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PRESSURE-DROP CHARACTERISTICS OF A 22-SEGMENT
MOCK-UP OF THE GENERAL ELECTRIC COMPANY
ATR-COOLED AIRCRAFT REACTOR

By Eldon W. Sams and Walter F. Wellsnd, Jr.

SUMMARY

An investigation was conducted to obtaln pressure-~drop data for
flow of air with no heat addition on a 22-segment mock-up of the General
Electric Company aircraft reactor. Pressure-drop data were obtained
over & range of Reynolds numbers from gbout 10,000 to 100,000, Mach
numbers up to sbout 0.40, snd inlet-air pressures up to sbout 70 inches
of mercury sbsolute. The results indicate that individual segment fric-
tion factors based on measured static-pressure drops corrected for non-
friction losses fall about 65 percent sbove the Kfrmén-Nikurasdse line
for fully developed turbulent flow in smooth pipes. When segment
length-to-effective-diameter~-ratio effects are taken into account, how-
ever, the experimental data wlth exception of the first and last seg-
ments are in good agreement with results predlicted by anelysis.

INTRODUCTIOKN

The General Electric air-cooled concentric-ring-type alrcraft re-
actor appears as a right circular cylinder aspproximately 5 feet in di-
emeter and 3 feet long through which cooling air flows axially. In the
axliel direction, the reactor fuel element core consists of a number of
segments resulting from interruptions of the core surfaces at regular
intervals. In a current deslign, 22 segments are being considered wherein
each segment is 1.5 Inches long with an interruption or gep of 0.125 inch
between segments. In the radiael direction, the reactor segments conslst
of a series of thin concentric plates having sinusoidal crimps (running
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axially along the plates) at intervele around the circumference; the
plates are separated by specer strips between plates at the leading
and tralling edges. Cooling air flows axially through the reactor
segment passages and into the 0.125-1nch gap between segments before
entering the next segment. The equivalent dlameter of the passages is
varied from segment to segment by varylng the distance between plates.
The plate materiasl consists of a stalnless-steel-clad ursnium oxide
core having a total thickness of about 0.012 inch.

The present investigation wes conducted to determine pressure-drop
characteristics of the reactor. Accordingly, mock-ups of a small por-
tion of each of .the 22 fuel-element segments (representing a amall fron-
tal cross section through the entire length of fuel element core) were
tested at the NACA Lewis lsboratory.
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The tests were conducted over a range of Reynolds numbers from . ) -
about 10,000 to 100,000, inlet-air pressures up to about 70 inches of
mercury absolute, and Mach. numbers up to sbout 0.40. The results are
presented heréln as curves of friction factor-agalnst Reynolds number
for all segments over the range of conditiong investigated. R

APPARATUS _

Reactor segments. - The 22 reactor mock-up segments used in this
investigation are shown in figures 1(a) and (b) and are numbered ac- -
cording to location in .the alr-flow path. The individual segments
(each 2 by 3 by 1.5 in.) were constructed of 0.012-inch stalnless steel
with all joints welded. The 22 segments were alined in proper flow se-
quence with 0.125-inch geps between segments; two 0.0lZ2-inch stainless-
steel plates rumning the total length of segments were soldered to the
individual segments, giving a continuous surface along the top and bot-
tom sides of the assembly. The segments, assembled in this manner, are
shown in figure 1(c); the segment assembly was supplied by the General
Electric Company for the tests reported herein.

The geometric characteristics of the individual mock-up segments
are glven in table I. AU

Test setup. - A schematic diagram of the test setup used hereln is
shown 1n figure 2. As indicated in Figure 2(a), supply air passed
through a filter and pressure-regulating value, an ASME-type flat-plate-
orifice run with air straightener, and an inlet-alr tank before entering
the test section (tunnel containing mock-up segment assembly). A ther-
mocoupie loceted near the inlet tank measured the orifice and test- -
section Inlet-alr temperature. Ailr leaving the test section was re- :
Jected to the stmosphere through 8 valve used to. establish the desired
tunnel pressure. _ o

|
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A schematic diagram of the test section 1s shown in figure 2(b).
The mock-up segment assembly (fig. 1(c)) was placed in s rectangular
steel tunnel provided with a rounded entrance. Statlc-pressure teps
were placed axially along the center line of the tunnel side wall,
teps being located in the center of each 0.0125-inch gap between seg-
ments with additionsl taps upstream of. segment 1 and downstreem of
segment 22. Taps were similarly placed along the opposlite tunnel side
wall (not shown) differing only in that each tep was offset from the
center line sufficiently to fall between plates of the preceding seg-
ment. The pressure taps in elther row were accurately locsted by
placing & Luclite strip against the exposed side of the segment assembly
(fig. 1(c)) for marking and drilling the desired tap locatlions in the
Lucite, which in turn was used as a template for drilling the tunnel
side walls for pressure teps. Static-pressure drops across the indi-
vidual segments were read differentislly on a series of U-tube water
manometers; the taps were connected 1n such & menmer as to allow each
row of taps to be read independently of the other. Over-all pressure-
drop readings were also obtalned as & check on individusl resdings. A
photograph of the test setup 1s shown in figure 3.

SYMBOLS

The following symbols are used 1ln this report:

A free-flow area of segment, sq ft

De effective dlameter (reactor segment), 4A/P, ft

F free-flow factor (free-flow area/total frontal ares)

f/z half-friction factor based on measured static-pressure drop
(f/z)cor helf-friction factor based on measured pressure drop cor-

_rected for nonfriction losses

(f/z)'cor half-friction factor based on measured pressure drop cor-
rected for nonfriction losses and L/Dg effects

G mass w;elocity, (W/a), 1b/(sec)(sq ft)

g scceleration due to gravity, 32.2 £t/sec?
Ko vena-contracte pressure-loss coefficlent
L length of reactor segment, Tt

P wetted perimeter of reactor segment, ft
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Subscripts:

: NACA RM E541.06

static pressure, 1b/sq £t

measured sbtaetlic-pressure drop across reactor segment,
ib/eq £t

entrance pressure drop, 1b/sq ft

exit pressure drop, 1lb/sq ft

momentum pressure drop, 1b/sq ft
vena-contracta pressure drop, lb/sq ft
Reynolds humber

static- temperature, °R

. static~temperature difference between entrance and exit of

test segment (taken as zero), °R
velocity, ft/sec
air flow, 1b/sec
distance fram entrance, ft
4p/py
At/

air density, 1b/cu ft

The subscripts used herein are defined by the following diagram-

matic sketch of the test segment:

av

—

Alr

——. Tunnel
flow

|

Wi
|
12 . 34

Indicates aversge for segment
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RESULTS AND DISCUSSION

Megsured static-pressure gradients. - A typlcal static-pressure-
gradient curve obteined herein for the 22 reactor segments is shown in
figure 4. The static pressure st the exlit tap of each segment is plot-
ted, in inches of water below reference (test-section inlet) pressure,
against segment number. Pressure readinge at two additional taps down-
stream of segment 22 sre slso shown.

As previously indicsted, a row of static-pressure teps was provided
along either side wall of the tunnel; the taps in one row (taps B) were
located along the center line, and in the other row (taps A} slightly
offset so as not to fall directly behind a plate. Readings from both
sets of taps are plotted in figure 4. Inassmuch as the readings are 1n
agreement for some segmente and in random disagreement for others, the
pressure gradlent may be represented equally as well by a falred line
through the data. The measured over-all pressure drop across the 22
segments, also plotted in figure 4 for both sets of taps, is in good
agreement with the sum of the Individuasl drops, indiceting small resding
errors. .

Friction factor based on measured static-pressure drop. - The half-
friction factors obtained hereln for the 22 reactor segmente are shown
in figure 5(a) where half-friction factor based on measured pressure drop
is plotted against Reynolds number. The half-friction factor is defined
by the equetion:

(1)

ol
b
J.g

5; Z2gPgv

where Ap 1s here and hereinafter obitained from the faired preassure
gradient line (fig. 4), and p was evaluated using the total temper-
ature and the sverage of inlet and exit static pressure for the par-
tlcular segment.

Included in figure 5(a), is the Kérmén-Nikuradse line representing
the relation between friction factor and Reynolds number given by

1_-2 logé{eﬁ)- 0.8 (2)

The data fall considerably above the reference line (eq. (2)) in-
asmich as nonfriction losses have not been consldered. Except for the
data of the first and last segments (1 and 22), the friction factors
fall in a narrow band through which a mean line has been drawn. The
deviation in datas for segments 1 and 22 will be discussed later.
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Friction factor based on corrected pressure drop. - The half-
friction factors for the 22 segments are replotted in figure 5(b) using
the same coordinates and reference lines as in figure 5(a). 1In this case,
however, the half-frictlion factor is based on measured pressure drop
corrected for nonfriction losses for the particular segment. The equa-
tions used in calculéting these losses are the same as those used in
reference 1 where, in a simllar investigation, friction data were pre-
sented for 10 reactor segments having a different plate (core) configu-

ration. These equations glive the segment entrance loss as 3
2
Go ng
= 2
(Ap)en = Z‘FI (1 - F ) (3)
The exit loss as -
Glz 1+ B 1
+
the momentum loss as M
G22 78 + a
= 2 S b
oy = (1 : OL) (s)
and the vena-contractea loss es
2
G2
(20)ye = Ke 53— (6)
ve 02@1
where K, 1s a function of free-flow factor F of the segment, values
of which were obtalned from reference 2.
pi)
Accerdingly, the corrected half-friction factor (E) is glven by
cor
equation (1) when Ap i1s diminished by the sum of these losses perti-
nent to the particular segment consldered.
The pressure-gradient curves for all runs (fig. 4, for examplé)
indlcate that only about cne half of the calculated exit recovery
(glven by eq. (4)) for segment 22 occurs between the segment trailing
edge and exit tap, a distance of 1/8 inch. For all other segments
where this distance is 1/16 inch (center of 1/8-in. gap), the recovery
1s comsiderably less, which also accounts for the fact that data for
segment 22 fall below the rest (fig. 5(a)). Moreover, since the fluid -+
only partially expands into the l/8—inch gap between segments, the en-
trance loss is also samewhdt less than that given by equation (3). In- 1%

asmuch g8 the full calculated entrance and exlt losses are egssentially
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equal in megnitude for the data herein, the actual velues of these two
losses are considered to cancel ocut, and hence are neglected except for
segment 1 where the full entrance loss is taken out. Since the fluld
only partiaelly expands into the 1/8-inch gap, the vena-contractae loss
also 1s somewhat less than that given by equation (6) wherein K, 1is
based on segment free-flow area to full tunnel cross-section area ra-
tio. Hence, the vena-contracta losses were also neglected except for
segment 1. The momentum loss was teken out for &ll segments.

The data for the 22 segments corrected for nonfriction losses in
this manner are shown in figure 5(b)}; the bulk of the data falls about
65 percent above the reference line. In comparing the data with thst
for fully developed turbulent flow (reference line), the effects of
L/De must also be considered. These effects consist of (1) a momentum

loss accompasnying transition from flat (at entrance) to some degree of
fully developed velocity profile (at exit); and (2) an increase in av-
erage friction factor resulting from high shear stresses in the entrance
region, (This region of high stress may occur over a considerable por-
tion of the segment length.) These factors are asccounted for in refer-
ence 3 wherein curves of average and local friction factor are presented
as functions of X/De and Reynolds number for flow between parallel
flat plates with uniform veloecity profile at entrance. The ratio of
average to fully developed friction factor (from ref. 3) for L/Dg
values of 4.0 and 8.0 when spplied to the reference line (fig. 5(b})
result in the predicted lines (dashed) shown; the L/De values of 4.0
and 8.0 bracket the range of segment L/De's investigated herein with

the exception of segment 22, which has an L/Ds of 10.5.

With the exception of segments 1 and 22, the data of figure 5(b)
are well bracketed by the predicted lines and, in general, show the
proper characteristic with increase in L/De from segment to segment.

Moreover, the deta for segment 22 might well be in agreement with pre-
dicted values if the exit pressure recovery from segment 22 (in excess
of that for other segments) could be taken into account. The excess
recovery for segment 22 was attributed to the exit tep being 1/8 inch
behind segment 22 (This distance i1s 1/16 in. for all other segments).
The data for segment 1 is about 30 percent greater than predicted; this
difference cannot be explained although 1t 1s probably caused by the
segment being in prokximity to the rounded entrance of the tunnel where,
in other investigetions, similar discrepancies have been noted.

Effect of Mach number. - Additionel pressure-drop date were ob-
tained over the same range of Reynolds number but at a lower Mach num-
ber level than that for the previous data. These data were obtalned by
keeping the mass-velocity pV level constant while lncreasing the pres-
sure (and density) level to the highest value that could b€ obtained
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without encountering leakage from gasket seals at the tunnel side walls
and ends; these gaskets were regquired to allow installation and close
adjustment of tunnel walls t0 fit the segments. The maximum inlet pres-
sure obtalned was about 70 inches of mercury absolute, which resulted in
lowering the exit Mach number (segment 22) from 0.40 to 0.17 at the
highest flow rate.

These high-pressure (low Mach number) data are shown in figure 6 in
comparlison with the previous low-pressure data whereln the corrected
friction factor is plotted ageinst Reynolds number. The high- and low-
pressure data are in substantial agreement for sll segments, indicating
small effect of Mach number for the range lnvestigated.

Effect of reversing segmenis. - As a further check on the pressure-
drop measurements and correctlons, as well as geometry effects that may
be involved, the entire segment assembly (fig. 1(c)) was turned end for
end .in the tunnel and additional data teken. The friction data obtalned
with the elements reversed 1s compared with that obtained in the origil-
nel sequence In figure 7 for one flow rate. The ldentification numbers
refer to the segments proper and noit to tunnel-location sequence, al-
though these sre ldentical for the previous (nonreversed) tests. Fig-
ure 7 indicates that the reversed datas are somewhat more randam, which
may result from geometry effects or equally as well from tep misloca-
tione (teps mey not fall exactly in gap centers with elements reversed);
nevertheless, the reversed data are in substantlial agreement with the
previous (nonreversed) data.

Comparison of reactor segnent data. - For comparison with the 10-
segment data of a similar investigation (ref. 1) the data obtained here-
in are replotted in figure 8, wherein the L/De correction previously
discuseed. 18 applied to -the individusel dstum points, thus giving the
equivalent fully devéléjed”vélués " Incéluded in figure 8 are the data
for the 22 segments in the original order, and the data for the 10 seg-
ments of. reference 1 having triangular-shaped passages. With exception
of a few segments (principally segment 1 of this investigation and seg-
ment 4 of ref. 1), the data fall within #20 percent of the Karmén refer-
ence line for turbulent flow in smooth passages.

SUMMARY OF RESULTS

The results of tests to cobtein pressure-drop date for flow of alr
with no heat addition on a 2z2-segment mock-up of the General Electric
Company air-cocled alrcraft reactor are summarized as follows:

1. The friction factors based on measured static-pressure drops
corrected for nonfriction losses fall about 65 percent above the Kermdn-
Nikuradse line for fully developed turbulent flow in smooth pipes. When

¢Me
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segment length-to-effective-dlameter-ratio effects are taken into ac-
count, however, the experimentel dete wlth exception of the first and
last segments are in good agreement with results predicted by anelysis.

2. The friction data, obtained at two different pressure levels,
indlicate no eppreciable effect of Mach number over the range investi-
gated (Mach numbers up to 0.40).

3. With segment length-to-effective-diameter-ratlio effects taken
into eccount, the friction factors obtained herein for the 22 segments
are in good agreement with those of s previous investigation for 10
segments having a different core configuration.

Lewis Flight Propulsion Laboratory
Netional Advisory Committee for Aeromautics
Clevelsnd, Ohlo, December 6, 13854
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TABLE I. - GEOMETRIC CHARACTERISTICS OF SEGMENTS
Reactor| Length,| Width, | Height,| Effective| Length-to-|Free-flow area,
segment in. in. in. diameter,|effective- sq ft
ft dlameter
ratio
1 1.50 | 3.00 2.00 | 0.0278 4.505 0.03802
2 . 0335 3.731 . 03858
3 . 0309 4,043 .03834
4 .0296 4.225 .03824
5 .0272 4.601 .03737
6 .0251 4.983 .03770
T .0240 5.208 03757
8 .0223 5.597 . 03731
9 .0205 6.098 . 03627
10 . 0200 6.250 .03890
11 .0189 6.608 .03665
1z .0181 6.912 .03644
13 .0175 7.143 .03633
14 .0167 7.463 . 03609
15 .0158 7.885 .03588
1s .0157 7.979 .03578
17 .0156 8.021 03577
18 .0152 8.242 .035867
18 . 0156 8.021 03577
20 .01586 8.021 .03577
21 J 4 4 . 0152 8.197 . 03567
22 J [ | .0119 10.490 . 03434

3504
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(a) Front view of segments 1 to 11.
Tigure 1. - Reactor mockup segments and assembly.
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(v) Frout view of segments 12 to 22.
Figure 1. - Contlinued. Reactor mockup segments and assembly.
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(c) Apsembled test sectlom.
Figure 1. - Concluded. Resctor mockup segments end sssembly.
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(8) General layout.

(b) Test section and metal tunnel.
Flgure 2. - Bchematic diagram of test
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(a) Segment assembly enclosed.
Figure 3. - Tunnel test setup.
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Pigure 4. - Typical pressure-gradient curve for 22-segment assembly. Reference stetic pressure, 2378
pounds per square foot.
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Figure 5, - Half-friction factors for reactor degments 1 to 22. ’
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Corrected half-friction factor, (f£/2),..
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Reynolds mumber, Re

(b) Data based on measured preesure drops corrected for nonfriction losses.

Figure 5. - Concluded.

Half-friction factors for resctor segments 1 to 22.
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Corrected half-friction factor, (£/2) ..
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Flgure 6. - Comparison of half-friction factors dbtained at two pressure levels. Data based on measured
preseure drops corrected for nonfriction losses.
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Corrected helf-friction factor, (f/z)cor
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Pigure 7. - Compariscn of half-friction factors gbtained with segments 1n proper sequence and with segment
asgembly reversed. Data for one flow rate based on measured pressure drops corrected for nonfriction losses. o
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Corrected half-friction factor, (£/?)
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Flgure 8. - Compariscd of half-friction factors obtained herein with that of reference 1. Date based on
messured pressure Grops corrected for monfriction losses snd L/D, effects.
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