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ABSTRACT

Experimental data were obtained on a vertical-upflow, single tube-in-shell, 0.436-
in, - (1. 11-cm) inside diameter by 60. 5-in. - (1, 54-m) long, water-boiling heat ex-
changer with a helical-wire insert (wire-pitch-to-inside-diameter ratio 1. 90).
Entrance-region plugs, inlet orifices, and a venturi-type inlet were tested at boiling~
fluid flow rates from 60 to 100 lbm/hr (0.0075 to 0.0125 kg/sec) and exit pressure
~17 psia (~115 kN/mz). Results are compared with those on a boiler with the same di-
mensions, but with no insert, Vapor superheat with heat-balance exit quality >1. 0 was
obtained. With no inlet device, with or without plugs the tendency for back-slugging in-
stabilities was present. Orifices eliminated back-slugging, but exit quality of 1. 0 was
not obtained, although vapor superheat was indicated. The venturi eliminated back
slugging and gave a heat-balance quality as high as 1. 02; however, the flow range was

limited.
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TESTS OF A SINGLE TUBE-IN-SHELL WATER-BOILING HEAT EXCHANGER
WITH A HELICAL-WIRE INSERT AND SEVERAL INLET
FLOW-STABILIZING DEVICES
by James R. Stone and Nick J. Sekas

Lewis Research Center

SUMMARY

Experimental data were obtained on the performance of a vertical-upflow, single
tube-in-shell, water-boiling heat exchanger with a helical-wire insert and several inlet
flow-stabilizing devices. The boiler tube had an inner diameter of 0.436 inch (1. 11 cm)
and an effective length of 60.5 inches (1. 54 m). The purpose of the wire helix was to
separate the liquid and vapor phases, maintaining liquid on the heated surface and thus
yielding efficient heat transfer up to high vapor quality. The ratio of wire pitch to tube
inner diameter was 1.90. Velocity-increasing entrance-region plugs, inlet orifices and
a venturi-type inlet were tested over a nominal range of boiling-fluid flow rates of 60 to
100 pounds (mass) per hour (0, 0075 to 0.0125 kg/sec). Most of the data were taken with
boiler exit pressure at about 17 pounds (force) per square inch (absolute) (~115 kN/mz).
The results are compared with experimental results obtained on the same test rig with a
boiler of the same dimensions, but without the helical-wire insert.

Exit qualities (as determined by a heat balance) greater than 1.0 with vapor super-
heat were obtained, whereas such performance was not obtained with a plain tube. With
no inlet pressure-drop device, with or without inlet-region plugs, the tendency for back-
slugging instabilities was present. The orifices eliminated back-slugging, but exit qual-
ities of 1.0 were not obtained, although vapor superheat was indicated. With a venturi-
type inlet, back slugging was eliminated and exit quality greater than 1.0 was obtained.

However, this device performed stably over a limited flow range. ‘



INTRODUCTION

One of the major problem areas in the technology of Rankine-cycle space power sys-
tems has been the design of high-performance, dependable, compact boilers. The boilers
must operate stably with a minimum of entrained liquid in the exit vapor stream. One
approach to the stability problem has been to add a large pressure drop at the boiler in-
let, This pressure drop has generally been obtained from orifices and area-reducing
entrance-region plugs. In addition to increasing the pressure drop, the plugs induced
increased heat-transfer coefficients in the nonboiling region. A common method used to

' reduce liquid entrainment has been to separate the liquid droplets from the vapor by
swirling the two-phase mixture, thus centrifuging the liquid to the wall. This swirl has
been obtained by inserting helical wires or twisted ribbons into the boiler tube, by coil-
ing the tube, or by a combination of inserts and tube coiling. These approaches have
resulted in varying degrees of improvement, as for example in the mercury boiler de-
velopment program (refs. 1 to 4). Some other studies of the effect of swirling on boiler
performance are described in references 5 to 7 for potassium boiling and references 8
to 10 for water boiling.

The beneficial effects of swirling the flow appear to be that a quality higher than that
obtained in a plain, straight tube is reached before dry-wall boiling occurs, and that a
higher heat-transfer coefficient is obtained in the dry-wall boiling regime (refs. 5, 6,
and 9). These benefits are accompanied by a larger pressure drop across the boiler.
Kreeger, et al. (ref. 4) reported that with twisted-ribbon inserts, liquid was found to ac-
cumulate on the ribbon, but with helical-wire inserts, good separation of the liquid from
the vapor core was achieved. Even with the various swirl techniques, however, consid-
erable amounts of vapor superheat with quality less than 1.0 (as determined by a heat
balance) have been reported for the boiling of mercury (refs. 1 to 4) and water (ref. 10).

A series of experimental once-through heat-exchanger boiler studies have been con-
ducted at Lewis Research Center. Plain-tube water-boiling experiments were reported
in reference 11. Correlations were presented therein for boiling pressure drop and
heat-transfer coefficients. In reference 11, it was found difficult to obtain high exit
quality with stable flow. In the present experiments, results are reported on the per-
formance of a boiler of the same dimensions as in reference 11 and on the same test rig,
but with a helical-wire insert and several entrance-region modifications. The purpose
of this study was to determine the effect of the helical wire and the entrance-region
modifications on heat transfer and pressure drop. In addition, qualitative information
on flow stability was sought.

The boiler tube used in this study was 60. 5 inches (1. 54 m) long and 0.436 inch
(1.11 cm) in inside diameter. The full-length wire helix was brazed to the tube inside
wall., Its diameter was 1/16 inch (1,6 mm), and its pitch (for 360° of coil) was 0. 83



inch (2.1 cm). Several combinations of inlet pressure drop devices and area-reducing
plugs were tested. Most of the data were obtained with boiling-fluid flow rates from
about 60 to 100 pounds (mass) per hour (~0.0075 to 0.0125 kg/sec), heating-fluid (water)
flow rate about 8000 pounds (mass) per hour (~1.0 kg/sec), and boiler exit pressure
about 17 pounds (force) per square inch (absolute) (~115 kN/mz). Limited data were
also obtained for other conditions.

SYMBOLS

liquid specific heat, Btu/(lb_)(°F); J/(kg)(K)

diameter, in.;

.; m

boiling-fluid superficial mass velocity, 4W, /KrDZ, Ib_ /(hr)(it?); kg/(sec)(m?)
conversion factor, 4. 17x108 (lbm)(ft)/(lbf)(hrz); 1.00 (kg)(m)/(N)(secz)
enthalpy, Btu/lb s 9 /Kg

heating-fluid flow parameter D /12k Re
Dy /ey Re0- 82x0-5, ()10 W

conversion factor, (1/144) ft2/1n. 2; 1.00 mz/m2

liquid thermal conductivity, Btu/(hr)(ft)(oF); W /(m)(K)

9-8prd-5 (hr)(8t%)(°F) /Btu;

Nusselt number, D;/12Rk, dimensionless; D,/Rk, dimensionless
pressure (absolute), psi; N/m2

boiler pressure drop, Py, - Py, psi; N/m2

calculated gravitational pressure drop, psi; N/m2

boiling-fluid pump pressure rise, psi; N/m2

liquid Prandtl number, cpp/k, dimensionless

heating rate, Btu/hr; W 7

thermal resistance, (hr)(ftz)(oF)/Btu; (mz)(K)/W

combined resistance of wall and heating fluid, (hr)(ftz)(oF) /Btu; (m2)(K) /W
Reynolds number, dimensionless

surface area, ftz; m?2
temperature, 0F; K

mass flowrate, 1b /hr; kg/sec



R  vapor quality, dimensionless

6@ temperature difference, °F; K

A enthalpy of evaporation, Btu/lbm; J/kg

p liquid viscosity, lb m/(ft)(hr); kg /(m)(sec)
p density, lbm/fts; kg/m3

Subsecripts:

b  boiling fluid (test fluid)
¢ coolant (test fluid)

e exit

h  heating-fluid

i inlet

! liquid property

m arithmetic mean

p exit plenum

pt plain tube

s  boiling-fluid saturation
1  inner wall of boiler tube
2  outer wall of boiler tube
3

inner wall of shell tube
APPARATUS
A schematic diagram of the test rig is shown in figure 1. With the exception of the

test section this is essentially the same rig as that used in reference 11, The various
parts of the rig are described in the following sections.

Heat Supply Loop

The heat supply loop was designed for operation at temperatures up to 350° F
(450 K) and pressures up to 200 pounds per square inch (absolute) (1380 kN/mz). A cen-



trifugal pump circulated the heating water in the closed loop. The heating fluid was
heated in a tank by immersion heaters.

Test Fluid Loop

A gear pump circulated the test fluid. The flow passed through a coiled, stainless-
steel, electric preheater and then through a remotely-operated throttle valve to the test-
section inlet plenum., From the test-section exit plenum the flow passed through a pipe
to a spray condenser. A centrifugal pump recirculated cool liquid to the condenser from
the test-fluid loop. From the condenser the flow passed into a multiple-tube heat ex-
changer cooled by water from an external cooling-water system. In most cases the con-
denser coolant recirculating pump was shut off, and the condensing was done in the heat
exchanger,

Test Section

Figure 2 shows a schematic diagram of the test section. The test-fluid flow was
vertically upward and the heating-fluid flow downward. The shell, or outer jacket, of
the test section was a single stainless-steel tube. The inner (test-fluid) passage con-
sisted of two lengths of stainless-steel tubing butt-welded together in such a manner that
the internal wire helix was essentially continuous. The helical copper wire, 1/16 inch
(1.6 mm) in diameter, had previously been brazed to the inner surface of the tubes.
Heat transfer in the end sections was reduced by insulating the center tube as shown in
figure 2. The effective length of the boiler was assumed to be limited to the 60. 5-inch
(1.54-m) uninsulated length. The outer shell of the test section was wrapped with a fi-
berglass insulating material.

Inlet Region Modifications

The various flow-stabilizing devices used in this study are described in this section.
The same test section was used in all cases.

Plugs. - Figure 3 shows the inlet region of the test section with the 5-inch (0. 127-m)
~ long plug installed. A 10-inch (0.254-m) long plug was also used. These plugs were
machined from brass rods and fit tightly against the helical wire, thus forming a helical
flow passage. The plug fit tightly enough to be held in place; however, there were two
small protruding rods at the upstream end to assure that the plug could not slide into the
test section.



Orifices. - Two different single-hole orifices were used, one having a diameter of
0.025 inch (0. 64 mm) and the other 0.0305 inch (0.77 mm). Both were located at the
tube centerline, Two different multiple-hole orifices were also used. The first, having
two 0.025-inch (0. 64~mm) diameter holes is sketched in figure 4. The holes were an-
gled to initiate swirling flow. The second multiple-hole orifice, having four 0.0135-inch
(0. 34-mm) diameter holes, is sketched in figure 5. These holes were also angled to in-
itiate swirling flow. The holes, in addition, were angled outward toward the boiler-tube
wall, instead of being parallel to it as with the first multiple-hole orifice. The orifice
plates were all 0. 080 inch (2. 03 mm) thick and were soldered to the inlet end of the
boiler tube.

Orifice and plug combination. - Figure 6 shows the inlet region of the test section
with a 0.028-inch (0.71-mm) diameter orifice followed by a 10-inch (0. 254-m) long plug.
The plug was bonded to the 0.080-inch (2. 03-mm) thick orifice plate, which was then
soldered to the inlet end of the boiler tube. A slot passage was cut at the inlet end of the
plug to provide a flow passage from the orifice into the boiler tube.

Venturi-diffuser and plug combination. - Figure 7 shows the inlet region of the test
section with the venturi-type resistrictor, the diffuser, and a 10-inch (0. 254-m) long
plug. A short length of stainless-steel tubing was rolled down to form the 0.0305-inch
(0.78-mm) throat-diameter venturi; the rolling process left a small notch in the diffuser,
as shown in the figure. The extension of the diffuser and the plug were brass. A 1/16-
inch (1. 6-mm) diameter copper wire with the same pitch (0. 83 in. or 2.1 c¢m) as in the
boiler tube was bonded to the tapered section of the plug. The upstream end of the wire
was tapered down to minimize leading-edge bluntness.

Instrumentation

The flow rates for both loops were measured by turbine-type flowmeters.

The boiler inlet and exit pressures were measured with 0 to 150 pounds per square
inch (0 to 1030 kN /m2) absolute Bourdon-type gages, with errors less than +1/4 of 1 per-
cent of full scale. The inlet pressure gage was always located downstream of all inlet
orifices and the venturi. The smallest gage division was 1/2 pound per square inch
(3.8 kN/mz), and the gage face was 8 inches (0. 203 m) in diameter. The pressure taps
were drilled through the test-section end plates and boiler-tube wall, The pressure
gages were sufficiently damped to eliminate most high frequency oscillations. The test-
fluid pump pressure rise was measured with a 6-inch (0. 152-m) diameter differential
gage having a 0 to 100 pound per square inch (0 to 690 kN/mz) scale, The pump pres-
sure rise was not a precise measurement and is included only to show rough trends.

Copper-constantan thermocouples were installed .in the boiling-fluid inlet and exit



plenum chambers and in the heating-fluid inlet and exit lines. These temperatures were
read from multi-point strip-chart recorders having a range of 0° to 400° F (255.5 to
478 K), 2° F (1.1 K) smallest division, and an 11 inch (0. 279 m) scale. After the tests
were partially completed a chromel-alumel thermocouple was installed at the boiling-
fluid exit, upstream of the plenum baffle plates, to measure the temperature as close as
possible to the end of the boiler tube. This temperature was continuously recorded on a
strip chart having a 6 inch (0. 152 m) scale with a 10 millivolt range and 0.1 millivolt
smallest division.

PROCEDURE

The sequence of testing was as follows: (1) no plug or inlet device, (2) plugs only,
(3) the various orifice configurations, and (4) the venturi-diffuser and plug. Additional
data on the 10-inch (0. 254-m) plug with no inlet device were taken after partial comple-
tion of the orifice testing.

Generally the mode of operation was to maintain both flow rates and the boiling-fluid
inlet temperature and exit pressure essentially constant, while increasing the heating-
fluid inlet temperature. However, some series were run with variable boiling-fluid flow
rate,

The conditions for each test run were established by adjusting the power to the main
heater and preheater and setting pump speed, flow-control valve position and expansion
tank pressures at selected values. When mean inlet and exit temperatures became con-
stant with time, even if in some cases slightly oscillatory, the data for that run were
taken, |

The dissolved gas content was reduced and maintained at or below about 3 parts per
million by weight by venting the top of the condenser while boiling in the test section.
(Method of determining gas content is discussed in ref. 12,) This was done each day be~
fore data were taken.

RESULTS AND DISCUSSION
Nonboiling Runs

A series of nonboiling runs was made to check the instrumentation and to determine
the heating-fluid and coolant (test fluid) thermal resistances. Table I contains the data
for these runs. The analysis of these data is presented in appendix A, The rate of heat
transfer in the test section was calculated for the heating fluid Q, and for the coolant



Qb' The average disagreement was found to be 5 percent and the maximum disagree-
ment was 11 percent, for heating-fluid temperature drops greater than 4. 5° F (2.5 K).
Mean coolant Nusselt numbers were determined for each nonboiling run and were plotted
against mean coolant Reynolds number as shown in figure 8 (mean coolant Prandtl num-~
ber essentially constant at 3. 3). The plain-tube Nusselt number curve shown for com-
parison was determined as in reference 11. These data appear to be at least in qualita-
tive agreement with the data of Sams (ref. 13) for air flowing in a tube with helical-wire
inserts,

Boiling Results for the Various Inlet-Region Configurations

Data were obtained on the performance of the heat-exchanger boiler with helical-
wire insert with each of the inlet-region configurations described in the APPARATUS
section. These data are tabulated in tables II to X. The reduction of these data is de-
scribed in appendix B.

Plots of exit quality and boiler pressure drop as a function of the boiler-exit tem-
perature difference, 6o, = Ty; - Tse’ are presented for each configuration (figs. 9 to 22).
For all configurations except the venturi, the nominal conditions were as follows:
heating-fluid flow rate, 8000 pounds (mass) per hour (1.0 kg/sec); boiling-fluid flow
rate, 60 pounds (mass) per hour (0.0075 kg/sec); boiling-fluid inlet temperature, 80° F
(~300 K); and boiler exit pressure, 17 pounds (force) per square inch (absolute) (~115
kN/mz). For the venturi-type inlet, the nominal boiling-fluid flow rate was 80 pounds
(mass) per hour (0. 010 kg/sec), with the other conditions the same. Calculated curves
of exit quality or boiler pressure drop against 9 se for a plain-tube boiler of the same
dimensions (ref. 11) and the same nominal conditions are shown in each figure for com-
parison, The choice of 6 se 28 the significant temperature difference is arbitrary;
however, heating-fluid inlet temperature is the manipulated variable, while boiling-fluid
exit saturation temperature and both flow rates are essentially constant, so that ¢ se 1S
a reasonable parameter. The exit quality at the onset of dry wall boiling for the plain
tube (ref. 11) is also shown. Additional data, for conditions other than nominal, but all
at about 17 pounds (force) per square inch (absolute) (~115 kN/mz) boiler exit pressure,
are presented in the tables, Comments on flow oscillations are based on the output of
the turbine flowmeter, and are only qualitative.

No plug or inlet device. - Plots of exit quality and boiler pressure drop, respect-
ively, are shown in figures 9 and 10, as a function of the boiler-exit temperature differ-
ence for the nominal conditions with no plug or inlet device. For exit qualities less than
that at which dry-wall boiling occurs in the plain tube (x e = 0.82), there is little effect of

the wire helix on x e for a given 0 se’ actually, the exit quality with the wire helix for a




given 6 se appears to be slightly less than for the plain tube. However, the rate of in-
crease of x e with 6 se remains unchanged up to x e 1.0 with the wire helix, indicat-
ing that there is no significant change in the overall heat-transfer coefficient, while for
the plain tube (ref. 11) the performance beyond the onset of dry-wall boiling was very
erratic and unpredictable. Even with the wire helix, however, exit quality of 1.0 was
not reached without flow oscillations of at least +b percent. These flow oscillations
were usually accompanied by pulsating high temperature readings at the boiling-fluid in-
let. These temperature rises were, at times, as much as 60° F (~35 K). Since the
boiling-fluid inlet thermocouple was located just below the boiler-tube inlet end, these
erratic high temperature readings may have been due to back slugging of vapor or hot
liquid.

The pressure drop shown in figure 10 is considerably greater than that for the plain
tube. It was generally found necessary to adjust the throttle valve to cause a fairly
large total system pressure difference (given by the pump pressure rise APP in the
tables), in order to maintain a reasonably steady boiling-fluid flow rate. (The throttle
valve pressure drop is given approximately by APp - (Pbi - Py e).) At high exit quali-
ties the pressure drop across the throttle valve was about 13 pounds per square inch
(~90 KN /m?).

Data are also listed in table II for boiling-fluid flow rate about 100 pounds (mass)
per hour (0.0125 kg /sec) with boiling-fluid inlet temperature of ~80° F (~300 K) and in
the range from 208° to 223° F (371 to 391 K). Otherwise the conditions were nominal,
The highest exit quality obtained at this flow rate was 0. 87.

Plug only. - Plots of exit quality and boiler pressure drop against the boiler-exit
temperature difference for nominal conditions with plugs only are shown in figures 11
and 12, respectively. In these cases, no inlet device was used. The variations of x
and APB with 6 se are essentially the same as for no plug or inlet device (figs. 9

e

and 10). But with the plugs, exit quality of 1.0 could be reached with flow oscillations
less than +5 percent, However, the flow stability was not always repeatable, and when
flow oscillations did occur they were generally accompanied by high and erratic boiling-
fluid inlet temperature readings, as was the case with no plug. The throttle-valve pres-
sure drops were about the same as for no plugs. It should be noted, however, that these
were not necessarily the minimum values required for stability.

For the 5-inch (0. 127-m) plug, table III also presents data for a boiling-fluid flow
rate of about 100 pounds (mass) per hour (~0.0125 kg/sec) with otherwise nominal con-
ditions. For the 10-inch (0. 254-m) plug (table IV), data are also presented for two
heating-fluid flow rates lower than nominal.

Single orifice only. - Plots of exit quality and boiler pressure drop against the
boiler-exit temperature difference for nominal conditions with single orifices only are

shown in figures 13 and 14, respectively. In these cases no plug was used. For exit



qualities less than about 0.7, the quality for a given ¢ se is about the same as for the
plain tube. With either orifice, however, increases in 6., do not yield much increase
in x, compared to the configurations with no inlet device (figs. 9 and 11); in addition,
vapor superheat was indicated at exit qualities ranging from 0.72 to 0. 93. However, with
the orifices, no erratic boiling-fluid inlet temperature behavior occurred, like that seen
without an orifice,

The orifice pressure drop at nominal conditions was about 35 pounds (force) per
square inch (~240 kN/mz) for the 0.025-inch (0. 64-mm) orifice and about 15 pounds
(force) per square inch (~103 kN/mz) for the 0. 0305-inch (0.78-mm) orifice. For the
0.025-inch (0. 64-mm) orifice, data are also presented in table V for boiling-fluid flow
rates from 52 to 73 pounds (mass) per hour (0. 0065 to 0.0092 kg /sec) at otherwise nomi-
nal conditions.

Multiple-hole orifice only. - Plots of exit quality and boiler pressure drop against
boiler-exit temperature difference for nominal conditions are shown in figures 15 and 16,
respectively, for the multiple-hole orifices; one orifice plate had two 0. 025-inch
(0. 64-mm) holes and the other had four 0.0135-inch (0. 34-mm) holes. The holes were
located at the tube-wall inside diameter and were angled to initiate swirling flow. The
variation of Xy and APB with 6 se is about the same as for the single orifices, except
that slightly higher exit qualities (0. 85 to 0. 93) were reached before superheat was ob-
served. As with the single orifices, no erratic boiling-fluid inlet temperature behavior
occurred. The orifice pressure drop at nominal conditions was about 20 pounds (force)
per square inch (~138 kN /mz) for the two-hole orifice and about 25 pounds (force) per
square inch (~172 kN /mz) for the four-hole orifice.

For the two-hole orifice, additional data are presented in table VII for boiling-fluid
flow rates from 58 to 65 pounds (mass) per hour (0.0073 to 0. 0082 kg/sec) with boiling
fluid inlet temperatures from 223°% to 251° F (379 to 395 K) at otherwise nominal condi-
tions. Data are also included therein for boiling-fluid flow rate about 100 pounds (mass)
per hour (~0.0125 kg/sec), boiling-fluid inlet temperatures from 227% to 258° F (381 to
399 K), and heating-fluid flow rate about 11 000 pounds (mass) per hour (~1. 4 kg/sec)
with essentially nominal boiler exit pressure,

Single orifice and plug. -~ Plots of exit quality and boiler pressure drop against the
boiler-exit temperature difference for nominal conditions with the 0.028 inch (0. 71 mm)
orifice and 10 inch (0. 025 m) plug are shown in figures 17 and 18, respectively. The
variation of x e and APB with Ose is about the same as for the other orifice configura-
tions. Exit superheat was indicated at qualities from 0.79 to 0. 91. The orifice pressure
drop at nominal conditions was about 25 pounds (force) per square inch (~172 kN/mz).
Considerable data are presented in table IX for conditions other than nominal but all at a
boiler exit pressure about 17 pounds (force) per square inch (absolute) (~115 kN/mz).

Venturi-diffuser and plug. - Plots of exit quality and boiler pressure drop against
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the boiler-exit temperature difference for the venturi-diffuser and plug are shown in fig-
ures 19 and 20, respectively for boiling-fluid flow rate about 80 pounds (mass) per hour
(~0.010 kg /sec) at otherwise nominal conditions., Stable operation was not obtained at a
boiling-fluid flow rate of 60 pounds (mass) per hour (~0.0075 kg/sec). This was believed
to be caused by unsteady cavitation. Superheat first was indicated at x e = 0.98; flow
oscillations in the range of +5 to 10 percent were observed at that point. No erratic
boiling-fluid inlet temperature behavior as that seen without an inlet device, was ob-
served. The pressure drop across the venturi and diffuser was about 25 pounds per
square inch (~172 kN/mz) at 80 pounds (mass) per hour (0.0100 kg/sec) and 80° F

(300 K).

Another series of runs was made with the same flow rates and boiler exit pressure,
but with boiling-fluid inlet temperature ranging from 210° to 241° F (371 to 389 K); the
exit pressure and boiler pressure drop are plotted against 0 se’ for this series, in fig-
ures 21 and 22, respectively. Superheat was observed at exit qualities from 0. 96 to
1.02. No boiling-fluid flow oscillations as great as +5 percent were seen; however, ad-
ditional pressure drop (up to 10 psi or 69 kN/mz) was required at the throttle valve for
high exit quality.

Comparison of Inlet Region Devices

Exit quality and superheat. - The boiler performance with the various inlet devices,
in terms of indicated superheat as a function of exit quality, is shown in figure 23(a) for
no inlet device with or without plug (data of tables II to 1IV), figure 23(b) for all orifice
configurations (data of tables V to IX), and figure 23(c) for the venturi-diffuser and plug
combination (data of table X). All data listed in the tables are shown. For no inlet de-
vice, with or without plugs (fig. 23(a)), superheat is indicated over an exit quality range
of 0.94 to 1.03. For the orifice configurations (fig. 23(b)), superheat is indicated over
an exit quality range from 0.72 to 0. 97; under no conditions used herein was x,=1.0
obtainable with orifices. For the venturi configuration (fig. 23(c)), superheat is indi-
cated over an exit quality range from 0.96 to 1.02. The two thermocouples, T, , and
pr, show the same trends although Tbe is consistently higher in temperature.

Pressure drop. - A nondimensional boiler pressure-drop parameter,

(APB - APG) /(KGZ/p 18 c)’ is plotted against exit quality in figure 24(a) for no inlet device
with or without plug, figure 24(b) for all orifice configurations, and figure 24(c) for the
venturi-diffuser and plug combination. (APG is calculated as in ref. 11.) Note that no
inlet-device pressure drop is included in APB. Plain-tube values, calculated from ref-
erence 11, are shown for comparison. The data for all configurations normalize well
except when exit vapor superheat is indicated; this is reasonable since the flow pattern
in the high quality end of the boiler must then change.
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Other considerations. - The orifices and the venturi configuration eliminated the
boiling-fluid inlet temperature pulsations attributed to back slugging. However, with the
orifice configurations, exit qualities of 1.0 or greater were not obtained. Without inlet
pressure-drop devices, but with inlet-region plugs, exit qualities in excess of 1.0 (as
determined by a heat balance) were obtained, but stability was not always repeatable.
The venturi configuration showed good performance, but over a limited flow range. With
~80° F (~300 K) inlet temperature, flow oscillations as great as 5 to 10 percent were
not seen with the venturi configuration until x e = 0. 98; with inlet temperature from 210°
to 241° F (372 to 389 K), no flow oscillations as large as +5 percent were seen at exit
qualities as high as 1. 02,

SUMMARY OF RESULTS

The boiler tube with the wire-helix insert yielded more stable performance than did
plain straight tubes of the same size; however, at exit qualities lower than about 0. 8 the
effect of the wire helix on heat transfer was slight. The boiler tube pressure drop was
much greater with the wire helix than with the plain tube (2 to 3 times as great at high
exit qualities).

Large inlet pressure drops were required to reduce boiling-fluid flow oscillations.
With the wire helix alone or with entrance-region plugs most of the pressure drop oc-
curred at the flow-control valve. The operation of the boiler became more stable when
rod-shaped plugs were used in the entrance region of the boiler tube to reduce the net
flow area; however, back slugging of vapor or hot liquid occasionally occurred.

Orifice-type boiler-tube inlets were found to be unsatisfactory, even though they
eliminated the back slugging. The boiling-fluid exit temperature rose well above satura-
tion temperature while the exit vapor quality was considerably less than unity.

A venturi-diffuser-plug boiler-tube inlet was found to perform well over a limited
range. The minimum flow rate for stable operation was higher than 860 pounds (mass)
per hour (0.0075 kg/sec), the nominal flow rate at which most of the data for other con-
figurations were taken, With boiling-fluid inlet temperature only slightly below satura-
tion, flow was steady (less than 5 percent oscillations), no back slugging occurred and
heat-balance exit quality in excess of 1. 0 was obtained with slight premature super-
heating, starting at 0. 96 exit quality. At high exit qualities, additional pressure drop

12



was required at the throttle valve. With high inlet subcooling, no vapor superheating

nor flow oscillations as great as 16 percent were seen until 0. 98 exit quality was
reached.

Lewis Research Center,

National Aeronautics and Space Administration,
Cleveland, Ohio, May 2, 1968,
120-27-02-03-22.
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APPENDIX A

REDUCTION OF NONBOILING DATA

A series of nonboiling runs was made to check the instrumentation, and to determine
the heating-fluid and coolant thermal resistances. The analysis of the data is discussed
herein. Table I contains the data for these runs.

Check of Instrumentation by Heat Balance

The rate of heat transfer in the test section was calculated for the two streams in-
dependently. Equation (Al) was used for the heating fluid and equation (A2) for the
coolant;

Qp = Wh(Hp; - Hpe) (A1)
Q, = Wb(pr - Hy)) (A2)

Qh is plotted against Qb in figure 25. The average disagreement is 5 percent, and the
maximum disagreement is 11 percent for heating-fluid temperature drops greater than
4.5°F (2.5 K). In further calculations for the nonboiling runs, Qb was used, since the
coolant temperature rise was greater than the heating-fluid temperature drop, and
therefore is considered more accurate,

Determination of Heating-Fluid Thermal Resistance

The overall thermal resistance is the sum of the two fluid resistances and the wall
resistance. It is necessary to know two of these resistances in order to determine the
other from experimental data. In order to determine the heating-fluid thermal resist-
ance, several runs were made wherein the coolant flow rate and inlet and exit tempera-
tures were held constant, while the heating-fluid flow rate and temperature were varied.
The mean overall thermal resistance, R, the inverse of the mean overall heat-transfer
coefficient, was determined as follows for each run:

14




(The = Tipt) = (Thy = Tpp)
Q\ /T, -T,.
) In he bi

S2 Thi—T

(A3)

bp

It was assumed that the wall and coolant thermal resistances were constant for each se-
ries. Since the heating-fluid flow was turbulent, it was assumed that the heating-fluid
thermal resistance was directly proportional to J, where

D

3= [—2Re;0-8pr;0-°  (hr)(sq #)(°F)/Btu (A4)
12k,
or
Dy\ . _0.8,.-0.5 2
J=|~—=|Re = "Pr (m“}K) kW (Ada)
K

Figure 26 shows a plot of R against J for four different series. The physical proper-
ties used are the square-root average of inlet and exit values. The J =0 intercept on
the R scale is assumed to be the sum of the wall and coolant thermal resistances. The
slope of these lines defines the relation between the heating-fluid thermal resistance, Rh
(the inverse of the mean heating-fluid heat transfer coefficient) and the parameter J. It
is assumed that this slope is constant. In fairing these lines, the higher coolant flow
rate data, having larger temperature differences, were more heavily weighted. The
following relation was obtained:

Ry = 40J (A5)

Equation (A5) may be rewritten as follows. (Note that the diameter of the heated perim-
eter, D2 and the hydraulic diameter of the annulus, D3 - D2, are equal.)

Dy

"2 _ Nu, =0.025 ReD- 8pr0-
h h PTh
12R K,

(U.S. customary units) (A6)

or
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Dy

Ryl

= Nu, = 0.025 Reg- BPrg- 5 (I units) (A6a)

h

Effect of Wire Helix on Coolant Nusselt Number
Mean coolant Nusselt numbers were determined for each of the nonboiling runs, in
order to determine the effect of the wire helix on single-phase heat transfer. The mean
coolant thermal resistance R c may be computed as follows:

R.=R-R (AT)

where Ro is the combined thermal resistance of the wall and heating fluid. Assuming
the wall thermal resistance of 0. 30x10™3 (hr)(£%)(°F) /Btu (0. 0053 (m?)(K) /kW),

R, = 0.00030 + 407  (hr)(it%)(°F)/Btu (A8)
or
R, =0.0053 + 407  (m?)(K)/kW (A8a)

Lumping the effects of swirl and the extended surface area provided by the wire
helix, an effective mean coolant Nusselt number may be defined as follows:

D
Nu, = 1 (U.S. customary units) (A9)
D
1
12R, B— kc
2
D
Nu,=—————  (SI units) (A9a)
D
1
Rc D— kc
2

The mean coolant Nusselt number is plotted against the mean coolant Reynolds number,
Re, = (DlG/12 ,uc) (U.S. Customary Units) or Re, = DlG/,uc (SI Units), in figure 8. The
mean coolant Prandtl number is essentially constant at 3. 3. The plain-tube Nusselt num-
ber curve shown for comparison was determined as in reference 11; the following ex-

pression was used.
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_ 0.8,.0.5
Nu; = 0.023 Re, BPrc

Sams (ref. 13) reported approximately a two-to-one increase in Nusselt numbers
over plain-tube values for wire helices of the same wire-diameter-to-pitch ratio as used
in this study. Sams' results are for air flowing in a 0.41-inch (1.04-cm) inside diam-
eter tube with a Reynolds number of 30 000. (The effect of extended surface area was
lumped with the effect of swirl.) The data of the present report appear to be approaching
about Zi-to-one increase at Reynolds numbers over 10 000, thus indicating at least qual-
itative agreement with Sams' results.
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APPENDIX B

REDUCTION OF BOILING DATA

The tabulated heating rate is calculated from the heating-fluid heat balance, equa-
tion (Al), except in some cases where the computed exit vapor quality was greater than
1.00. In these cases, assuming thermodynamic equilibrium, the boiling-fluid heat bal-
ance, equation (A2), may be used, where Hbe is the enthalpy of the vapor at pr and
Ppo- When the tabulated x e is equal to or greater than 1.00, the Q listed in the
tables is the smaller of Qh and Qb'

The exit vapor quality is calculated from equation (Bl1). Thermodynamic equilib-
rium is assumed.

lse
x =P (B1)
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TABLE I, - EXPERIMENTAL DATA FOR NONBOILING RUNS

(a) U.S. Customary Units

Coolant Heating fluid Heating rate Mean overall | Mean coolant
thermal Nusselt
Flow rate, Inlet Exit plenum Mean | Flow rate, Inlet Exit Flow Based on Based on resistance, mumber,
Wiy temperature, | temperature, | Reynolds Wi temperature, | temperature, | parameter,| coolant tem- | heating-fluid R, Nu,
1b mass/hr Ty pr, mumber, |lb mass/hr Thir The ) J, . perature rise,| temperature (ftZ)(hr) ©F)
' op op Re, op op (£t°) (hr)("F) Qy drop, ' Bm
Btu Btu/hr Qs
Btu/hr

1: 428 78,5 210.5 12 500 1200 336.5 202.0 26.810°% 56, 5x103 55.3x10°  1.94x10"3 201
2 429 79.0 210.0 12 800 1690 310.0 280.0 20,9 56.2 52,2 1,70 199
3 427 79.5 210.5 12 700 2 390 291.5 269,17 16.3 55. 9 53.3 1,50 204
4’ 210.5 3 400 271.5 262.3 12,3 55,9 55, 8 1.35 199
5 2110 4 690 268.0 257.0 9. 17 56, 1 52.6 1,24 196
6 211.0 6170 260,17 253.0 7.26 56. 1 52.3 1,17 192
7 210.5 12 800 251.7 247,4 4,39 55,9 55,9 1,06 198
8 58,17 70.0 210.5 18610 1250 219.0 212.0 29.9 8.30 8.8 3.80 49
9 58.7 70,7 210.5 1630 3 480 214, 5 212,5 13.4 8,21 7.0 2,95 53
10 58,7 71.0 210.7 1 650 5 300 213.5 212, 6 9. 55 8.21 4,8 2,62 58
11 80.0 72.0 211,0 2 250 1240 224.8 215.8 29.8 11,1 11.3 3.50 56
2 80.0 72.0 211, 0 2 250 3 460 216.7 213,8 13,1 11,1 10,1 2,50 66
13 80.0 72.0 210.3 2 240 5 300 214,17 213.0 9. 563 11,1 9.1 2,27 0
14 99.5 70.3 211,0 2 740 1230 232.1 220,3 30.0 14,0 15, 4 3.17 66
15 71,0 211.0 21780 1740 226.0 218.2 22,7 13,9 13,7 2,78 71
16 69.5 2107 2130 2 450 222,2 216,17 17.6 13.9 13. 6 2.56 2
17 71,0 210.5 2 760 3 460 219.6 215.6 13.3 13. 8 14,0 2,37 3
18 1.7 210,17 2 800 11 600 215, 6 214, 4 5. 10 13.9 13.9 1,90 80
19 173 73,7 210.3 4 850 1230 253, 8 235,5 29,1 23.6 22,8 2.52 105
20 173 73.5 210.5 4 860 1720 243.0 231.0 22,4 23.7 20.9 2,21 114
21 175 74.0 210.8 4 930 2 460 236,0 227.0 17,1 24,0 22.4 1,97 113
22 173 74.5 210.0 4 880 3 640 230,17 223.1 12,5 23.4 25.6 1,84 110
23 4.7 209.5 4 880 4 940 226.0 222.0 10.0 23.3 19.9 1.70 112
24 78.0 210.5 4 990 6 880 225.5 222.5 7.59 22,9 21,3 1,66 105
25 77.5 210, 5 4 960 11 600 222, 6 220.8 4,90 23.0 20.9 1,54 107
26 210 74.5 210.0 5 930 11 600 229.5 226.5 4, 85 28,4 34,9 1,51 109
27 209 75.0 210.3 5 920 6 480 232,6 227.8 7.88 28.2 31,4 1,60 114
28 210 74.0 210, 0 5 920 4 980 236.4 231,0 9, 66 28.5 27.2 1,71 109
29 209 75.0 210,5 5 920 3 420 240, 7 232.8 13.0 28.3 27,3 1,80 114
30 210 5.5 210.3 5 970 2 560 245,17 234,17 16,2 28,2 28.6 1,93 114
31 209 75.0 212, 0 5 980 11720 258, 0 241.8 21,9 28.6 28,2 2.16 114
32 210 75,0 211.5 5 970 1190 273.5 249, 5 29,2 28,6 29,1 2,51 107
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(b) SI Units

Run Coolant Heating fluid Heating rate Mean overall Mean coolant
thermal Nusselt
Flow rate, Inlet Exit plenum  Mean  Flow rate, Inlet Exit Flow Based on Based on resistance, mumber,
Wb, temperature, temperature, Reynolds Wh, temperature, | temperature, | parameter, coolant tem- heating-fluid Nuc
kg/sec Ty pr, mumber,  kg/sec Ty Tyer 2J , perature rise, temperature (mZ) (X)
K K Re, K K (m“)(K) Qs drop, “w
w kW Qh,
kW

1 0.05639 299.0 372.3 12 500 0. 151 442.3 417.6 4, 721078 16.5 16.2 0. 342x10'3 201
2. ,0540 299.3 372.0 12 800 .213 427.6 411, 0 3.68 16.5 15.3 .300 199
3 . 0538 299.5 372.3 12 700 .301 417.3 405.2 2.87 16, 4 15.6 .264 204
4 372.3 .428 409.5 401.1 2,17 16.3 .238 199
5 372.6 . 591 404, 2 398.2 1,62 15.4 .219 196
6 372.6 . 853 400.2 395.9 1,26 15,3 .206 192
7 372.3 1,62 395.2 392.8 .73 16.4 . 187 198
8 . 00740 294.3 372.3 1610 . 158 377.0 373.1 5,27 ; 2.43 2,8 . 670 49
9 . 00740 294, 6 372.3 1630 .438 374, 5 373.4 2.36 2,41 2.1 . 520 53
10 . 00740 294,8 372.4 1 650 . 668 374.0 373.5 1.68 2,41 1.4 .462 58
11 . 0101 295, 4 372.6 2 250 . 156 380.2 375.3 5,25 3.27 3.3 .617 56
12 . 0101 295.4 372.6 2 250 .436 375.7 373.9 2,31 3,27 3.0 . 440 66
13 . 0101 295.4 372.2 2 240 . 668 374.6 373.7 1,68 3.26 2,7 .400 70
14 . 0125 294.4 372, 6 2 740 . 165 384, 7 371.8 5.29 4,10 4.5 . 560 66
15 294.8 372.6 21780 .219 380.9 376.6 4,00 4,08 4,0 .490 71
16 204,0 372.4 21730 .308 378.8 375,17 3.10 4,09 4,1 .451 2
17 294.8 372.3 2 760 .437 377.4 376.2 2,35 4,06 4.0 .418 3
18 294.9 372.4 2 800 1.46 375.2 374,5 . 90 4,08 4,0 .335 80
19 .0218 296.3 372.2 4 850 . 155 396, 4 386.2 5,13 6.94 6, 69 .444 105
20 .0218 296.2 372.3 4 860 217 390.4 383.17 3.95 6. 96 6. 14 .390 114
21 . 0221 296, 5 372.5 4 930 . 310 386.5 381, 5 3.01 7,08 6.6 347 113
22 ,0218 296, 8 372.0 4 880 . 457 383.5 379.7 2.20 6. 88 7.5 .324 110
23 296. 9 371.8 4 880 . 622 380.9 378.7 1.76 6.85 5.9 . 300 112
24 298,17 372.3 4 990 . 867 380, 6 379.0 1,34 6.73 6.2 .292 105
25 298.4 372.3 4 960 1.45 379.0 378.0 . 862 6.75 6.1 .272 107
26 . 0264 296, 8 372.0 5930 1.45 382.9 381.2 . 854 8,34 10,2 .266 109
27 . 0263 297.0 312.2 5 920 . 816 384.6 381.9 1,39 8.29 9.2 .282 114
28 . 0264 296.5 372.0 5 920 . 628 386,17 383.17 1,68 8.36 8.0 . 302 109
29 . 0263 297,0 372.3 5920 . 431 389, 1 384.7 2,29 8.30 8.0 L3317 114
30 . 0264 297.3 372.2 5970 . 323 391, 8 385,17 2.86 8.29 8.40 . 340 114
31 . 0263 297.0 373.1 5 980 .218 398,17 389.17 3.86 8.39 8.29 .381 114
32 . 0264 297.0 372.9 5970 . 150 407.3 394.0 5,15 8,40 8.53 442 107
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TABLE II. - EXPERIMENTAL DATA FOR TEST BOILER WITH NO PLUG OR INLET DEVICE

(a) U. 8. Customary Units

Run Boiling fluid Heating Heating fluid
Flow rate, Inlet Exit plenum | Exit saturation | Pump pres- Inlet Exit Exit raét,a, Flow rate, Inlet Exit
Wi temperature, | temperature, | temperature, sure rise, | pressure, | pressure, | quality, Btu/hr Wh’ temperature, | temperature,
1b mass/hr Tbi’ pr, Tse’ APP, Pbi’ Pbe’ Xe 1b mass/hr Thi’ The’
op op op psi psia psia op op
1 59.5 81.5 220.0 219.7 13 18.6 17.0 0.16 18><103 7950 251,5 249.3
2 59.0 81.5 220.0 219.0 14 19.2 16. 8 .38 30 7850 2717 268.0
3 260 82.0 220.0 219.3 15 20.3 16.9 . 60 43 7930 286.0 280.7
4 260 bg3 220.0 219.3 18 22.0 16.9 T 52 8050 296.6 290.3
5 59 bg3 220.0 219.7 20 23 17.0 1.00 d65 8050 320.5 312.5
6 60.0 75.0 219.0 219.0 12 19. 8 16. 8 .48 37 7980 277.0 272.5
7 59.0 .5 219.5 219.3 by 22.1 16.9 .92 61 8100 308.0 300.7
8 359 bBO 220.0 219.17 20 24.7 17.0 1.00 dgs5 7950 328.0 320.0
9 60 bgg 224 219.17 22 25.5 17.0 1.oo Y 8000 339.0 330.5
10 61 b80 242 220.0 23 26 17.1 1.01 dGB 8100 348.3 340.0
11 100 8.0 219.0 219.0 9 19.0 16.8 .08 22 7850 250.7 248.0
12 100 6.5 221.0 219.3 10 19.4 16.9 .18 32 7750 271.5 267.5
13 2100 78.0 220.0 219.3 16 22.0 16.9 .36 49 7680 295, 6 289.4
14 4100 79.0 221.0 219.7 17 24.0 17.0 .43 55 7950 306.0 299.3
15 3100 79.0 219.5 219.7 19 25.5 17.0 .59 1 8030 321.0 312.5
16 100 79.0 219.5 220.0 20 27.5 17.1 .67 79 8000 331.5 322.0
17 100 b80 220.0 220.3 22 28.5 17.2 .75 817 7900 342.5 332.0
18 2100 b80 219.0 220.3 25 30 17,2 .81 92 8000 351.0 340.0
19 99.5 209.5 220.0 219.7 22 19,2 17.0 .14 14 7950 251.8 250.0
20 99.5 208.0 221.0 219.7 22 19,7 17.0 .21 21 8000 261.0 258.4
21 99.5 210.0 220.0 219.3 24 20.8 16.9 .29 27 7950 273.5 270.0
22 99.5 212.5 220.0 219.1 30 22.0 17.0 .41 40 8000 283.5 2178.6
23 98.5 214.5 221.0 219.7 31 23.5 17.0 .43 41 8050 291.0 286.0
24 100 212, 0 221.0 219.7 32 24.2 17.0 .49 48 8000 297.3 291.5
25 101 209.0 219.0 220.2 33 25.3 17.2 .53 53 7700 306.0 299.3
26 97.0 228.0 220.0 220.2 41 26.8 17.2 .68 64 8050 316.5 308.0
27 95.0 228.0 219.0 220.2 37 27.5 17.2 .76 69 8100 322.7 314.5
28 4101 222 220 220.2 317 29.0 17.2 ik 5 8050 330.3 321.3
29 2100 223 220 220.4 37 30.5 17.3 .82 79 8000 336.5 327.0
30 2102 223 221 220.4 39 31.5 17.3 .82 80 8050 341.5 332.0
31 101 223 221 220.4 38 32 17.3 .87 84 8030 345,17 335.7

30scillations of 5 to 10 percent in boiling-fluid flow rate.
bEstimated; thermocouple reading higher; believed due to back-slugging.
Coscillations greater than +10 percent in boiling-fluid flow rate.

dBa.aaed on boiling-fluid heat balance, equation (A2); Q), is greater.




(b) SI Units

Run Boiling fluid Heating Heating fluid

Flow rate, Inlet Exit plenum | Exit saturation| Pump pres- Inlet Exit Exit raét:a, Flow rate, Inlet Exit
Wb, temperature, | temperature, | temperature, sure rise, | pressure, | pressure, | quality, KW Wh’ temperature, temperature,
kg/sec Ty pr, Tyer APp, Py Pper X, kg/sec This Thes
K K K KN/ 1 kN// m? abs KN/ m? abs K K

1 0. 00750 300. 6 377.8 377.4 90 128 117 0.16 5.2 1. 00 395.0 393.8
2 . 00745 300. 6 377.0 98 132 116 .38 8.7 . 990 406. 3 404.2
3 2 0075 300.9 377.2 100 140 116 . 60 13 1.00 414,2 411.3
4 2 0075 b301 377.2 120 152 116 i 15 1.01 421.2 417.7
5 | C o074 5301 3174 140 159 117 100 | %9 101 433.4 429.0
6 . 00755 297.0 377.0 377.0 83 136 116 .48 11 1.00 409.3 406. 8
1 . 00745 298.4 377.3 377.2 120 156 116 .92 18 1.02 426. 5 422.4
8 2 0074 b300 376.3 377.4 140 170 117 1.00 d19 1.00 4317.6 433.2
9 € 0075 b300 379.8 377.4 150 176 117 1,00 cl19 1.01 443.7 439.0
10 €, 0077 b3b0 389.8 377.6 160 179 118 1.01 d20 1. 02 448, 9 444.3
11 0. 0126 298.7 371.0 3717.0 63 131 116 .08 6.3 . 990 394.6 393.2
12 . 0126 297.9 378.1 377.2 69 134 116 .18 9.3 . 971 406.2 404.0
13 2 0126 298.7 377.6 377.2 110 152 116 .36 14 . 970 419.6 416.1
14 2 0126 299.3 378.1 377.4 120 165 117 .43 16 1. 00 425.4 421.7
15 2 0126 299.3 377.3 3717.4 130 176 117 .59 21 1.01 433.7 429.0
16 € 013 299.3 377.3 377.6 140 189 118 . 67 23 1.01 439.5 434.3
17 ¢ 013 b300 377.6 377.8 150 196 118 .75 25 . 996 445, 6 439.8
18 2 0126 b300 3717.0 377.8 170 207 118 .81 27 1.01 450.4 444.2
19 0. 0125 371. 8 377.6 377.4 150 132 117 .14 4.3 1.00 395.3 394.2
20 370.9 378.2 377. 4 150 137 117 .21 6.2 1.01 404.2 398.9
21 372.0 377.6 377.2 170 143 116 .29 8.3 1.00 407.3 405.4
22 373. 4 377.6 377.4 210 152 117 .41 12 1.01 412.9 410.2
23 . 0124 374.5 378.2 377.4 210 162 117 .43 12 1.01 417,0 414.2
24 . 0126 373.1 378.2 377.4 220 167 117 .49 14 1.01 420.5 417.3
25 . 0127 371.5 377.0 377,17 230 174 119 . 53 16 . 970 425.4 421.7
26 . 0122 382.0 377.6 280 185 . 68 18 1.01 430.6 426.5
27 . 0120 382.0 377.0 260 189 .16 20 1. 02 434.6 430.1
28 2 0127 378.7 3717.6 260 200 .1 22 1.01 438.9 433.9
29 2 o121 379.3 377.6 371.8 260 210 .82 23 442.3 437.1
30 2 0128 379.3 378.2 371.8 2170 211 .82 23 445. 1 439. 8
31 € 013 379.3 378.2 377.8 260 221 .87 25 447, 4 441.9

114

30sciilations of +5 to 10 percent in boiling-fluid flow rate.

bEsﬁmated; thermocouple reading higher; believed due to back-slugging.
Oscillations greater than +10 percent in boiling-fluid fiow rate.

dBzu;ed on boiling-fluid heat balance, .equation (A2); Q;, is greater.
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TABLE II. - EXPERIMENTAL DATA FOR TEST BOILER WITH 5-INCH (0. 127-m) PLUG AND NO INLET DEVICE

(a) U.S. Customary Units

Run Boiling fluid Heating Heating fluid
rate
Flow rate, Inlet Exit plenum |Exit saturation | Pump pres- Inlet Exit Exit Q ’ Flow rate, Inlet Exit
t]
Wb, temperature, | temperature, | temperature, sure rise, | pressure, [ pressure, {quality, Btu/hr Wh, temperature, | temperature,
1b mass/hr Tpp pr, Tger APp, Pups L %, 1b mass/hr Thsr Ther
op op Op psi psia psia Op op
1 58. 5 70.5 219.5 220.4 12 18,17 17.3 0.25 23><103 8150 256.3 2583.5
2 58. 8 72.5 219.0 220.4 13 20.1 17.3 .58 41 8000 278.5 273.5
3 58. 8 77.0 222.5 224.0 26 23.1 18.5 .85 57 7950 301.7 294.7
4 58.8 7.5 223.0 223. 8 18 24.5 18,4 1.00 266 8000 322.0 314.0
5 58.5 | 79.0 246.5 223.8 19 25.4 18.4 1.01 |%66 7970 333.5 325.5
6 b59 | 80.0 271.0 224.0 -- ——— 18.5 1.02 |27 8000 348.0 339.5
7 97.5 75.0 219.5 221.8 14 19.3 17.8 0.11 | 24 7950 253.3 250.3
8 100 78.0 222.5 224.0 17 22.1 18.5 .35 48 7880 287.5 281.5
9 101 83.0 222.5 224,3 21 25.5 18. 6 .54 66 7830 315.5 307.3
10 100 82.5 222.5 224.6 24 28.2 . 18,17 .66 7 8000 332.8 323.5
J,
(b) SI Units
Run Boiling fluid Heating Heating fluid
rate
Flow rate, Inlet Exit plenum | Exit saturation | Pump pres- Inlet Exit Exit Q | Flow rate, Inlet Exit
Wb, temperature, | temperature, | temperature, | sure rise, | pressure, | pressure, |quality, kV;I Wh, temperature, |temperature,
kg/sec Ty pr, Tger APp, Ppss Ppes X, kg/sec This Thes
K K K kN/rn2 kN/m2 abs |kN/ m? abs K K
1 0. 00738 294.5 3717.3 377.8 84 129 119 0.25 6.8 1.02 397.8 396.2
2 . 00741 295. 6 377.0 3717.8 92 139 119 .58 12 1.01 410.1 407.3
3 . 00741 298.1 379.0 379.8 180 159 128 .85 17 1. 00 423.0 419,1
4 . 00741 208, 4 379.3 379.17 120 169 127 1.00 419 1.01 434.3 429, 8
5 . 00738 299.3 392.3 379.7 130 175 127 1.01 19 1. 00 440.6 436.2
6 b. 0074 299. 8 405.9 379. 8 -—-- --- 128 1.02 90 1.01 448,17 4440
7 0.0123 297.0 377.3 378.6 99 133 123 0.11 7.1 1.00 396.1 394.4
8 . 0126 298.7 379.0 379.8 120 152 128 .35 14 . 992 415.1 411.8
9 . 0127 301.5 379.0 380.0 140 176 128 . 54 19 . 987 430.6 426, 1
10 ¢ 0126 301.2 379.0 380.2 160 194 129 . 66 23 1.01 440.3 435.1

2Based on boiling-fluid heat balance (Q, is higher).
bOs cillation greater than £10 percent in boiling-fluid flow rate.
COscillation of 5 to 10 percent in boiling-fluid flow rate.




Run

1 bW N

8
9
10
11

12
13
14
15
16
17

18
19
20
21
22
23
24
25
26
27
28
29
30
31

32
33
34
35
36
37
38
39
40
41

TABLE IV. - EXPERIMENTAL DATA FOR TEST BOILER WITH 10-INCH (0. 254-m) PLUG AND NO INLET DEVICE

Flow
rate,
Wb,

1b mass

hr

59.
59.
58.
59,
58.
58.
59.

NN OO

59.
59.5
59

59.

w

b,

-7

59.
59.
59.
59.
59.
59.

O O Wt NN

59.
59.
59.
59.
59.
59.
59.
59.
59.
59.

oMM NN OO N

59.2

59.5
59.2

|

Inlet
temper-
ature,

op

7.5
70.0
72.0
72.0
71.5
71.5
72.0

72.0

72.0
€13

70.

o

73.
74.
4.
4.
4.
5.

(= LR = I = A ]

67.
68.
69.
70.
70.
70.
70.
1.
2.

[=-T T LRSI I I = A~ I ]

64.
64.
65.
67.
69.
1.
2.
2.
72.
73.

COoOO0COo0OoO LU O

(=]

[

D

N .
amo oo ow

219.
221,
221.
222.
221.
221.
221,
221.
221.
222,
2217.
240,
259.
2178.

(52 IS ) [ = B - ) I - Y - ) B o T - B = S B

218.
220.
222,
221.
221,
221.
221,
221,
221,
229.

QO OO oo w

o

(a) U.S. Customary Units

Boiling fluid

Exit
plenum
temper-
ature,
pr,
°F

219.5
219.5
220.0
220.5
220.0
247.5
271.0

219.
219,
220.
220.

o oo

219.0

242.0
274.

(=

216,
219,
218.
218.
218.
219,
218.
218.
219.
219.
218.
219.
249,
267.

U O PO O ga OO

215.
217.0
218.5

o

218.0
218.5

Exit
satura-
tion tem-
perature,
Tse’
oF

219.17

220.
219.
219.

S a0

219.
219.
220.
220.

O O -1 1

219.
218.
218.
217.
218.
217,

PR I

2117.
219.
219.
218.
218.
219.
218.
218.
218.
218.
218.

O W W] O -0 Wws

216.
218,
219,
218.
218.

|

217.8
217.4

W - W W

3Based on boiling-fluid heat balance (Qh is higher).
bOst:illat.ions of +5 to 10 percent in boiling-fluid flow rate.

cEsl:ima.ted; thermocouple reading higher; believed due to back slugging.

Pump
pressure
rise,
APP,
psi

13
14
15
16
17
i8
19

15
17
18
12

20
22
23
24
24
25

17
18
18
22
25
25
26
27
27
28
28
29
29
30

21
22
22
23
23
26
27
28
28
28

Heating Heating fluid
rate,
Inlet Exit Exit Q, Flow Inlet Exit
pres- | pres- | quality, Btu/hr rate, [temper- |temper-
sure, | sure, Xq Wh, ature, ature,
P Ppes b mass | Ty, Ther
psia psia hr op op
18.5 17.0 0.25 23x10% | 17910 255.5 252.6
19.4 .41 32 7830 273.5 269. 5
21,3 l .84 56 7900 299, 4 292.5
22.2 .88 59 7880 306.8 299, 5
23.2 17.1 1.00 |%5 8000 320. 2 312.0
23.9 17.0 1.01 | %6 8000 333.2 325.0
25.0 17.0 1.03 |%8 8000 352.0 343.7
19.2 17.0 .40 32 8120 270.2 266. 4
21.4 17.0 .81 55 8010 298.5 291.8
22 17.1 . 90 62 8040 317.0 309.5
18.5 17.1 .20 20 7940 252.0 249.5
20.2 16. 8 .63 45 7950 279.0 273.5
21.8 16.17 .83 56 8000 293.6 286. 8
22.4 16. 7 .92 61 8060 300.0 292.6
23.6 16.4 1.00 |266 8010 311.0 303.0
247 | 16.4 | 1.01 |%66 7980 | 326.0 | 317.4
26.0 16.3 1.03 |37 7890 350. 0 341.3
17.7 16.3 . 06 12 4930 230.5 228.0
18.3 16.9 .14 17 4920 246.4 243.0
18.4 16.8 .24 23 4920 258.0 253.4
19.1 16.7 .38 31 4880 270.7 264.5
19.7 16.7 .48 36 4870 279.0 271.17
20.3 16.8 .58 42 4870 287.8 279.4
21.2 16.7 .68 48 4870 297.4 287.8
21.6 16.7 .18 53 4850 303.5 292.8
22,4 16. 6 .85 57 4860 311.8 300.5
22.8 16. 6 .92 61 4840 318.0 305.8
23.5 16.5 .99 65 4820 325.5 312.5
23.8 .98 64 4750 332.0 319.0
24,1 .94 62 4780 339.5 327.5
24.6 1. 02 67 4770 348.7 335.3
17.7 | 15.9 .05 | 12 2970 | 228.5 | 224.5
18.1 16.6 .08 14 2960 240.6 236.0
18.5 16.9 .16 18 3000 251. 6 245.5
18.4 16. 7 .27 24 2990 265. 0 257.0
18.7 16. 6 .40 32 2980 278.4 268.0
20.0 .58 42 2980 298.0 284.3
21.6 l .80 54 2950 320.2 302.0
22,2 .91 61 2980 331.8 312.0
22,8 16. 4 1. 00 66 2920 340.0 318.7
23.4 | 16.3| 1.00 | 266 2910 | 350.0 | 328.3

27



TABLE IV. - Concluded. EXPERIMENTAL DATA FOR TEST BOILER WITH 10-INCH (0. 254-m) PLUG AND NO INLET DEVICE

(b) SI Units
Run Boiling fluid Heating Heating fluid
Flow Inlet Exit Exit Exit Pump Inlet Exit Exit rz::, Flow Inlet Exit
rate, |[temper-|temper-| plenum | satura- |pressure| pres- | pres- |quality, KW rate, |temper-|temper-
Wi ature, ature, |temper- [tion tem- rise, sure, | sure, X Wh’ ature, ature,
kg/sec | Ty, Thes ature, |perature, | APp, Pi Pper kg/sec | Ty, Ther
K K pr’ Tser kN/m2 N obs|EN abg K K
K K m mz
1 [0.007431 295.1 | --—--- 3717.3 377.4 91 128 117 0.25 6.8 | 0.997 397.3 395.7
2 | .00743| 294.3 | ----- 377.3 97 134 .41 9.4 . 987 407.3 405. 6
3 |.00737| 2954 | ----- 377.6 110 147 .84 16 . 996 421.7 417.9
4 | .00746[ 295.4 [ ----- 377.9 110 153 . 88 17 . 992 425. 8 421.8
5 | .00737| 295.1 | ----- 377.6 377.6 120 160 118 1. 00 219 1.01 433.2 428.17
6 | .00737| 295.1 ( ----- 392.9 377.4 120 165 117 1,01 219 1.01 440.5 435.9
7 | .00746| 295.4 | ----- 409. 3 377.4 130 172 117 1.03 220 1.01 450. 9 446.3
8 | .00750| 295.4 | -—--- 377.3 377.4 100 132 117 .40 9.2 1. 02 405.4 403. 4
9 {.00750} 295.4 | ----- 377.5 377.4 110 147 117 .81 16 1.01 421.5 417.5
10 b. 0074 | “296 | ----- B17.9 377.6 120 152 118 .90 18 1.01 431. 5 427.3
11 | .00753{ 294.3 | ----- 377.6 377.6 85 128 118 .20 5.9 1.00 395.4 394.0
12 | .00746| 295.9 | 378.4 377.0 377.0 140 139 116 .63 13 1. 00 410. 4 407.3
13 | .00746| 296.5 | 378.7 376.8 150 150 115 .83 16 1.01 418.5 414.7
14 | .00746| 296.5 | 378.7 376.8 150 154 115 .92 18 1. 02 422.0 417.9
15 | . 00750 296.5 | 378.7 376.4 160 163 113 1. 00 219 1. 01 428.2 423.17
16 | .00743| 296.8 | 395.4 389.8 376.4 170 170 113 1.01 219 1. 00 436. 5 431.17
17 | .00743| 297.0 | 419.6 407. 6 376.1 170 179 112 1.03 0 . 994 449. 8 445. 0
18 | .00746]| 292.6 | 377.3 375.6 376.2 120 122 112 .06 3.6 . 621 383.4 382.0
19 | .00743] 293.2 378.4 377.0 377.2 120 126 116 .14 5.0 . 620 392.3 390.4
20 | .00750| 293.7 | 378.2 376.8 377.0 130 127 116 .24 6.7 . 620 398.7 396. 1
21 | .00750| 294.3 | 378.7 376.8 376.9 150 132 115 .38 9.0 . 615 405.7 402.3
22 | .00746| 294.6 | 378.2 376.8 376.9 170 136 115 .48 11 . 614 410. 4 406. 3
23 | .00746| 294.6 | 378.4 377.3 377.0 170 140 116 . 58 12 .614 415.3 410. 6
24 | .00750( 294.6 | 378.2 376. 8 376.9 180 146 115 .68 14 .614 420.6 415.3
25 | .00746| 294.8 | 378.2 376.8 376.9 190 149 115 .78 15.6 .611 424.0 418.0
26 | .00746| 295.4 | 378.4 377.0 376.6 190 154 114 .85 16.5 . 612 428. 4 422.3
27 [ . 00743 378.7 377.0 376. 6 190 157 .92 17.8 .610 432.0 425, 3
28 381.5 376.8 376.5 200 162 .99 19.0 . 607 436. 2 429.0
29 389.0 377.0 164 .98 18.8 . 599 439. 8 432.6
30 399.5 394.0 166 .94 18.2 . 602 444,0 437.1
31 410.1 404 170 1. 92 19.6 . 601 449. 1 441.6
32 | .00746| 290.9 | 376.8 | 374.7 | 375.5 150 122 110 | .05 | 3.5 | .374 | 382.3 | 380.1
33 291,21 377.6 375.9 376.6 150 125 114 .08 4.0 . 373 389.0 386.5
34 291.8 | 379.0 376.8 377.2 150 128 116 .16 5.4 . 378 395. 2 391.8
35 292.9 | 378.4 376.9 160 127 115 .27 7.1 .37 402. 6 398.2
36 293.7 | 378.4 376.6 160 129 114 .40 9.2 . 315 410.0 404.2
37 | .00750| 294.8 | 378.4 180 138 .58 12.3 .375 420.9 413.3
38 | .00743] 295.4 | 378.2 180 149 . 80 15.9 .372 433.2 423.2
39 295.4 | 378.2 190 153 .91 17.7 . 375 439.17 428.17
40 295,4 | 378.2 3176.5 376.4 190 157 113 1. 00 19.2 . 368 444, 3 432.4
41 295.9 | 382.6 376.8 La'?s. 1 200 161 112 1. 00 219.2 . 366 449.8 437.17

2Based on boiling-fluid heat balance (Qh is higher).
bOscillations of +5 to 10 percent in boiling-fluid flow rate,
CEstimated; thermocouple reading higher; believed due to backslugging.
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TABLE V. - EXPERIMENTAL DATA FOR TEST BOILER WITH 0, 025-INCH (0. 64-mm) ORIFICE

(a) U.8. Customary Units

Run Boiling fluid Heating Heating fluid
rate
Flow rate, Inlet Exit plenum | Exit saturation| Pump pres- Inlet Exit Exit Q ’ Flow rate, Inlet Exit
Wiy temperature,| temperature,| temperature, sure rise, | pressure, | pressure, | quality, Btu/,hr Wh’ temperature, | temperature,
lb mass/hr Ty pr, Teer APy, Puis Pper Xy 1b mass/hr This The
op Op O psi psia psia op Op
1 59.3 76.0 219.0 220.4 47 19.6 17.3 0.51 |- 38><103 7740 280.3 275.5
2 58.8 76.0 219.3 220.0 22.0 17.1 .85 | 57 7680 310.3 303.0
3 59.3 76.0 258.0 220.0 23.5 1.1 .93 | 62 7640 332.5 324.7
4 259 79.0 281.0 220.2 24.5 17.2 .91 | 60 7610 349.5 342.0
5 bgg 80.0 285.5 220.2 46 24 17.2 .92 58 7610 349.5 342.3
6 D5y 80.0 287.0 219.7 45 23 17.0 .91 | 55 7610 349.5 342.6
ki L) 80.0 287.0 220 40 23 17 .85 | 50 7610 348.3 342.0
8 66. 6 79.0 219.5 220.2 50 22,17 17.2 .86 | 65 8020 309.5 301.8
9 70.4 80.0 219.5 220.2 49 22.1 17.2 1T 62 8020 309.7 302.2
10 59.5 79.5 233 220.2 36 21.2 17,2 .75 | 51 8020 309.5 303.3
11 265 81.0 219.5 220.0 47 22.3 17.1 .78 | 58 8000 311.0 304.0
12 62.8 261.5 220. 4 47 23.5 17.3 .8 80 7950 332.3 325.0
13 bgy 282 220.2 47 23.8 17.2 .93 63 8050 347.5 340.0
14 66. 8 273.5 220.4 50 25.8 17.3 .96 71 8000 349.5 341.0
——— = = (— ) ¥
L AL L ; .l

15 67.38 81,5 241.8 220. 4 50 246 7.3 7 .93 1 70 1 8100 330.0 321.7
16 63.5 82.0 254.3 220. 4 48 23.1 17.3 ' .91 65 330.0 322.3
17 60.5 82.5 261.0 220. 4 47 23.2 17.3 .81 69 330.5 323.5
18 asg 83.0 263 220.2 45 22.8 17.2 .91 b9 329.5 322.5
19 Pgn 83.0 267 220.2 40 22.5 17.2 .82 52 330.5 324.3
20 67.8 83.0 219.0 220.2 50 23.0 17.2 .84 64 8100 310.5 302.8
21 259 83.5 236.0 220.4 41 21.6 17.3 .81 54 8100 311.0 304.5
22 b5 84,5 241.5 220, 2 34 21.2 17.2 .81 50 8100 310.0 304.0
23 73.3 80.0 257 219.7 68 23.8 17.0 .78 66 7900 330.3 322.3
24 363 81.0 265 219.1 48 23.0 17.0 .82 58 8000 332.0 325.0
25 59.0 80.5 218,58 219.3 40 18.2 16.9 .14 186 8050 241.5 239.5
26 59.0 80.5 219.0 18.5 16. 8 .28 24 7950 254, 4 251.5
27 59.0 81.5 19.2 .46 34 8050 267.0 262.8
28 59.3 82.5 20.4 .65 45 8070 218.5 273.0
29 59.3 83.0 218.0 21,3 .75 51 8030 290.0 283.8
30 59.5 84.0 219.0 219.3 ) 21.9 16.9 .81 54 8000 300.3 293.7
31 58.8 85.0 241.0 219.3 37 22,2 16. 9 .78 62 8000 309.0 302.7

20scillations of +5 to 10 percent in boiling-fluid flow rate.
bOsdllations greater than £10 percent in boiling-fluid flow rate.
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(b) SI Units

Run Boiling fluid Heating Heating fluid
rate,
Flow rate, Inlet Exit plenum Exit saturation Pump pres- Inlet Exit Exit Flow rate, Inlet Exit
Wb, temperature, temperature, temperature, sure rise, pressure, pressure, quality, kv;’ Wh, temperature, temperature,
kg/sec Typr T Teer APy, Py Phes o kg/sec Thy» Ther
K K K kN/m2 k.N/m2 abs kN/m2 abs K K
1 0. 00746 297.6 377.0 377.8 320 135 119 0.51 11 0. 975 411.1 408. 4
2 . 00741 297.6 377.2 371.6 152 118 .85 17 . 967 427.8 423.7
3 . 00746 297.6 398.7 377. 6 162 118 .93 18 . 962 440, 1 435.5
4 2 0074 299.3 411.5 377.8 169 119 .91 18 . 958 449. 6 445,4
5 b. 0070 299.8 414.0 377.7 320 165 119 .92 17 . 958 449. 6 445.5
[ b. 0068 299.8 414.8 371. 4 310 159 117 .91 16 . 958 449, 6 4457
7 b. 0065 299.8 414.8 377.6 280 159 117 .85 15 . 958 448, 9 4454
8 . 00848 299.3 3717.3 377.7 350 157 119 . 86 19 1.01 427.3 423.0
9 . 00885 299.8 377.3 377.7 340 157 119 i 18 1.01 427.5 423.3
10 . 00748 299.5 384.8 37717 250 146 119 .15 15 1.01 427.3 423.9
11 2 0082 300, 4 377.3 371.6 320 154 118 .78 17 1.01 428, 2 424,3
12 . 00790 400. 6 377.8 320 162 119 .85 18 1.00 440.0 435.9
13 b. 0077 ‘ 412.0 377.1 320 164 119 .93 18 1,01 448.4 444.3
| 14 | .o0848 | | 401.3 | 37.8 | 350 178 e | .96 | 21 L01 |, 449.6 444.8
L J v : . I

15 . 00853 300.6 389.7 3717.8 350 170 119 .93 21 1.02 438.7 434, 1
16 . 00798 300.9 396.7 377.8 330 163 .91 19 438,17 434.4
17 . 00761 301.2 40