1 8506°6¢1 | §96° 08| S087°0 4
290 ¢9v° 81 81701 $¢C°1 [€8L7°66 | 06UV SL|TOCT 0 1/

Y ... N} mnm”c mvﬁ”mﬂ nm”am mmH”H wa”ncﬂ mmv”mm wommno m
cOp 0~ N ¢0°¢= 'N 15€°0 wo'vl 69°14 (80°T [ LT6°¢El | #Sv°GL cmm 0 ¢
Stv°0 908" L1 89°€S GOTC'T | LTO6TEET | EVUT9L] LCEETV 1

a3e(d aad| (Le3o03) uajaue.ed (do)l  (do) uLw

uoL3dEdISa( 940y :pz :uz mmz mmm&m L3, Ly TR uny

53




(T2# una) Bwly jo uoL3duny e se
UOL303S 1593 WOUJ WRDBAFISUMOP JLBR 40 dunjesdadwd)

A5 P = AW 0L
anup/u € peeds Ly

"2V [4nbiy

[ I U N O ) IO I N DO T Y N Y N N N N AN N N e A

N
o
—
e
(o0}
)i
o
—
4
_
<<
=
L.
<C

§
:
:

359 dwe} wooy ng

- — - e wm = e e e o e

1 1
uondas 1591 wWold weansumoq amjeladwa)

:
i

<

54




AFWAL-TR-88-3102
APPENDIX B - ACCURACY

Both the experimental errors inherent to the single blow transient
test method anrd the inaccuracies particular to the experimental set wup
have been considered [17 to estimate the following uncertainties:

Nuantity Maximum Uncertainty (percent)
NPr Prandtl Number + 5.0
cp air Specific heat + 0.5
S aie Dynamic viscosity + 1.0
C copper Specific heat + 4,0
Dﬁ Ppe Hydraulic diameter + 2.0
NRe Hole Reynolds number + 9,0
f friction factor +10.0
Nfu Number of heat-transfer units +20.0

Table B1. Maximum uncertainty of physical constants and measurements

With reguard to equipment inaccuracies, some verification of actual performance
was made where possible. Thermocouples were checked and found to give accuracies of
+ 0.1 °F. Three Fisher-Porter rotometers were used to determine mass flows. The
smallest meter was checked with a wet-test meter and found to he accurate to within
5 percent, The estimation of maximum slope itself has an error which varies
according to the range of Reynolds number under consideration. At low Reynelds
numbers (NRe’J 20) the possible error in reading maximum slope means a + 6 percent
variation in Ntu per plate. At higher Reynolds numbers this reduces to + 3 percent
Bv digitizing the time-temperature profile through the use of a minicomputer this
error could be reduced to less than * 1 percent. This was done for the eight
electron beam drilled plates.
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APPENDIX C - MODNELING THE PLATE

An analytical model of the plate was developed to evaluate the experimental
data. The fin effectiveness for a circular fin, the effective thermal
conductivity, the friction factor vs hole Reynolds number, and the number of
heat-~transfer units per plate vs hole Reynolds number were determined
analytically.

At first the plate was modeled as a "matrix," similar to a porous media, but
the correlation parameters generated didn't describe the system correctly.
Finally, the plate was modeled using the staggered (hexagonal) hole pattern shown
in Figure C1. This model adequately describes the heat exchanger's behavior.

‘t
rl::::l.llt::::::EE'
e —da
- bd
t = plate thickness.
d = hole diameter.
b = base of hexagon.
h = height of one
equilateral triangle
in the hexagon.
s = distance between

plates.

Figure Cl1. Model of staggered hole pattern
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1. DETERMINE FIN FFFECTIVENESS FOR A CIRCULAR FIN

The sinqle-b]oy transient-test method generates the N,ru for a plate with 100%
fin effectiveness (nf) because each plate is at a constant temperature at any
given time during the test. The fin effectiveness must be considered to

’ determine the actual Nfu/pIate when designing heat exchangers.
1 ] 1 . 1 (c1)
N N n N n
ters tup fip typ Fup

The two pass counterflow heat exchanger (see Figure 2 and C?) will be
designed with a high pressure central core and a low pressure stream in the
annular section surrounding the center.

High Pressure

Low Pressure

Figure C2. Two pass heat exchanger
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Kays and London 31 have evaluated and presented the fin effectiveness for
annual flow in Figure 2-11, The fin effectiveness is also needed for the circular
center section (high-pressure stream in RCUBE application). The analysis follows.

-

— |t

Figure C3. Model of circular fin (high-pressure flow path)

Start with the differential equation describina temperature profile of the
fin shown in Figure C3.

d2T + 1dT + 1 c?)

& Far ke loalnl =0 (
where

T = Temperature at radial location r.

k = Coefficient of thermal conductivity.

h = Convective heat transfer coefficient

q(r) = Absorbed heat flux.

= hFTg - T1.

Tq = Temperature of the gas.
Let T = Tg + ¢ and transform eq (C?) to

6 , 1de ,he _ o (C3)

drZ rdr Lkt
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To solve the differential equation, the boundary conditions must be
determined. Figure C4 shows the temperature profiles for both Tg <Tand T > Tg.

© - .
T o T,
t + 8
©
v 1 e
-r Ty ]
T > T8 . ] > T

Figure C4, Fin temperature properties

From Figure C4, the following boundary conditions can be seen.
At r =0

® - 0; 0 is Finite
dr

Atr‘=r0

First, find d8

dr ir
0
- : dar,
Qg = ~k(2Mr t =—|r

dr

d9
-k(2mr t) —r (c4)
0" 40
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But, the following relation for Qg is based on the definition of Upq’

r
0 .
Qg = / h(Tg-T) 27rdr
0
r
. 0.
= -?2th f- 8rdr
0 (C5)

Substituting equation (C5) into equation (C4):

r
0
?mh f Ordr
By - 0
dr ° k(?ﬁrot)
: r
@, - b g0 g
dr! o krot 0 (C6)

Since the fin effectiveness is defined as the ratio of the actual heat
transferred to the heat that would be transferred if the entire fin was at the
base temperature,

r
o .
J (T-Tg\ 2mrdr

J (TO-Tg) 2Trdr
0
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» 0
2/ Ordr
n = 0
f r 26
0
(C7)
Combine equations (C6) and (C7):
2 d—6|‘”o kr‘ot
dr h
n -
2
f "o %
2kt de[m
r]f = —
(
hroeo dr (c8)
Nefine u? as follows:
hr2
2 =
U™ = ket
. hr 2
u2=-—-2 (C9)
Okt
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7, ffilro
n =
f 20
Us™ o dr

To find ﬂg, use the chain rule

du
9 _d8 dr
du dr du

and differentiate equation (C9) to find dr .
du

2u du = h 2r dr
kt

62
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Substitute equation (C11) in equation (C10):

: o0 o doju,
n = 2
f u, 90 o du
ne = L&y, (C17)
f u© du
00

Now, find equation (C?) in terms of u and 6:

First, multiply through by r2

r2 420 +rde - r2 ho=0
dr2 dr kt (c13)

Rearrange and differentiate equation (C9).

Nkt
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Use the chain rule to find 99~and gﬁg.
du dr2
o _d0 du _ [0 do
dr du dr kt du

d% _do d7u + d28 (d_u) h o dze
dr2z  du dr2 du? dr kt du?
Now, equation (C13) can be rewritten:

uz d26 + udo - u2 =0 (c14)
du? du

Equation (C14) is the modified Ressel equation (n=0) and the solution
follows:

- .
) cllo(u) + CzKo‘u)

Apply the boundary conditions to find the constants.
At r=0, u=0, g = finite

Since KO(O) =, ¢, =0,

0 = cllo(u) (C15)

do ¢y d[T (u)]
—= 10 T ot () (C16)

du du 11
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Substitute equations (C15) and (C16) in equation (C12). Equation (C17) is a

relationship for the fin effectiveness as a function of the fin (high~pressure
center section) radius, the plate thickness, the heat-transfer coefficient, and

the thermal conductivity of the plate.

N 2T1(u0)
-~ f - —_—
uolo(uo)

h

where u, = v, Kt

(C17)
2. EVALUATION OF EFFECTIVE VALUES OF THER' <L CONDUCTIVITY

The effective thermal conductivity must be used to calculate fin
effectiveness and other heat-transfer characteristics. The holes in the plate
cause a lower thermal conductivity than the corresponding material thermal
conductivity. The following analysis finds the effective thermal conductivity as
a function of percent open area. Consider the flow of a constant amount of heat,
g, through the distance 2b defined by planes at 1 and ? (see Figure C2?).

t A~ t = plate thickness.
b = one side of hexagon.
q h = height of one
equilateral triangle

in the hexagon.
1
O @ r = radius of hole.

heat flow.

Feo
]

Figure C5. Model of a single hole
65
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The following assumptions were made:

a. There is no heat flow across the boundaries defined by the hexagon (due to
symmetry).

b. The heat transfer by solid conduction is isotropic for the integrated
effect of the flow area.

The rate of heat conduction for steady one-dimensional conduction follows:

q=kAx) 4 (€18)

dx

where

Rate of heat conduction.

L
(]

k = Thermal conductivity of the material.
dT/dx
x = Distance along the heat flow lines; defined

Temperature gradient at the section.

positive in the direction of the heat flow.

A(x) Area the heat is flowing throuah measured
perpendicular to the heat flow.

NOTE: The area is a function of x.

Rearrange equation (C18) and integrate:

AT Ax
;odar = 95 &
0 k g A(x)
(C19)
AT = EAX 1
kA,
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where
AT = The temperature change acrass the section
from 1 to 2.
Ax = The distance along the heat flow lines from

section 1 to 2 (for one cell),

1 = Average value of the reciprocal of the heat

A('x)lav flow area.
To determine the effective thermal conductivity,
let Ax = 2b,

Recause the holes are staggered, the area of the two cells must be considered when
Ax =2b (see Fiqure C6).

Figure C6. Model of two holes
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The average area for the cnupled system of holes is twice the area for one
hole and the plate thickness is constant; therefore, equation (C19) can he written
as follows:

AT a1 . g 1
%b 2k A(x)]av 2kt y(x)lav

(c20)
where

vIx) = The flow cross section as a function of x
for both parallel flow paths
(see Figures C5 and C7).

Equation (C20) uses the actual area and the actual thermal conductivity. The
effective thermal conductivity is defined as the thermal conductivity that would
be needed to give the same results as equation (C20) if there were no holes. If
the effective thermal conductivity and the area assuming no holes are used in
equation (C19), the following equation results:

AT g
?b 3.5tbk!
(c?21)
where
k' = effective thermal conductivity

Next, find the ratio of effective to actual thermal conductivity by combining
equations (C17) and (C21).

K2

k 3.5b 1
(r22)
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Now, if [y(x)}Jav is redefined to be the cross section for a single parallel
flow path instead of hoth parallel flow paths as shown in Figure C?, equation (C5)
will become

. k 3.5b 1
y(x)] 4y

(C23)

The relationship of k'/k as needed as a function of a plate's open area ratio

(o). To find k'/k as a function of o, by(%)lav
First, consider a sixth of a hole and the equilateral triangle associated with it

must be found as a function of o.

(see Figure C7).

b = One side of the hexagon or

R equilateral triangle.
g ‘ r = Radius of hole,

y{x) = Distance along the radius

J3 b T from the outside of the hole
i;t_

to the edge of the hexagon.
® = Angle to the radius measured
from the heiaght of the
600 equilateral triangle.

Figqure C7. Model of a sixth of a hole

The hole geometry determines cosé6.

. f3, b
. /5
cosf = _— (C24)
r+ ylx)
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-«/'3"/ b
?
y(x) = -r
coso
b 1 (c25)
y(x) NIEZQ LN
cos®

Now, r/b must be found as a function of 6. o is the ratio of plate open area
to plate frontal area and is also the ratio of the area of one hole to the hexagon
surrounding that hole.

mr2 Zﬁrz
'Q' = = -
6[(1/2)bILBY2)b]  3/3 b2
r/b = 0.9004 5172 (c26)

Substituting equation (C26) in equation (C25) results in the following
relationship:

b . &2 _ g g00afen! (€27)

y(x) cos®
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b
For anv given o, §7x)[av can be found hy taking the average value for

056£30.
b 6 /6
. _— = =] ("—s‘ﬁ - 0.9095/‘0")'1 do (c78)
y(x)‘Iav T 0 cosh

Solving equation (€28) for various values of ¢ and plugging the result into
equation (C22) will generate k'/k (d). Figure C8 shows k'/k plotted vs J.

k/ k 1.0 —
S
§§ O - Experimental data
2 = - Theoretical curve
.-
0 T LS
0 5 1.0

Ratio Of Open Area To Frontal Area, O

Figure C8. Plot of effective thermal conductivity ratio vs plate oren
area ratio

As the open area approaches zero, k'/k approaches unity as it should; it

doesn't go exactly to one because of the approximations involved in the system
analysis.
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This analysis was confirmed experimentallv by using the following analogue
between thermal conductivity and electricity:

v

k' _ _solid (C29)
k v
where:
Vso1id = Voltaae across solid
material for a given current,
v = Voltage across perforated

material for the same current.
3. DETERMINE FRICTION FACTOR vs HOLE RFYNOLDS NUMBER

A sinale plate will be considered to find the friction factor for
the entire core. Figure C9 shows the plate to be considered and the
corresponding pressure drops.

~ /M
- 1

— -i— Py Pressure at plate entrance.

t t

Plate thickness.

=N
n

Hole diameter.

©
n

, = Pressure at plate exit.

7/// ‘AP = P] - P2
P
ap, fEnuanceStachrmmmss 1
P Friction And Acceleration Losses
| p
\ z AP, Exit Static Pressure Recovery 2

Figure C9, Plot of pressure drop across one plate
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The change in pressure across the plate is a comhination of entrance static
pressure losses, friction and acceleration losses, and exit static pressure
recovery for each hole. Equation (C30) quantifies these pressure changes as
presented by Kays & London [3].

AP szl vy A Vi Vo
) —= [(14K -02) + 2(—-1) + f— — - (1-K,~02)—]
) 2gCP1 Vi AC Vi Vi
entrance acceleration friction exit  (£30)
loss loss loss regain
where .
AP = Pressure drop across the plate.
P1 = Pressure.
G = Flow stream mass velocity.
v = Specific volume.
9. = Proportionality factor in Newton's second Taw.
KC = Entrance coefficient as defined by Kays &
London [3].
Ky = Exit coefficient as defined by Kays & London [37.
- g = Ratio of open area to frontal area.
A = Total heat-transfer area of one hole.
Ac = Minimum free flow area of one hole,
f = Mean friction factor in holes.
Subscripts
: 1 = Value at plane 1 (Figure C9).
2 = Value at plane ? (Figure C9).
. m = Average value.
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The friction factor (f') is defined by the following relationship. This
observed friction factor includes entrance and exit losses.

+

Ap:f'gz_ —l.‘_
chpm "h

where
b = fluid density.
L = Length of test section.
™ ACL/A = hydraulic radius.

Since only one plate is being considered, the total length of the exchanger
is just the thickness of a plate (L = t).

2
ip = G Vm  f .ﬂ
ch Ac
(c3n
AP = V15 A
ch Ac vy

Fquating equations (C30) and (C31) results in a relationship for the observed
friction factor per plate:

[(1+Kc-62) + 2(vy/vy = 1) - FIAJAL), Lo (ve/vy) - (1-02-K )v,/v,]

fr =

(A/Ac)plate (Vm/vl)

(C32)

The hvdraulic diameter is related to the hydraulic radius and AC/A:

4r 4 AC

-

A A

|

7
L
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Rearranging this results in the following relationship for A/AC:

n (€33)

For anv circular cylinder, the diameter of the cylinder is the hydraulic
diameter, and L is the plate thickness when only one plate is considered.
Substituting these values in equation (C33) and substituting equation (C33) in
equation (C32) results in the following equation for the observed friction factor
for one plate:

[(1+Kc-dz) + 2(v2/v1 -1) - 4f(t/d)(vm/v1) - (1-02- Ke)(vz/vl)]
fr o=

(A/A)

c’plate (vmlvl) (C34)

To determine the friction factor as a function of hole Reynolds number, the

various components of equation (€34) must be determined. First, (A/A ) will

c'plate
be determined using the plate model,

A/AC = A/Afr
where
Afr = fTotal frontal area.
A = Total heat-transfer surface area.
D = Diameter of test section.
N Let AX = Area of hexagon around the hole.
AO = Area of the hcle.
. » Total surface area of connected voids
o =

Total volume of matrix
= area density (see Figure C1).
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The area density definition is used to find the area density as a function of
hole geometry and plate open area.

2[A, - A + omrt

Ax t

» A, arrt

— -] ——

t Ax 3]3‘b2t

2g
/Y'

2/, (1-0) +

Let A' and Alr be the areas corresponding to a single hole.
VoL _ LA

A = ant =at’o/y

- [2(1-0) + 209"yt

t r 9
A ' =Ty2
A LA opllo) 8y (€35)
A A o r
C C

Next, find v2/v1

For a perfect qas v= RT .
P

Fas!

1

<

—
R

N>
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Let
AP = The pressure drop across a single plate.
n = Number of plates.
Then
AP

= Average pressure drop/plate.
n

For a given plate the pressures can be related to the average pressure drop
per plate,

P. /P, = 1 - z4pP

Now, for any reasonable design, the pressure drop across the whole heat
exchanger will be less than five percent, and there will be more than ten plates;
so, for a reasonable design P?/P1 = 1 hecause

8P . 0.005
nP1
Since
.l
i
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The same reasoning is used to find T?/Tl'

Let
AT = Temperature drop across an exchanger having n plates,

T? - T1 + AT

n
To/Ty= 1 4T
nT1

1f the stream is being heated T7/T1 z 1 and if it is being cooled T?/T1 51
so, v?/v1 can have two valves:

1 (C36)

Voo is the mean specific volume. vm/v1 can be found the same way v?/vl

was found,

vm/vl = (Tm/Tl\ (PI/Pm)
PI/Pm z 1

T = T1 . AT

m ’n
Tm/Tl = 1+ AT

9nT1
v fvy, = 1 ¢ AT
m 1 onT
1 (c37)
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Recause of temperature variations along the length of the exchanaer, the
value of VZ/VI’ and therefore f', will vary from plate to plate. Average values
of v?/v1 and vm/v1 will be used. Vhen these values are applied to one plate and
multiplied by the number of plates in the exchanger, the resulting total pressure
drop will be the pressure drop measured over the whole exchanger.

AT 1 T07 AT
—_ = = [ - dT1
nTl|av AT T01 nT,
AT 1 TO?
P = - In —
38)
nT1 [av n T01 (C38)
where To7 = Temperature exiting heat exchanger,
To

1 = Temperature entering heat exchanger,
AT = To? - To1
T1 = Temperature at the inlet of any given plate

The average values of v?/v1 and vm/v1 follow:

To
VolVi Jav = 1+ L0 2
n To1 (C39)
_ 1 To
Vo/Vy lav =1+ =1n 72
n To1 (C4n)

Mext, the relationship between the calculated friction factor and the
theoretical friction factor must be found.
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Let

-+
D
"

Measured friction factor.

Theoretical observed friction factor.

The measured friction factor calculated from the data is defined as follows:

£, = Py 4P o 9¢
nt [ (C41)

Also, the following theoretical relationship exists for AP over one plate:

_ R2y
AP- mf|A

?gC A

c (C4?)

Substitute equation (C42) in equation (C41). Equation (C42) is the pressure
1 for equation (C41). The Revnolds number is based

change over one plate so n

on the hole diameter so Dh = d.
fo-_d (5 f._li ) _fﬁi
y2
2t 29, Ac VG
fo_ df' A (Cc43)
4t AC

Substituting equation (C34) into equation (C43) results in the following
expression to theoretically estimate the measured friction factor:

o = (d/dt)(vl/vm)F(l+Kc-oz\ + ?(VZ/VI - 1) +
4f(t/d)(vm/vl) - (l-az-Ke)(vz/v1)1 (Caa)
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The test to determine the friction factor was performed at steadv state room
temperature. To compare the theoretical values with the experimental values, the
following relationships will be used:

T02/TOl = vm/v1 = v?/v1 =1

For these conditions, equation (C44) becomes

. d
fo = — (KC + Ke) + f
4t

The friction factor per plate is a function of plate geometry and entrance,
exit, and flow conditions in the hole. Kays and London present KC and Ke in
Figure 5-2 3] and f in Fiaure 6-22 [3]. In both Tables the Reynolds number (NR)

is based on the hole diameter so, the hole Reynolds number (Npe) is the same as

NR‘

Table C1 presents the friction factors per plate for both punched and etched

plates calculated using equation (C44), Table C2 presents the theoretical
friction factors for the EBD plates,
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|

* * % *%
Plate Description NRe NRe(d/t) FNRe 4(t/d)/NRe Kel %o fo
Punched Plates 10 8.571 16 0.467 0.97 | 0.45 1.9
d = 0,018" 20 17.14 18 N.233 0,97 ] 0.46 1.2
t = 0.021" 50 4?2 .86 21 0.093 0.91] 0.46 0.71
g = 0,236 100 85.71 25 0.047 n.7810.47 n,52
200 171.43 3? 0.073 0,75 0,48 | 0.4?
Ftched Plates 10 15.83 17 0.2kR3 1.2 {0.76 2.5
d = 0.07285" 20 31.67 20 0.176 0.971 0.76 1.
t = n,018" 5N 79.17 24 0.051 0.83(1 0,78 { 1.1
o = 0,09 100 158.3 30 0.075 0.80{(0.79 | 0,93
200 | 31A.7 38 0.013 n.7310.79 | 0.79
Ftched Plates 10 15.95 18 0.251 0.981 0.43 2.4
d = n,0795" 20 31.89 ?1 0.175 0.971{ 0.43 1.6
t = 0.0185" 50 79.73 25 0.050 0.80] n.44 | 0,99
c = N.24% 100 159.46 31 0.025 0.70] 0.48 | 0,78
200 318.92 38 0.013 n.651 0.48 | 0,64

* Read from Kays and London, Tahle 6-22 31,

** Read from Kays and London, Table 5-7 [31.

Table C1. Theoretical friction factor for punched and etched
plates
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* * % * &
Plate Description Npe |Npa(@/)| g, | altzdimg | K | X, | ¥,
10 1.54 16 2.6 0.99 j0.5Nn | 1.66
d = 0,010 : 20 3.08 16 1.3 0.99 |1 0.50| 0,86
t = 0.065" 50 7.69 17 0,57 0.99 { 0.50 | 0,40
100 15.38 19 0.26 N.a9 10,501 0,25
200 30.77 20 0,13 0.93]10.50]10.16
10 2.22 16 1.8 0N.9910.5011.68
d = 0.n10" 20 4.44 16 0.90 0.99 { 0,50 | n.88
t = 0.045" 50 11.11 18 0.36 0.99 | 0.501 0,44
100 22.22 19 0.18 0.98 { 0.50| 0.27
200 44,44 22 0.09 0.9310.50]10.19
10 2.31 16 1.73 0.9910.,50] 1.69
d = 0.015" 20 4,62 16 0.867 10,99 ]0.50] 0,89
t = 0.065" 50 11.54 18 0.347 10.99{N,501{ 0,45
100 ?3.08 19 0,173 (0,98 [ n.50 ] 0,28
200 46.15 22 n.087 10.930.501{0,19
10 3.08 16 1.3 0.99 [0.50 | 1.71
d = 0.020" 20 6.15 17 0.65 N.99 [ 0.50]0.96
t = 0.065" RO 15.38 19 0.26 0.99 {1 0.50| 0.49
100 30.77 20 0.13 N.93 10.50}0.31
200 61.54 24 n.n65 {0.82]0.51 10,27
10 3.33 16 1.2 0,99 10.50}1.72
d = 0n,018" 20 6.67 17 0.60 0.99 { 0,50 | 0.97
t = 0.045" 50 16.67 19 0.74 0.98 1 0.50 | 0.50
100 33.33 20 0.12 0.9310.50|0,32
200 66.67 24 0.06 0.82 10,52 ]0.73
10 4,44 16 0.90 0.99 {0.50{1.77
d = 0.020" 20 8.88 18 0.45 0.99 | 0.50( 1.067
t = 0.045" 50 ?72.22 19 0.18 0.98 {0.50 | 0.54
100 44 .44 72 n.nq 0.93 [{0.5010.38
200 88.89 26 0.045 10,80 (0.53]0,28
* Read from Kays and London, Table 6-22 [3].
** Read from Kays and London, Table 5-2 [3].

Table C2. Theoretical friction factor for EBD plates 20% open area
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* Yk k%

Plate Description NRe NRe(d/t) fNRe 4(t/d)/NRe Kol Ky fa
10 5.00 17 0.80 0.99 {0.50{ 1.89
d = 0.010" 20 10.00 18 0.40 N.99 10.50 1 1.09
t = 0.020" 50 25.00 20 0.16 0.96 |0.50 | 0,58
100 50.00 23 0.08 0.90 [0.50 | 0.41

200 100,00 28 0.040 |0.80 10.5410.31

10 7.50 17 0.533 {0.99 {0.50(1.98

= 0.015" 20 15.00 19 0.767 |N.98 10.50(1.23
= 0,02n" 50 37.50 21 0.107 (0.93 {0.5010.69
100 75.00 25 0.053 |0.80 {0.53{0.50

200 150.00 30 0.027 |0.75|0.5410.39

Read from Kavs and London, Table 6-22 [3].
ok Read from Kays and London, Table 5-2 [3].

Table C?. Concluded

4, DNFTERMTNE Ntulplate vs HOLE REYNOLDS NNIMBER

Once the Nfu/p1at9 is found as a function of Reynolds number, the Colburn
modules can be calculated using equation (1). The Ntu/p1ate was used to compare
the experimental and theoretical results.

_UA (cas)

t the
v p

N

where

.-.
=
n

Overall thermal conductance.

A = Total heat-transfer area,
th = Mass flow rate,
cp = Specific heat of fluid.
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To find VA, divide the total heat-transfer area into three parts: the front face,
the cylindrical hole, and the back face. 0Once the area averaged heat-transfer
coefficient is found for each area, UA can be found from the following
relationship

. UA = h Al + h?A + h,A

1 ? 373

ithere h = Area averaged heat-transfer coefficient.

Subscripts
1 = Front face.
? = Cylindrical hole.
3 = Back face.

JA can be approximated by assuming the front and hack surfaces have the
same heat-transfer characteristics.

UA = 2h.A

1At hoA

2 (Ca6)

A1 is the solid surface of the plate, which is the frontal area times the percent
solid area.

Al = AFr (1 - 0) (€47)

The total heat-transfer area, A, can be found by manipulating equation
(C35).

g r (€C35)

A
A = prlzo + 2ty (o fr)

o d ¢ Ac

=
"

2he M1-0 + 2to]
d (cas)
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A? can be found from the following relationship:

A = ?Al + A2

p-_J]
1l

A - 2A1

- 7to
= 2Ag [1-6¢7591 - 27 (1-0)
d

4A, to
A = fr

2 d

Next, find an expressinn for mcp as a function of hole Reynolds number.

_ . MRy PRy (Ther
"Ch mcp oVD t AC
.2 NReUOAfrcp
me, d
where
NRp = Hole Reynolds number,
u = Viscositv.
p = Fluid density.
V = Fluid velocity upstream of test section.
D = Diameter of tubing upstream of test section,
AC = Npen area of plate.
o = Ratio of open area to plate frontal area.
Nep = Frontal area of plate,

Hole diameter.
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Now, substitute equations (C47), (C41), and (€51) in equation (C46).

{h1|2Afr(1-o)] + hz(Afrot/d)}d

tu NRquAchp

1 r2h1d(l:g) + 4h2t]

N
tu NReuCp g (€52)

Now it's necessary to find h1 and h2. h1 can be found as a function of the
upstream mass velocity (before the flow enters the plate), G', and the equivalent
cylinder diameter, d'. Due to continuity, the upstream mass velocity is related
to the mass velocitv in the core as follows:

G' = Go (€53)

The eauivalent cvlinder diameter can be approximated by the followinag equation:
LI
d Ly(x)lav (C54)

Note that y(x- is shown on Figure Ch.

d' 2y(x)],, vix)|,, (C55)
d d r

Substitute equation (C24) for y(x)[av in equation (C55), then replace
r/b with equation (C26):

d' _ - J 3/ 2
w T et Ha
d 0.90945°coso
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Intearate over one 12th of a hole to find d'/d:

¢ 6 "6
Y A S e T (C56)
d i 0 U%COSG

A relationship for d'/d as a function of o can he approximated by correlating
values evaluated using equation (C56). Equation (C57) is accurate wo 10% of d'/d
obtained bv numerically integrating equation (C56) for o s 0.3.

d'/d = .358 o~ 68

(C57)

A relationship for h1 (C58) 1is presented in McAdams' "Heat Transmission."[47
Although this relationship is based on data from air, it can be used for the
helium heat exchangei's because the Prandtl numbers are approximately equal. The
relationship is also an approximation because equation (C58) is for flow normal to
a single cylinder. This was used to approximate the flow normal to a flat plate
because nn reference could be found for low Reynolds number flow normal to a flat
plate. Nr Fowle T17 believes this is a conservative estimate -- it will predict
lower than actual Ntu/p1ate.

h,d’ 0.5?

H 1]
Lo 0.30 40,4335 (C58)
k u
for 0.1 £ £6° < 1000
u
Note the following relationship for the Reynolds number:
d6 _ N, (C59)

H
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Substituting equations (£53), (C57), and (C59) in equation {C58) results in the
following expression for hlz

0.5 0.171,
a

hy = (k/d) 2.793 o788 T0.32 + 0.257N (C60)

Re
Two equations (C61 and C6?) to calculate h, are shown in "Heat, Mass and

Momentum Transfer” bv Robsenow and Chni 51, These functions are for

heat transfer in a circular cylinder and are based on the following assumptions:

< NR < 1000

PR = 0.7

liniform wall temperature

1
N

The first expression for h, assumes a developing velocity profile in laminar flow.

0.073 d/t NRe ]

h, = k/d [3.66 + (CH1)

1+ 0.012 (d/+ VRe)0-8

The second expression for h, assumes a parabolic velocity profile in laminar flow.

0.047 {d/t N

= k/d [3.66 + Re) 1 (C62)

0.667

hs

1+ 0.03° (d/t Re)

Substituting equations (C60), (C61), and (C62) in equation {{5?) and recognizing
that

resultrs in equations (CA3) and (CA7).
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FOR A DEVELOPING VELOCITY PROFILE IN LAMINAR FLOMW
Ntu/P1ate = (C63)

0,232 0.52 0.171
(1-0)c (2.554+2.011 N 20.9 t/d 0.417

+ +

Re o )

N N

Re Re  1+.012(9/tNRe)0-8

For the punched plate /. = 0.18", t = 0.021",0 = 0.236)

] -1 -0.48 _  0.416
Ntu/p1ate =2?27.1 NRe + 1.803 NRe + (C64)
1+ 0.011 NRe 0.8
For the etched plates (d = 0.0785", t = 0.0185", o = 0.09)
N, /plate = 17.63 N, 1 + 2.391 Npe0-48 . 0.417 (C65)
tu Re
0.8
1+ 0.017NRe
For the etched plates(d = 0,0295", t = 0.018", o = 0.245)
_ -1 -0.48 0.417
Ntu/p1ate = 15.4? NRe + 1.775 NRe + (C66)

0.8
1+ 0.018NRe
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FOR A PARAROLIC VELOCITY PROFILE TN LAMINAR FLOW

M., /Plate = (C67)
. -0.232 0.52 0.171
(1-n)g (2.55442.011 No . 6 ) 20.9 t/d n.?769
+ +
0.667
Mo Mre 140.032 (d 4Np, )

For the punched plate

) -1 -0.48 0.269
Ntu/DTate =27.1 NRe + 1.803 NRe + (c68)
0,667
1+ 0.029 NRe
For the etched plate (9% open area)
- -1 -0.48 0.269
Nfu/plate = 17.63 NRe +2.391 NRP + (C69)
0.667
1+ 0’043NR9
For the etched plate (24.5% open area)
? _ -1 : -n.48 Nn,%69
Ntu/nTate = 15.42 NRe + 1.775 NRe + (C70)
. 1+ 0.04an, 0-567
e

Table C3 presents the predicted values of Ntu/plate vs hole Revnolds number for
the developing and parabolic velocity profiles in the punched and etched plates.
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Ntu/p1ate
Developing Velocity Profile Parabolic Velocity Profile
Punched Etched Punched Etched
=0.736 |0 =0.09 |o =0.245 ||o =0.236 |o =0.09) =0.245
NRe
10 3.697 2.931 2.505 3.544 2.779 ?2.353
20 7.155 1.801 1.541 2.005 1.654 1.395
50 1.151 1.019 0.876 1.011 0.818 n,748
100 0.759 0.687 0.593 0.634 0.578 0.486
200 0.514 0.468 0.403 0.412 0.385 0.373
50N 0.307 0.277 0.238 0.24] n.2729 0,191

Table C3, N+u/p1ate vs hole Reynolds number for the punched
and etched plates

The parabolic velocity profile generated Ntu/plate values closest to the
experimental results.
compare the theoretical and experimental results. Table C3 presents the Ntu/platp
vs Npo calculated using equations (C56), (C52), (C58), and (C62).
using equation (C57) which estimates d'/d as a function of o, equation (C56) was
nurmerically integrated to find values for d'/d.

Consequently, a parabolic velocity profile was used to

Instead of

The theoretical results were

cnrrelated and b and m were found to make the following equation fit the

theoretical results:

1 =
Ntu/p ate b(NR

m
o
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Type of Plate| d/t © NRe Ntu/p1ate b m
Electron 0.154 0.20 10 14,785 116.63  -0n.907
{Beam 20 7.654
A Drilled 30 5.753
46 4,043
) 50 3.311
60 2.820
70 ?.467
&0 2.201
an 1.99?2
100 1.824
0.222 0.20 10 10.600 77.78 -0.878
20 5.558
30 3.853
40 2.991
50 2.467
60 2.115
70 1.861
80 1.669
9n 1.518
100 1.396
0.231 0.20 10 10.251 74.62 -0.875
20 5.383
30 3.736
’ 40 ?.903
5N 2.397
. 60 ?2.056
70 1.810
80 1.624
90 1.478
100 1.360

Table CA. Theoretical Ntu/plate assuming a parabolic velocity profile
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Tvpe of Plate} d/t o NRe Ntu/pIate b m
n.308 0.20 10 7.982 £4.39 -(.848
? 4,246
30 2.976
40 2.330
50 1.937
60 1.671
70 1.479
&0 1.333
an 1.218
100 1.125
Electron 0.333 0.20 10 7.458 49,86 -0.840
Ream 20 3.983
Prilled 30 2.800
40 2.198
50 1.830
60 1.582
70 1.40?
80 1.765
90 1.157
100 1.070
n.444 0.20 10 5.886 36.62 -N.810
20 3.194
30 2.271
40 1.708
50 1.509
60 1.312
70 1.169
80 1.060
90 0.973
1n0 0.903

Table C4. Continued
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Tvype of Plate] d/t o NRe Ntu/p1ate b m
0.500 0.20 10 5.36? 32.38 -n.798
20 2.930
30 ?2.n94
a0 1.665
50 1.401
60 1.221
70 1.090
80 0.990
90 n,911
100 0.846
0.750 0,20 10 3.961 21.56 -0.754
20 2.224
30 1.618
40 1.304
50 1.109
60 0.975
70 0.876
80 0.801
a0 0.74n
100 0.691
Punched N0.857 0.236 10 3.562 18.87 -0.742
20 2.016
30 1.474
40 1.192
50 1.017
60 0.R96
70 0.807
80 0.738
90 0.683
100 N.63R

Table 4. Continued
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Type of Plate] d/t o NRe Ntu/p1ate b m
Etched 1.583 0.09 10 2.725 17.41 -0.674
20 1.624
30 1.274
40 1.010
50 0.874
60 0.779
70 0.708
80 N.652
90 0.607
100 0.570
1.595 0.245 10 ?2.410 11.15 -N.A82
20 1.476
3n 1.071
an 0.88?
50 0.767
60 0.679
70 0.616
8n 0.567
ap 0.528
100 n,a95

Table C4, Concluded
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APPENDIX N - INSULATION REQUTREMENTS

lthen a heat leak was discovered in the test section, the insulation had to
be changed to reduce the heat leak. Although a steady-state analvsis had shown
the insulation was adequate, a transient analvsis showed that more insulation was
) needed. A comparison of the steadv state and transient analvses follow.

1. STFADY STATE

e —

—
n

LLenath of test section.

r; = Padius of test section.

re = Radius of test section and insulation.

ha = Natural convective heat-transfer coefficient,
k = Thermal conductivity of insulation.

Ti = Temperature inside cvlinder,

Ta = Temperature outside cvlinder.

Figure N1. Srhematic of test section

The heat leak through the insulation can be calculated from the following

’ equation:

4 = aniL(Ti - Ta)/U (D1)
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where

U= (1/hMri/r ) + (1/k)rs In(r /r.)

The follawing properties were used to generate a curve of § vs insulation

thickness.
r; = 1.5 in
= 4,7 in
ha = 1 RTH/hr ft2 F
aT = (T, -~ T.) = 20°F
k = 0.07°5 BTU/ft hr F (polyurethane foam)

Applyving these conditions to equation (D1) results in the relationship shown in

Figure D7,
2000 =
-9
x10 Yi = 15in
"o
~
=
a
o
1000 —
o
9 X107
§
T
1 L | g Ly ¥
0 1.0 20 30 4.0 50

Insulation Thickness (r0 - ri) in

Fiqure 07, PTot of heat Teak rate vs insulation thickness
(steady-state analysis)
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If hari/k > 1 adding insulation alwavs decrease< the heat leak. If hari/k,f
1 there is an area where addina insulation increases the heat leak. TIn this case,
the steadv-state analysis shows that adding insulation would reduce the heat leak
and that 1.5" of insulation was sufficient,

3 ?. TRANSTEMT THERMAL BEHAVIOR OF TNSHLATION

~
]

Thermal conductivity of

insulation,

p = Tnsulation density,

¢ - Specific heat of insulation,
a = k/pc = thermal defussivity.
s = Radius of test section.

I. = Length of test section,

DS= Total heat loss in time .
es= Temperature difference

between heated core and
ambient temperature,

t= Time, measured from test
start,

Figure N3. Model of the insulated test section

The test <ection is modeled by a circular cylinder surrounded bv ar
infinitely thick laver of insulation (Fiqure D3), The temperature at the surface
nf the pipe is dinstantaneously increased (eg) when the test starts (7=0), Tt
dimensinnless group uOS/kLs?OS ic tabulated as a functior of at/s2 by Jakab [61:

consequentlv, for a given time (1) and insulator qualities (a), the total hea-

y 10ss (OS) can be found.
s The test section had the following properties:
s =0.125 ft
= 20°F
S

L = 4.2/12 ft
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Table N1 presents the three insulation cases that were evaluated.

Case 1 Case ? Case 3
k (RTli/hr ft F) n.n3 n.0? n.025
o (1bm/f+3) 6 ? 2.34
c (PTU/1bm F) 0.33 0.33 0.33
1 (sec) oT OS ot S oT nS
52 (BTU) 52 (BTU) 52 (RTIN)
20 0.0n833 0.116 0.011 0.055 0.017 0.0667
an Nn.011 0.166 0.021 0.079 0.n?23 0,.N9572
A0 0.016 Nn,204 0.n3” n.n97 0,035 0.1177
80 n.021 N.?238 0.043 0.114 N,046 0.1383
100 0.027 N.%64 0.053 0.130 0.058 0.1567
200 0.053 0.389 0.107 0.190 0.115 0,727290
anon n.080 n.483 0.160 0,237 0.173 0.7883
400 n,107 0.571 0.713 0.78? 0.730 0.3396
500 0.133 0.642 0.7267 0.318 N.228 0,385k
Tahle N1, Comparison nf di<ferent insulation reouirements
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Fiqure D& compares insulation with various kpc products. The analysis
indicates that total heat loss decreases as the kpc product decreases. Also, no
insulation causes a smaller heat leak than an infinite amount of insulation for
short runs. During most of the test runs the core reached steady state in 90 to
660 seconds; unly one run was under 90 seconds. The modified apparatus used 3" of
insylation with a kpc prnduct of 0.019 BTU2/hr £t% F (case 3).
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