
iA-uR-98- 3406
August 1998

WXXYWED

ISOTOPE PRODUCTION FACILITY
J!JJ8 1 819!39

cx$l”!
CONCEPTUAL THERMAL-HYDRAULIC DESIGN REVIEW AND SCOPING

CALCULATIONS

%’

Kemal O. Pasamehmetoglu and Jeffrey D. Shelton

Lns AIamos National Laboratory, sn sffmative actionkqual opportunity employer, is opsrated by the Univeraily of California for the U.S. Department of Energy under contract
W-7405-ENG-36. By acceptance of thk article, the publisher racognims that the U.S. Government ratains a nonexclusive, myslty-frse license to publish or rspmduce the
publfahsd form of Odi contribution, or to Mow others m do so, for U.S. Government purposes. The Las Alamos National Laboratory requssts that the publisher identify this article
us work psrfomred under lhe suspices of Ihe U.S. Department of Energy. Los Alamos Nationsl Laboratory strongly supports academic frssdom and a researcher’s right to publiik
therefnra, the Laboratory as an institution does not endmsc. the viewpoint of a publication or guarantee ita tschnical correctness.

.——



. .

. .

r’~[zcF! !Y&-j

~~~1~ fgg3

Qt3~/’/
ISOTOPE PRODUCTION FACILITY

CONCEPTUAL THERMAL-HYDRAULIC DESIGN REVIEW
AND SCOPING CALCULATIONS

w

Kemal O. Pasamehmetoglu and Jeffrey D. Shelton

Nuclear Systems Design and Analysis Group (TSA-1O)
Los Alamos National Laboratory

Los Alamos, New Mexico

July 1998



DISCLAIMER

This report was prepared as an account of work sponsored
byanagency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.

-:-T- -- .,-.. -’: ,-.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.

. ..



. LA-UR-98-XXX
,.

TABLE OF CONTENTS

PAGE

EXECUTIVE SUMMARY
.. .

.........................................................................................................111

1.

2.

3.

4.

5.

6.

INTRODUCTION .................................................................................................................1

DESCRIPTION OF THE TARGET GEOMETRY .............................................................1

PRESSURE DROP AND FLOW DISTRIBUTION .........................................................2

3.1. Pressure Drop across the Coolant Channels ........................................................3
3.2. Flow Distribution among the Charnels ...............................................................5

POWER AND ENTHALPY DISTRIBUTION .................................................................8

4.1. Power Distribution among the Target Plates .......................................................9
4.2. Enthalpy Distribution among the Coolant Charnels ........................................9
4.3. Lateral Heat-Flux Distribution ..............................................................................12

THERMAL-HYDWULIC LIMITS CALCULATIONS ................................................12

5.1. The No-Boiling Criterion ......................................................................................15
5.2. Onset of Flow Instability (OFI) Limit ...................................................................19
5.3. Critical Heat Flux (CHF) .........................................................................................20

CONCLUSIONS AND RECOMMENDATIONS .........................................................23



. LA-UR-98-XXX

EXECUTIVE SUMMARY

The thermal-hydraulic design of the target for the Isotope Production Facility (IPF) is
reviewed. In support of the technical review, scoping calculations are performed.
The results of the review and scoping calculations are presented in this report.

Based on the findings, we recommend that the II?F target be designed for operations
without boiling. This criterion is achievable by adequately designing the system-
pressure, coolant-flow-rate, target-material-thickness, and beam-rastering schemes.
Single-phase operations provide adequate safety margins to thermal excursion
limits and minimize the corrosion of the target material.

A specific set of recommendations for the final design is provided at the end of this
report. The major recommendations are as follows:

“ A careful review of the flow distribution is required to ensure that the
coolant is properly distributed to each charnel. As a start, the inlet pipe
size must be increased.

● The system pressure should be kept as high as possible to provide a large
factor of safety for thermal-hydraulic limits. The minimum recommended
pressure is 6 bars (87 psi).

s The heat-removal system must be designed to provide coolant velocities
>3.5 m/s in the hot channel, with proper consideration of the material
erosion issues.

s The power deposition of the beam should be kept as uniform as possible.
The peak heat flux should be kept below -3 MW/m2.

s The current coolant gap of 2.5 mm (0.1 in.) is adequate. The coolant gap
may be made smaller if the solid volume fraction becomes an issue.
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1. INTRODUCTION

The purpose of the Isotope Production Facility (IPF) is to produce medical and
research radioisotopes for the Department of Energy’s (DOE’s) Isotope Production
and Distribution Program. The ll?F will be located in experimental area A of the Los
Alamos Neutron Science Center (LANSCE) complex at Los Alamos National
Laboratory. The ll?F will be attached to the LANSCE linear accelerator beam line and
will use part of the beam produced by the accelerator. The beam energy will be
-100 million electron volts (MeV). The IPF is being designed for a maximum beam
power of 50 kW (170,600 Btu/h).

In this report, the scoping calculations performed in support of the IPF thermal-
hydraulic design review is presented. The scope of the review is limited to the
thermal-hydraulic design of the Il?F target. The heat-removal system outside the
target is not reviewed. For the target geometry, the information provided within the
conceptual design report (CDR) and the recent modifications to the CDR are used to
construct a hypothetical target for scoping calculations. The geometric data used in
the current analyses are summarized in Section 2. Within the IPF target, the
following issues &e considered:

● the flow distribution and pressure drop (discussed in Section 3);

● - the power distribution and enthalpy distribution (discussed in
and

c the comparison of the thermal-hydraulic performance to limits
in Section 5).

w-

Section 4)

(discussed

Through engineering evaluations and scoping calculations, preliminary design
recommendations are made in Section 6.

2. DESCIUI?TION OF THE TARGET GEOMETRY

The cross-sectional view of the target used in the current analysis is shown in Fig. 1.
The target is made of target plates that are 13.97 cm (5.5 in.) wide and 15.24 crn (6 in.)
long. The target itself is a 10.16-cm (4-in,) -diam disk held in the center of the target
plates. The thickness of the target plates depends on the material used for a specific
application and ranges between <1 mm (0.04 in.) and several centimeters. The raised
ends of the target plates provide the coolant passages between the plates. The coolant
channels are 11.43 cm (4.5 in.) wide, 15.24 cm (6 in.) long, and 0.25 cm (0.1 in.) thick.

To begin the design review and the scoping calculations, a target with a hypothetical
thickness within the range quoted in the CDR was assumed. It also was assumed
that 3.45 cm (1.36 in.) of target material and 1.02 cm (0.4 in.) of water are required to
stop the beam (in addition to some small attenuation that would occur at the
window). This corresponds to modeling four plates [each being 0.88 cm (0.34 in.)

1
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thick] and five coolant charnels as depicted in Fig. 1, in which the last coolant
charnel is beyond the beam penetration depth.

To optimize the target efficiency, the coolant volume fraction in the beam must be
minimized. However, to remove the deposited power effectively, sufficient coolant
flow is required through all of the channels. The CDR selected a 2.54-mm (0.1-in.)
coolant gap (also used in the current scoping calculations) as a compromise between
the production efficiency and adequate cooling considerations.

The beam hits the target horizontally. The plates are stacked vertically to the beam.
The target is cooled by vertical upflow through the coolant channels.

3. PRESSURE DROP AND FLOW DISTRIBUTION

The total primary flow rate cited in the CDR is 7.56 x 10-3 m3 /s (120 gal./min). In the
scoping calculations performed during the review, the flow rate through the most
limiting channel is assumed to be 1.26 x 10-3 m3/s (20 gal./min), resulting in a
coolant velocity of 4.34 m/s (14.24 ft/s). For the hypothetical geometry shown in
Fig. 1 and with uniform flow distribution among the channels, the total flow
through the target would be 6.30 x 10-3 m3 /s (100 gal. /rein). The sensitivity of the
scoping calculations to this assumption is discussed within this report.

The schematic depiction of the flow distribution is shown in Fig. 2. The flow is
supplied to the lower plenum by a 7.62-cm (3-in.) -diam tube. The flow is split among
the parallel coolant channels, and the coolant exits into the upper plenum. The flow

Target
Holder :4&l.~J_hmym

i I !...-.-.!2%:
%5.5 in. (13.97 cm) ~

$i%%At = 0.34 in. V
(-8.75 mm) ~

y/2v,.~.#v,,,,,,,,

. .—

Coolant
Channel
s = 0.1 in.
(- 2.5 mm)

Target: D = 4 in. (10.16 cm)

Fig. 1. Geometry depiction of the II?F target.
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~n I Piniet =constant

Fig. 2. Schematic illustration of flow through the target.

distribution among the channels depends on the pressure drop through the
channels and the pressure distribution within the upper and lower manifolds. If the
pressure distribution is uniform in the upper and lower manifolds, the manifolds
will act as perfect plena. In this report, it is assumed that the upper and lower
manifolds will be designed to provide a constant
coolant charnels.

3.1. Pressure Drop across the Coolant Channels

The pressure drop through the coolant charnels is

fil?=ld?~+f irf+fwou~

[[

1 2 Kti+= ~pv

where

pressure drop atioss the parallel

given by

Al? is the total pressure drop across the target (Ptiet - peXit),
APk is the inlet form losses,

3
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APf is the frictional losses through the coolant charnel,

APOUtis the exit form losses,
p is the fluid density,
V is the coolant velocity in the charnel,
Kin is the inlet loss coefficient,

Vk is the coolant velocity in the inlet manifold,
f is the friction factor in the coolant charnels,
L is the length of the coolant channel,
D~ is the coolant channel’s hydraulic diameter,
KOUtis the outlet loss coefficient, and

VOUtis the coolant velocity in the exit manifold.

The inlet and outlet form losses are obtained from Ref. 1 as

and

(2)

(3)

where

A is the flow area for the coolant channel,
Ah is the flow area in the inlet manifold,
5 is the coolant channel gap,
A is the equivalent gap per charnel in the inlet and exit manifolds, and
AOUtis the flow area in the exit manifold.

For the hypothetical geometry defined in Section 2, the gap thickness (8) is 2.5 m m
(0.1 in.) and the equivalent gap thickness at the inlet and exit (A) is 47.24/5 =
9.45 mm (0.372 in.).

The friction factor (f) is obtained using the Blasius equation,2 with a correction factor
of 1.085 to account for the rectangular channel geometry.2 The Reynolds number is
defined based on the hydraulic diameter, which is approximated as

DH =26 .

4
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The pressure drop through the target is calculated as a function of the coolant
velocity in the channels. The results are shown in Fig. 3. As shown in this figure,
the frictional pressure drop contributes negligibly to the total pressure drop. The
total pressure drop is dominated by the form losses and the fluid acceleration at the
inlet of the channel. The pressure drop at the inlet is greater than the overall
pressure drop because of the pressure recovery that occurs at the exit. At the exit the
pressure drop is negative (indicating a pressure increase) because the fluid
deceleration dominates the exit form losses. The pressure drop in Fig. 3 shows the
total pressure drop including the fluid acceleration and deceleration. The
irreversible form and friction losses are shown in Fig. 4. Based on these scoping
calculations, it is clear that the pressure drop across the channels is small and is
dominated by the pressure drop at the inlet.

For a velocity of 4 m/s (13.1 ft/s) through the channel, the total pressure drop is
8.63 kl?a (1.3 psig). The inlet pressure drop and the frictional pressure drop are
10.23 kPa (1.5 psig) and 1.47 ld?a (0.2 psig), respectively. Thus, the frictional drop is
<15Y0 of the total pressure drop. The small contribution of the frictional drop to the
total pressure drop is a strength in the design because

● the channel-to-channel flow distribution is less sensitive to the small
geometric distortions within the channel and

Q the design is less sensitive to Leddinegg flow instabilities
as a result of subcooled boiling within a given channel.

The charnel-to-channel flow distribution issue is discussed next.
limits are discussed in Section 5.

3.2. Flow Distribution among the Channels

that could occur

Flow instability

The effect of small geometric variations on the flow distribution is considered first.
An off-nominal charnel with a gap thickness of 6’ is assumed. The velocity through
this channel-is set to V’. If the conservation of mass and momentum equations for
this channel for a given Al? across the target are solved, the following relationship is
obtained between V and V’:

(4)
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Fig. 3. Channel pressure drop.
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Fig. 4. Irreversible pressure losses through the target channel.
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where p is the dynamic viscosity and the friction factor is expressed in a generic
form as

f=~ .
Ren

If the friction factor dominates the total pressure drop, Eq. (4) reduces to

l+n

()

v’ —8’ z-n—=—
Vs

f (5)

where n = 1 for laminar flow and n = 0.25 for turbulent flow. For 5’/8 = 0.75, V’/V is
obtained as 0.56 and 0.814 for larninar and turbulent flows, respectively. Thus, for
turbulent flow, the charnel flow rates reduce by -40Y0, as compared to the nominal
channel; for laminar flow, this reduction is -60’ZO.

If the form losses dominate the total pressure drop (which is the case in the current
design), Eq. (4) reduces to

For 8’/5 = 0.75, V’/V is obtained as 0.96. Therefore, to minimize the sensitivity of the
coolant velocity to geometric distortions, turbulent flow with the dominant
pressure drop occurring at the inlet is the desired design option. For a flow rate of
1.26 x 10-3m3/s (20 gal./min) through the channel, the Reynolds number is >27,000
and for fluid temperatures is >30”C (86°F). Thus, the turbulent flow requirement is
met adequately.

The next issue with respect to flow distribution is related to the design of the inlet
and exit manifolds. For an even flow distribution, an even pressure distribution
within the manifolds is needed. Given that the distance between the inlet and exit
pipes and the bottom and the top of the target is rather small (on the order of
25.4 mm (1 in.)], it is not clear that a uniform pressure distribution will exist in the
inlet and exit manifolds. Furthermore, the inlet pipe appears to be undersized. The
potential effect of the inlet piping on the flow distribution is illustrated in Fig. 5,
where the 76.2-mm (3-in.) inlet pipe is superimposed on the cross-sectional view of
the target. Given that the distance between the exit of the inlet pipe and the bottom
of the target is not long enough for full flow recovery, this figure illustrates clearly
the potential for flow maldistribution in the lateral (X) direction. Adequate lateral

7
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2 in.

1 in.

Y

L x

Fig. 5. Top view of the target in reference to the inlet pipe.

flow distribution may be achieved toward the top of the target. However, potential
local overheating near the bottom of the target cannot be ruled out. Simple
engineering solutions to this problem could be to increase the size of the inlet pipe,
center the target adequately with respect to the inlet pipe, or increase the inlet
manifold depth (distance between the inlet pipe exit and the bottom of the target) as
much as possible. In increasing the inlet pipe size, the flow must be kept turbulent
in the inlet pipe to alleviate any potential problems assoaated with boundary-layer
effects with laminar flow.

As discussed in the next section, the power deposition in the target is biased toward
the back plates. Because the back plate requires more cooling than the other plates,
the design of the inlet and exit manifolds can be tailored to an uneven flow
distribution, in which a larger fraction of the total flow is supplied to the back
channel. The heat-removal efficiency, which is also ‘discussed later, is a strong
function of the coolant velocity and a weak function of the total flow rate. Thus, the
velocity in the back charnels must be increased compared to the front channels for a
more efficient heat-removal system. This is not easy to achieve by simply changing
the channel sizes because of the relative insensitivity of the velocity-to-channel size
(as discussed previously). If a more efficient heat-removal scheme is desired by
tailoring the flow distribution to the power distribution, a careful manifold design
supported by hydraulic testing will be needed.

4. POWER AND ENTHALI?Y DISTRIBUTION

The next step in the review is to evaluate the power distribution among the target
plates and the coolant channels.
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4.1. Power Distribution among the Target Plates

Figure 2 on page L-6 of the CDR shows an assumed target material used to scale the
power distribution. This material was assumed to degrade the beam twice as much
as water degradation for the same thickness. Figure 6 shows a representation of the
power distribution in the target system for the scoping calculations. Plates are
numbered in the direction of the beam. The beam exit window and the coolant
channel behind it are indicated as number O.The channels shown in Fig. 6 represent
the channel immediately behind the respective target plate.

The power deposition in the window and the coolant channel behind the window is
assumed to be 6.2% of the total beam power [3.1 kW (10,580 Btu/h)]. The remaining
beam power is distributed as follows:

● 85.6% of the beam power is deposited in the targets [42.8 k W
(146,040 Btu/h)] and

c 8.2’70of the beam power is deposited in the coolant [4.1 kW (13,990 Btu/h)].

By design, the last coolant charnel behind target plate number 4 has no power
deposition. For this example, slightly less than 40% of the total power is deposited in

..- the last plate. The corresponding power is slightly less than 20 kW (68,240 Btu/h)]. In
the subsequent calculations, 20 kW (68,240 Btu/h) of power deposition is assumed
for the hottest target.

4.2. Enthalpy Distribution among the Coolant Channels

Part of the power is deposited in the target plates. Depending on the target material,
a considerable fraction of the total beam power may be deposited directly into the
coolant, as shown in Fig. 6. In addition, the power deposited into the target plates is
removed by the coolant. Because the direct power deposited into the coolant as well

40

%* 30

ff 20

8 10

0
01 234

Target Plates

Fig. 6. Percent of total power (50 kw) deposited to the target system.
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as the power removed from the plates is not uniform, the enthalpy rises in different
channels will not be the same.

On an average basis, if a flow rate of 6.3 x 10-3 m3/s (100 gal./min) is used to remove
50 kW (170,600 Btu/h) of power, the temperature rise of the coolant through the
target would be 1.9°C (3.4”F). On a chamel-by-chamel basis, if a flow rate of
1.26 x 10-3 m3/s (20 gal. /rnin) is used to remove 20 kW (68,240 Btu/h)] of power (as
the worst-case channel), the temperature rise in the coolant would be 3.8°C (6.8”F). If
we consider that highly subcooled fluid will be supplied to the target, the enthalpy
rise through the target is of negligible concern. The major concern is assoaated with
the wall heat fluxes and the fluid temperature rise through the thermal boundary
layer near the wall, which is addressed in Section 5.

The power deposition through the target is not uniform. Subsequently, the power
split between the two charnels adjacent to a given target plate may not necessarily
be uniform. To assess the effect of nonuniform power deposition in the beamwise
direction, the sample problem illustrated in Fig. 7 is considered. As shown in this
figure, the power density on the front face of the plate is assumed to be half of the
power density on the rear face. The possibility of different heat-transfer coefficients
on the front and rear surfaces as a result of different coolant velocities and coolant
temperatures also is considered in the model. The results of the steady-state
conduction problem. -are summarized in Table 1. As s.ho~ in Table 1, the
calculations are performed for two types of materials with thermal conductivities (k)
of

. 20 W/m-°C (11.6 Btu/h-ft-°F), which is typical of stainless steel; and

. 160 W/m-°C (92.4 Btu/h-ft-°F), which is typical of aluminum.

Fig. 7. Schematic illustration of the beamwise power distribution problem.
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TABLE 1
RESULTS OF BEAMWISE POWER DISTRIBUTION ASSESSMENT

VI V2 k
(mIs) (mIs) (Wlm-°C) (MW%fm2) (&

T max %/% %/qa
~T:l (“c)

4.4 4.4 20 1.24 100 92 230 1.09 0.91
4.4 4.4 160 1.24 99 92 113 1.09 0.91
4.4 4.4 20 3.1 158 142 484 1.10 0.90
4.4 4.4 160 3.1 155 146 192 1.06 0.94
5.5 3.3 20 1.24 93 100 230 1.12 0.88
5.5 3.3 160 1.24 95 98 113 1.16 0.83

The average heat flux (Q corresponds to the heat flux if the total power is removed
evenly from both the front and rear surfaces. The average heat flux of 1.24 MW/m2
(393,000 Btu/h-ft2) corresponds to, the case where the total power of 20 k W
(68,240 Btu/h) is distributed evenly over the target area. The case with 3.1 MW/m2
(982,700 Btu/h-ft2) corresponds to a lateral peaking factor of 2.5. Table 1 provides the
results in terms of the surface temperatures (Tl and T2) and the ratio of the surface
heat fluxes (ql and @to the average heat flux. The maximum temperamre (T~,X)
for the target also is provided.

The heat-transfer coefficients are obtained using a 50”C (122”F) constant fluid
temperature. The heat-transfer coefficients are obtained using the Dittus-Boelter
correlation with fluid properties evaluated at the film temperature (see the
discussion in Section 5). The results show that with an equal heat-transfer
coefficient on both surfaces, the heat-flux distribution remains within +1OYOof the
average heat flux for the conductivityy and power density range investigated.
Although the effects are small within the parametric range investigated, higher
conductivity promotes more even heat-flux distribution. Finally, by varying the
heat-transfer coefficients, the heat-flux distribution can be tailored to an effective
heat-removal system; however, the results show that large variations in the heat-
transfer coefficient are required to obtain small variations in the heat-flux
distribution.

In conclusion, these calculations show that although there is a factor-of-two
difference in the front and back power densities, the heat fluxes remain within &lOYO
of the average heat flux. Although using the average heat flux in the limit
calculations is not conservative, the actual results are much closer to the average
values than the values obtained by merely scaling the power density distribution.

11
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4.3. Lateral Heat-Flux Distribution

In the previous section, the effect of beamwise power deposition on the power
partitioning between the front and back charnels was considered. In addition, there
are lateral variations in the power deposition. The beam has a Gaussian profile with
a large peak at the center. To provide a more uniform power deposition, the beam
will be rastered over the 4-in.-diam circle. However, even for the rastered beam,
there will be local power peaks. In this section, the effect of lateral power
distribution on the lateral heat-flux distribution for a given surface is addressed. The
main issue is whether thermal conduction can help in reducing the local peaks to
provide a more uniform lateral heat-flux distribution.

Two cases are considered. For the first case, the total power of 20 kW (68,240 Btu/h)
is deposited uniformly over the target. The target plate is assumed to be made of a
high-conductivity material with a conductivity of 160 W/m-°C (92.4 Btu/h-ft-°F).
Similar to the previous case, the surface heat-transfer coefficient is obtained using
the Dittus-Boelter correlation. The fluid properties are evaluated at the bulk fluid
temperature. The fluid temperature is set to 50”C (122”F). The results (Fig. 8) show
that the conduction spreads the heat flux near the edges of the target but that the
peak heat flux at the center is not affected. The step function shown in Fig. 8
corresponds to the radial heat-flux distribution without accounting for the
conduction, which has the same shape as the power distribution.

The second case considers a Gaussian distribution for the power densities while
keeping the total deposited power equal to 20 kW (68,240 Btu/h). As shown in Fig. 9,
for high-conductivity target material reduction in the peak, flux maybe achieved by
properly accounting for the radial conduction. However, the reduction is negligible
for materials with a conductivity similar to the stainless steel conductivity. Also, if
the power peaking occurs at a radial location that is different from the center, a
further reduction in the peak heat flux may be achieved because of the increased
radial conduction area. In conclusion, the benefit of the radial conduction analysis
depends on the rastering scheme used for the beam. Similar to the previous case,
the surface heat-transfer coefficient is obtained using the Dittus-Boelter correlation.
The fluid properties are evaluated at a bulk fluid temperahrre of 50”C (122°F).

5. THERMAL-HYDRAULIC LIMITS CALCULATIONS

The thermal-hydraulic limits are determined based on the target surface
temperature and the corresponding heat flux. The following energy equation
provides the relationship between the local surface heat flux (q) and the surface
temperature (TW):

12
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Fig. 8. Radial temperature distribution with a uniform power deposition.
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Fig. 9. Radial temperature distribution with a Gaussian power deposition.
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~[ql(z’)+ q~(z’)]dz
q(z)

Tw(z) = Tidet + 0 +—
pVACCP

~ ontheorderof100°Contheorderof 1°C

where

z is the coordinate parallel to the coolant flow;
Tti~t is the fluid inlet temperature;
ql and ~ are the heat fluxes on the front and back surfaces of a charnel;
ACis the channel’s cross-sectional area;
CP is the specific heat of the coolant; and
h is the local convective heat-transfer coefficient.

As discussed earlier, the second term on the right-hand side of Eq. (7) represents the
fluid temperature rise and is -l°C. The third term represents the film drop and is
-1OO”C (as discussed in the next section). Thus, for subsequent calculations, a
constant fluid temperature is assumed and the wall temperature is approximated as

Tw(z)=Tf+~ , (8)

where Tf is the constant fluid temperature. In most scoping calculations presented
in this report, Tf is assumed to be 50”C. However, based on the heat-removal system
design requirement, Tf will be ~5°C.

It is recommended that the Il?F target be designed to operate without boiling on the
surface. This criterion would provide a sufficient margin to any thermal excursion
limits. In addition, potential corrosion of the target material (which is sensitized to
corrosion by the proton beam) is minimized. The no-boiling criteria are discussed
further in Section 5.1.

The backup criterion is to meet the thermal-excursion limits with a high degree of
confidence. If the no-boiling criterion camot be met or if it is violated during upset
conditions, a sufficient safety margin to the thermal excursion limits must be
maintained to prevent damage to the target. In parallel charnels and under
subcooled boiling conditions, thermal excursions may occur as a result of either the
onset of flow instability (OFI) limit or the DNB limit.

The OFI and DNB limits are discussed in Sections 5.2 and 5.3, respectively.

14
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5.1. The No-Boiling Criterion

The no-boiling criterion is implemented conservatively using Tw = T~at in Eq. (8),
where Tsat is the fluid saturation temperature at the system pressure. To determine
the single-phase heat-transfer coefficients, the Dittus-Boelter correlation may be
used. In the original correlation, the fluid properties were evaluated at the bulk
fluid temperature. However, subsequently developed and more acmrate

correlations use fluid properties evaluated at the film temperature (e.g., the
I?etukhov correlation). At high heat fluxes of interest for this study, using the film
temperature to evaluate the fluid properties is believed to be more accurate. An
alternative would be to use the Sieder-Tate correlation,3 where a wall correction
factor is applied based on the temperature dependence of the liquid viscosity.

A comparison of the Dittus-Boelter correlation with properties evaluated at bulk
and film temperatures and the Sieder-Tate correlation is shown in Fig. 10 for V =
3.5 m/s and Tf = 35°C. Figure 10 shows that the Sieder-Tate correlation is slightly
more conservative as compared with the Dittus-Boelter correlation, where the fluid
properties are evaluated at the film temperature. Using the Sieder-Tate correlation,
we show the predicted wall temperatures as a function of fluid velocity and fluid
temperature in Fig. 11. Figure 11 shows that within the parametric range
investigated, the wall temperature becomes independent of the fluid temperature
with increasing heat flux.

The use of circular tube correlations for fully developed thermal conditions
introduces additional conservatism in the present prediction. In Fig. 12, a
comparison of the Dittus-Boelter correlation with the Kays and Leung tabular model
(for parallel plates) is presented in the form of the Nusselt numbers ratio. The ratio
of the Nusselt number predicted by the Kays and Leung method to the Nusselt
number predicted by Dittus-Boelter correlation is plotted as a function of the
Reynolds number. As shown in this figure, the Dittus-Boelter correlation
underestimates the heat transfer as calculated by the Kays and Leung correlation by
-5Y0 for the Reynolds number of interest. This will lead to slightly higher calculated
wall temperatures and a conservative estimate of the safety margin of the Il?F
thermal-hydraulic” design.

Another issue is the thermal entry length. The heat-transfer correlations are
developed under fully developed thermal conditions. In general, a fully developed
temperature profile does not exist for nonuniform heat-flux distributions.
Furthermore, because of the short length of the target system, the coolant in the
charnels does not become thermally developed. This enhances heat transfer, as
shown in Fig. 13. In Fig. 13, two thermally developing heat-transfer models cited in
Ref. 2 are listed. These models show that if the heat-flux peaking were to occur near
the center of the target, the heat-transfer enhancement would be between 8% and
15!Z0.In plotting Fig. 13, the Reynolds number is evaluated using Tf = 50°C and V =
3.5 m/s.
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Fig. 12. Comparison of the Dittus-Boelter correlation to the Kays and Leung
correlation.

The system pressure required to meet the TW = T,~t criterion is shown in Fig. 14 for
V = 4.5 m/s and V = 3.5 m/s. In these calculations, Tf is set to 35”C. The use of TW=
T~atcriterion for incipient boiling is discussed further below.

For the onset of nucleate boiling (ONB), a certain amount of superheat is required
on the heated wall. The required superheat depends on the surface roughness
(nucleation cavity sizes) and the amount of dissolved gases in the fluid. The ONB
correlation provided by Bergles and Rohsenow5 is plotted in Fig. 15. In this figure,
the required wall superheat is shown as a function of system pressure and heat flux,
and higher superheat is needed for higher heat fluxes. The Bergles-Rohsenow
correlation conservatively envelops the nucleation cavity sizes that potentially exist
on the wall. However, it does not account for the effect of the dissolved gases. The
main reasons to operate without boiling are

● to avoid excessive corrosion for which dissolved gases are not expected to
have appreciable effects; and

● to provide a large margin to thermal excursion (OFI and DNB). The
studies in Refs. 6 and 7 show that for small-diameter channels, the effect of
dissolved gases on OFI and CHF is negligible.

Thus, the conservatism associated with the TW = T~atcriterion as an ONB criterion
may be relaxed if needed and the Bergles-Rohsenow correlation may be used as an
ONB model.
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Fig. 15. Predicted wall superheat at the ONB.

Onset of Flow Instability (OFI) Limit

absence of tmotohmical tests, the Saha-Zuber mode18 that medicts the onset of
significant void (~SV) ‘day be used cautiously, as a precursor t; the OFI. The Saha-
Zuber model predicts the OSV within +25?40over a wide parametric range. For a
given heat flux, the bulk subcooling corresponding to the OSV can be calculated
using the Saha-Zuber model. Using the data relevant to the Il?F design, several plots
were generated to display the results of the Saha-Zuber model. These graphs are
presented as Figs. 16-18.

Figure 16 is a plot of the Saha-Zuber value of the amount of subcooling required for
various values of the heat flux. The required bulk subcooling using the Saha-Zuber
model and the upper-bound of the Saha-Zuber model is plotted in Fig. 16. Also
shown in Fig. 16 is the conservative saturation temperature at the OSV, which
assumes a conservative fluid temperature of 50”C. The corresponding system
pressure is shown in Fig. 17, in which the minimum system pressure is shown to be
limited to 1 atm. As shown in this figure, for heat fluxes 4 MW/m2, operating even
at atmospheric pressure provides an adequate safety margin to the OSV.

Figures 16 and 17 were generated using an inlet fluid temperature of 50”C and a
fluid velocity of 4.5 m/s. However, within the range of interest, the required system
pressures may be sensitive to the coolant velocity. Figure 18 gives a depiction of this
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dependence for two values of the heat flux. As shown in Figure 18, for a low heat-
flux situation, the coolant velocity has no noticeable effect on the required system
pressure. As in the previous cases, the minimum system pressure is constrained to
1 atm in generating Fig. 18. For high heat fluxes, the coolant velocity plays a
significant role in the required system pressure. For q = 5 MW/m2, the required
system pressure can increase to 6 atrn with a decreasing coolant velocity.

Thus, for the parametric range of interest in the IF’F design, the OSV is not a serious
concern. There is a considerable safety margin between the ll?F operating point and
the OSV limit. Furthermore, the OSV is a concern only as a precursor to the OFI. As
discussed in Section 3, the pressure drop in the ll?F design is dominated by the inlet
pressure drop, with negligible contribution by the frictional pressure drop.
Therefore, even at OSV, it is not likely that an OFI will occur.

5.3. Critical Heat Flux (CHF)

The next issue to consider is the heat-transfer instabilities, or ClIF. The fluid is
expected to be subcooled. Therefore, the expected CHF mechanism is DNB as
opposed to dryout that could occur with saturated exit conditions.

The data currently available for the parameter ranges of interest are based on
circular tube data. The following empirical correlations are considered to quantify
the CHF for the Il?F desigrx

● the Bowring-Macbeth correlation;5
● the modified Tong correlation;g
“ the Vandervort et al. correlation;l” and
● the Knoebel correlation.g
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Fig. 16. Subcooling and saturation temperatures at the OSV.
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The parametric range for the correlations is provided in Table 2. The Knoebel
correlation is not included in the table because its parametric range is not specified
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in Ref. 9. However, the Knoebel correlation commonly is used to predict subcooled
CHF in low-pressure systems and is shown to envelop the data p~esented in Ref. 9
conservatively. Figure 19 shows the predicted CHF by these correlations as a
function of system pressure. In generating the data displayed in Fig. 19, the fluid
temperature and velocity are set to 50°C and 4.5 m/s, respectively. Figure 19 shows
that the most conservative predictions are provided by the Bowring-Macbeth and
Knoebel correlations. Bowring-Macbeth is known to underpredict the subcooled
CHF data. Based on the comparison of the Knoebel correlation with the subcooled
CHF data in Ref. 9, Knoebel et al. also is expected to be conservative. Nonetheless, in
the absence of prototypical data, a conservative prediction is required.

The correlations used for Fig. 19 are based on circular tube data. For rectangular
charnels, the use of circular tube models to predict the CHF may be
nonconservative if ‘boiling is allowed to occur at the corners. For the IPF target, the
corner of the channels is in the unheated region and boiling will not occur near the
corners. A special series of experiments, where the coolant channel is heated from
one side and the corner effects are specifically isolated, is reported in Ref. 11. A 20-
cm-long, 4-mm-wide copper plate was used for the tests. The gap for the coolant
channel was 3.5 mm. The CHI? data are obtained over the following parametric
range:

Pressure: 0.49 to 3 MPa
Mass Flux 3750 to 27,000 kg/m2-s.
Bulk subcooling: 30 to 160”C

The data for 4300 kg/m2-s show that the CHF is s1O MW/m2 for subcooling in excess
of 50”C, which provides additional confidence that the use of the Knoebel
correlation, for instance, would provide conservative estimates for the CHF in the
I.PF target design.

TABLE 2
PARAMETER RANGE FOR THE CHF CORRELATION

Parameter Bowring-Macbeth5 Modified Tongg Vandervort et al?”
Pressure(MPa) 0.2–19 0.1–20 0.1–3

MassFlux(kg/m2s) 136-18,600 1300-40,000 3000-90,000
Diameter (mm) 2–45 2-20 0.3-3

LID 10-50 1–40
Subcooling(“C) 50-150 0-200
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Figure 19. Various CHF predictions for the IPF target system.

6. CONCLUSIONS AND RECOMMENDATIONS

Based on the review and scoping calculations performed for the IPF conceptual
design, we have determined that operating the target under no-boiling conditions is
possible. Also, a large margin of safety to thermal excursion limits (OFI and H)
can be achieved. The following are some specific design recommendations for the
final design.

O~erations

The IPF target should be designed to avoid boiling. This will prevent uncertainty in
the thermal excursion limits because of a lack of prototypical data. In addition, the
absence of boiling prevents

Hydraulics

A careful review of the

excessive corrosion. - --

flow distribution is required to ensure the moper
distribution of coolant to each charnel. This includes investigating the u;e if a
plenum design vs a manifold design. The inlet pipe to the target area should be
increased from the current 3.0 in. in diameter to an inlet pipe s4.5 in. in diameter. In
addition, testing may be required to ensure proper flow distribution, especially if
uneven flow distribution to match the power distribution is desired.
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Svstem Pressure

As stated previously, the system pressure should be kept as high as possible to
provide a large factor of safety for thermal-hydraulic limits. The minimum
recommended pressure is 6 bars (87 psi).

Heat-Removal Svstem

The heat-removal system must be designed to provide coolant velocities s3.5 m/s in
the hot charnel. This value may be increased if necessary because the pressure drop
is small. However, erosion limits for the materials of interest must be considered for
velocities S4 m/s.

The inlet coolant temperature also should be maintained as low as possible (<50°C).

Rastering

The power deposition of the beam should be kept as uniform as possible. The peak
heat flux should be kept >-3 MW/m 2. If necessary, both radial and beamwise
conduction should be accounted for in determining the local heat fluxes. Thinner
plates may be required if the rastering technique is not sufficient to maintain the
peak heat-flux limit.

Coolant Channel Thickness

The current coolant gap of 2.5 mm (0.1 in.) is adequate. The coolant gap may be
made smaller if the solid volume fraction becomes an issue. However, the amount
that the gap can be decreased is limited by the possible bowing and swelling of the
target material.

Final Desism Calculations

More specific calculations are required that pertain to the geometry, materials, a
realistic rastering scheme, a realistic power deposition, and consideration of the
window design.

Several optimization studies also could be performed. The plate thickness and
coolant gap thickness could be varied in the beamwise direction to determine the
most effective combination. In addition, a nonuniform flow distribution, using
special orificing, could be tailored to the power distribution.

The scoping calculations provided in this report are based on normal, steady-state
operating conditions. In the final design phase, the effect of the anticipated
transients (such as a loss of flow and raster magnet failure) also need to be
considered in determining the thermal-hydraulic limits.
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Finally, the thermal stresses and erosion limits for the projected materials of the IPF
target system need to be investigated.
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