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Abstract—The axial pressure drop for two-phase post-CHF dispersed flow along a rod bundle with a
straight grid spacer was investigated experimentally. Thermodynamic non-equilibrium was considered in
both the measurements and data analysis. The effects of Reynolds number and actual quality on the spacer
pressure drop were also investigated. Experimental data on the frictional pressure drop in the unblocked
section (e.g. without spacer) compared favorably with four well-known models. On the other hand, all
available models substantially underpredicted the experimental pressure drop at the grid spacer. These
deviations were attributed mainly to differences in flow patterns and heating conditions (diabatic vs
adiabatic). Pressure drop values which are 300% higher than those predicted by Beattie’s model were
suggested for post-CHF dispersed flow in straight grid spacers.
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INTRODUCTION

The relative position of rods in rod bundles is usually maintained by spacers. In general, spacers
act as flow obstructions within the bundle and cause additional pressure drop and heat transfer
augmentation. The single-phase pressure drop in rod bundles with grid spacers was correlated to
some flow and geometrical parameters in the form of a loss coefficient (De Stordeur 1961; Sangster
1968; Rehme 1973, 1977; Yao et al. 1982). Rehme (1973, 1977) correlated the spacer loss coefficient
in terms of the spacer blockage ratio, &. Yao et al. (1982) carefully compared their single-phase
experimental data to Rehme’s (1977) correlations and found that 50% higher values for the loss
coefficient appeared to be more appropriate.

Unlike in single-phase flow, flow patterns and heat transfer mechanisms in the two-phase
dispersed flow regime in rod bundles with grid spacers are not clearly identified and experimental
data with detailed information are very limited. Beattie (1973) reported two-phase pressure drop
correlations in the form of two-phase multipliers and pressure loss coefficients for different flow
patterns and geometries including pipes, pipe fittings, orifices, rod spacers and expanders. However,
Beattie’s (1973) boundary conditons, detailed geometries and assumptions were not clearly
identified.

It is important for design calculations to know good approximations for the pressure drop in
the spacer before deciding on the design of the grid. For this reason and due to the lack of
knowledge of the complicated mechanisms involved, the main objective of the present paper was
to perform an experimental investigation of the two-phase pressure drop in rod bundles with grid
spacers in the post-CHF dispersed flow regime. Heat transfer data obtained from the present
experimental program has been reported elsewhere (Unal et al. 1988a, b, 1991a). The emphasis of
the present paper is on pressure drop measurements.

EXPERIMENTAL

The test section consisted of a heated shroud containing a 3 x 3 rod bundle assembly with a mean
hydraulic diameter of 11.2 mm. A schematic diagram of the test section elevation (see figure 1)
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Figure 1. Schematic diagram of the test section and grid spacer.

shows an actual length (A-B) of 1.22 m with a grid spacer installed 762 mm away from the inlet
point (A). The grid spacer, with a height of 50.8 mm, was made of 0.5 mm thick sheet metal which
caused a blockage ratio of ¢ =0.14, as shown in figure 1. Four ports on one side of the shroud
were used for the measurements of absolute pressure, pressure differences and vapor temperatures.
The shroud, made of a 2.0 mm thick sheet of Inconnel 625 alloy, was heated by a radiation furnace.
The test rods were electrically heated with uniform heat flux.

Upper and lower hot patches were used to prevent quench fronts from propagating upwards and
downwards along the test section, respectively. Thus, the dryout point was held at the test section
inlet and stabilized post-CHF conditions within the test section were maintained. Miniature vapor
probes, made of two concentric tubes with nominal diameters of 2.13 and 1.25 mm and a 0.254 mm
diameter type K thermocouple placed in the center, were installed in ports 2 and 3 (see figure 1)
for the measurements of non-equilibrium vapor temperatures. Moreover, the axial variation of the
wall temperature was measured using 12 thermocouples on the shroud and on each of the 9 test
rods.
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Figure 2. Schematic diagram of the pressure drop measuring system.

A schematic diagram of the pressure drop measuring system is shown in figure 2. This system
is designed to eliminate the condensation of steam in the pressure transducer cell (Badr et al. 1993).
To avoid liquid blockage, these lines were heated to temperatures high enough to vaporize any
falling condensate. Compressed air was used to clean the lines between different experiments with
the transducers isolated from the test section. The transducer calibration was checked periodically
between experiments. The output signals of the transducers were stored on a fast data acquisition
system with a rate of 100 Hz.

The uncertainty in the wall temperature measurements was + 2.2°C. The saturation temperature
was measured with a =+ 0.5°C uncertainty. The vapor temperature measurements included
additional uncertainties, + 10°C, due to the strip chart reading and the quality of the vapor probe
response. The pressure transducers had linearities of + 0.5% of full scale with < 0.5% zero shift
for 200% overpressure. The additional uncertainty in the pressure drop measurements, due to the
operation of the test setup was determined to be approximately + 15%.

The experimental range included conditions pertinent to the reflood and quench phases of light
water reactor accident analysis. The measured data are tabulated in table 1. More details pertaining
to the design of the test section and the two-phase loop, instrumentation and the operating
procedures are presented elsewhere (Unal er al. 1986, 1988a, 1991a).

RESULTS AND DISCUSSION

Our main objective is to obtain the pressure drop data across the spacer which was not directly
measured. The spacer pressure drop can be obtained from the data measured between ports 2 and
3 by subtracting the gravitational, accelerational and frictional pressure drops in the unblocked
parts of this rod-bundle section (the sections between points 2-5 and 6-3 in figure 1). Thus, we
will first examine the pressure drop measurements obtained in the bare rod bundle (ports 1 and
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Table 1. Experimental data

Test G q Xgor Ty, T, T,, APy, AP,
No. (kg/m’s) (W/em?) (°C) Xioh (O (0 (mmH,0) (mmH,0)
1 15 2.6 0.22 0.45 561 366 490 —
2 15 2.6 0.22 0.46 554 361 491.6 —
3 15 2.63 0.047 0.27 689 603 319.4 -
4 15 2.63 0.047 0.27 689 588 3235 —
5 15 2.63 0.047 0.28 713 619 3234 —
7 19 2.63 0.18 0.41 453 246 699.6 —
8 19 3.79 0.18 0.41 568 284 625.5 —
9 19 4.44 0.18 0.41 624 279 684.8 —
10 20 34 0.27 0.49 453 212 684.8 —
41 12 2.01 0.21 0.38 630 555 244.7 —
42 12 2 0.21 0.47 558 512 341.6 —
44 11 2.01 0.22 0.45 623 649 342.6 —
45 11 1.93 0.22 0.46 558 507 3294 56.0
46 11 2.05 0.22 0.45 603 565 3243 57.6
47 12 2.46 0.012 0.24 724 657 257.1 85.3
48 12 2.16 95.5 0.22 587 616 296.0 87.8
49 12 2.21 96.5 0.28 618 613 271.2 104.7
50 12 2.21 96.5 0.28 618 594 271.2 104.7
51 17 2.79 0.33 0.53 425 459 308.1 142.5
52 17 3.82 0.4 0.62 483 516 666.8 160.2
53 12 2.55 0.2 0.47 603 691 365.5 —
54 12 2.55 0.2 0.42 603 739 341.6 —
56 12 2.27 0.2 0.47 603 520 343.9 —
57 12 2.55 0.2 0.48 631 583 329.1 46.1
58 12 2.54 0.2 0.47 631 576 369.1 36.9
59 12 2.53 0.2 0.46 619 557 3419 344
60 12 2.55 0.32 0.58 588 600 392.5 354
61 12 2.54 0.33 0.59 579 600 403.8 353
62 12 2.55 0.33 0.59 579 576 421.7 334
63 8.8 2.12 0.2 0.48 654 734 226.2 51.4
64 8.8 2.12 0.2 0.48 664 720 226.2 514
66 8.8 2.11 0.09 0.4 676 754 197.8 40.0
68 8.7 1.97 0.2 0.5 640 533 262.1 339
69 8.5 1.96 0.22 0.52 655 681 215.2 58.4
71 8.6 2.45 0.092 0.44 686 591 239.6 52.0
72 8.6 2.07 84.4 0.38 671 686 185.5 77.6
73 8.5 2.06 84.2 0.45 647 712 201.2 823
74 8.5 2.07 66.9 0.36 671 750 226.3 53.0
75 8.5 2.05 66.5 0.44 617 703 190.8 63.7
76 8.5 2.05 66.6 0.34 627 725 202.7 78.6
77 8.4 221 50.4 04 644 747 203.4 69.4
78 8.5 2.2 50.1 0.41 650 747 205 63.4
79 9.0 2.21 0.36 0.63 659 585 440.8 —
86 8.7 1.64 56.4 0.33 630 724 163.4 —
87 12 2.58 0.3 0.53 604 559 367.5 —
88 9.1 1.62 0.45 0.67 529 517 287.1 —
89 12 2.37 0.11 0.29 725 706 253.8 —
91 12 2.19 0.17 0.39 635 553 360.1 —
92 12 2.01 0.17 0.35 704 717 315.8 —_—
93 12 2.0 0.074 0.31 701 623 3303 —
94 12 1.8 0.012 0.27 709 589 180.9 —
95 12 2.0 0.11 0.29 717 603 298.7 —
96 12 2.0 0.048 0.3 741 610 256.0 —
97 12 2.0 0.048 0.19 701 582 256.0 —
98 12 2.0 0.0003 0.19 781 716 269.9 —

2). From this data, we will obtain a proper frictional loss coefficient to evaluate the pressure drops
between points 2 and 5 and 6 and 3.

For a bare section between Z, and Z, the accelerational and gravitational components of the
pressure drop were calculated, assuming a homogeneous flow, and by integrating the corresponding
pressure gradients (Hetsroni 1982) as follows:

z z 2 2 2
we[@e (ML
2z \dZ/, z, p Pz, Pz
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and

2 (dp %
ar,= [*(G) ez = [ e sz = pue@-z,) 2
Z, ¥4 4 Z,

where G is the mass flux, p is the density, AP, is the accelerational pressure drop, AP, is the
gravitational pressure drop, Z is the axial levation, 1 and 2 are the location of ports 1 and 2, and
Pay is the average flow density between Z, and Z,. The homogeneous flow model is chosen for
the calculation of AP, and AP, since it gives better results for low pressures (Beattie 1973; Andeen
& Griffith 1968). The experimental frictional pressure drop was then evaluated as

AP, =AP,,— AP, — AP, [3]

where AP,,, is the measured total pressure drop and AP;,,, is the experimental frictional pressure
drop. The fluid properties required for such calculations depend mainly on the non-equilibrium
vapor temperature which was measured at ports 2 and 3 only. At other locations (port 1, spacer
inlet (5), spacer outlet (6)), however, the vapor temperatures were calculated using the model of
Unal et al. (1991b), by evaluating the vapor generation rate in the dispersed flow regime, using the
following energy balance equation:

dT,
G.C, (a) T, Pu) ] =42 ]
In [4], T is the volumetric rate of vapor generation (Unal et al. 1991b), G, is the vapor mass flow
rate, T, is the vapor temperature, A, is the enthaply of vapor at (7,, P,), A, is the enthaply of liquid
at (T, P,), C, is the vapor specific heat at constant pressure, D is the mean hydraulic diameter
and Q is the heat flux.

Equation [4] is an initial value problem, and was solved iteratively by numerical integration over
each of the sections (port 1-port 2), (port 2-spacer inlet (5)) and (spacer outlet (6)-port 3) of the
bare rod bundle. Thus, the vapor temperatures at points 1, 5, and 6 were calculated from the
measured values at points 2 and 3.

Figure 3 shows the friction factor (F,,,) corresponding to the present experimental data for the
bare bundle calculated from its basic definition (Hetsroni 1982):

[dP] APy, _2F.,G?

ol = = . 5
dz f.exp (Z,-2,) pavD Bl

Since the flow regime is a dispersed flow and the distance between the pressure ports is small, the
use of average density in [5] will not yield significant uncertainty. The experimental data is shown
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with circles and the best fit is represented by the solid line. For the purpose of comparison, the
figure also shows the Moody friction factor for smooth pipes as well as the friction factor predicted
by some of the well-known two-phase models for the present test conditions. It is very clear from
the figure that the models of McAdams (1942), Friedel (1979) and Baroczy (1965) overestimate
substantially the experimental friction factor and may not be applicable for the present test
conditions. On the other hand, the friction factors predicted by the models of Dukler et al. (1964),
Lockhart & Martinelli (1949), Beattie & Whalley (1982), Beattie (1973) (dry wall) and Moody
(1944) (smooth pipe) compare reasonably with the present data. However, for better accuracy of
the subsequent calculations in the grid spacer, it was decided to use the following correlation which
fits the present data best:

Fop=0.10 Red?, [6]

where Re,y = GD/u,y; the viscosity (u,y) is the arithmetic average of its values at the inlet and
outlet of the section under consideration.

The observed scatter in the data is characteristic of two-phase flows in complex geometries, such
as the one considered here (Beattie 1973; Hetsroni 1982). This scatter may be attributed to (a) the
flow oscillations which were observed through a sight glass, (b) possible transient non-uniformities
over the bundle cross section, (c) non-uniform impingement of liquid droplets or globules of the
dispersed flow on the test rods and the shroud, (d) possible blockage of the transducer lines located
at port 1 by liquid droplets etc. The minimum standard deviations of the experimental data from
the predictions of [6] were calculated as 0.0011. When [6] for the friction factor was used in
subsequent calculations of the spacer pressure drop, the effect of this standard deviation (0.0011)
on the spacer pressure drop was found to be 7%.

The spacer loss coefficient data are presented in figure 4 as a function of the Reynolds number
upstream of the spacer inlet (Res). The figure also shows the corresponding values predicted by
the models of Rehme (1977). Yao et al. (1982) and Beattie (1973). The fiuid properties used in the
spacer calculations were those at the upstream end of the grid spacer (elevation 5). Despite having
the same trends, the three models substantially underpredicted the present spacer loss coeflicients.
Rehme’s (1977) model and Yao et al.’s (1982) model, which is suggested to be 50% higher than
Rehme’s (1977), were developed on the basis of experimental data of incompressible single-phase
flows. On the other hand, Beattie’s (1973) model was derived from the mixing-length theory for
a churn-turbulent flow at an obstruction. The disagreement between Beattie’s prediction and the
present data can be attributed to differences in the thermal hydraulic conditions in the churn and
dispersed flow conditions in the spacer. Unfortunately, the flow patterns, thermal conditions and
parametric ranges of applicability of such a model (particularly whether or not the flow was
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adiabatic) were not identified. We should note that one of the important points to remember is
that the heated shroud eliminates the possibility of cross flow in the present tests.

SUMMARY AND CONCLUSIONS

In the present experimental program of post-CHF dispersed flow in a 3 x 3 rod bundle with a
grid spacer, measurements of heat flux, mass flux, wall temperatures, non-equilibrium vapor
temperatures and total pressure drop were taken across two sections of the rod bundle. The first
section without a spacer (1-2) was used to evaluate the most appropriate model for the friction
factor in the bare rod bundle, while the second one (2-3) with a blocked bundle was used to evaluate
the pressure drop in the grid spacer under different test conditions.

Comparison of the present data with well-known models of the friction factor in a bare rod
bundle showed poor agreement with three models and reasonable agreement with four other
models. However, the model which best fitted the present data for the friction factor was used for
subsequent calculations in the blocked section.

The pressure drop in the grid spacer was calculated from the experimental data by subtracting
the gravitational, accelerational and frictional components in the unblocked parts of the section
(2-3). When compared to the present data the available models showed the right trend, but
substantially underpredicted the present spacer loss coefficient and two-phase multiplier. It is
suggested that pressure drop values, which are 300% higher than those predicted by Beattie’s (1973)
model, may be used for post-CHF dispersed flow in grid spacers. The large deviations between the
experimental data and the models were attributed mainly to the differences in the flow pattern and
thermal conditions in the spacer.
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