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INTRODUCTION TO THE REPORT

Heat exchange that occurs in power producing systems is significantly affected

by the highly complex fluid flows that are encountered in such systems. For ex-

ample, maldistributed flows occur almost as a matter of course in heat exchangers,

a case in point being Navy shipboard heat recovery utilizing gas turbine exhaust.

The complexity of the flow and the resulting maldistribution may result from

changes of flow cross section, partial blockage due to valves and other control

devices, branching or merging of flow passages, and changes in direction due to

bends and elbows. Often, several of these features occur in a single system. In

addition to maldistribution, the resulting flows may contain regions of flow separa-

tion, recirculation, and swirl.

The heat transfer characteristics of such flows are fundamentally different

from those of conventional flows. Consequently, it is inappropriate to use avail-

able information for conventional flows as a basis for the heat transfer design

of systems which experience complex flows. Thus, for example, large variations

of the local heat transfer coefficient can be expected in complex flows, in con-

trast to the relatively uniform coefficients for conventional flows. Furthermore,

such variations may give rise to local hot spots. In regions of flow separa-

tion and recirculation, the heat transfer coefficients may either be larger or

smaller than those of an ordinary unidirectional flow, depending on the Reynolds

number. In addition to marked effects on the heat transfer coefficient, the

complexity of the flow also leads to significant increases in pressure drop.

The foregoing discussion serves to motivate and focus the research that

is described in this report. The general theme which runs through the work is

a search for the effects of flow maldistribution on heat transfer in various

generic types of heat exchange devices. All told, five separate but interrelated

research problems are described--three experimental and two computational. The

first of the experiments deals with the heat transfer and pressure drop response

-l
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of a tube bank to maldistribution of the flow at the inlet cross section. The

maldistribution was created by a partial blockage of the inlet cross section. In

the second experiment, local turbulent heat transfer coefficients for airflow were

measured in a tube situated downstream of a cylindrical plenum chamber in which

the inflow was radial and the outflow was axial. This configuration requires that

the air turn as it passes through the plenum, thereby inducing a highly complex

flow at the tube inlet, as documented by flow visualization. The third experi-

ment also deals with maldistribution, in particular, that created when there is a

missing tube in a staggered or in-line tube bank.

The computational work is concerned primarily with fluid flow aspects. In

one of the investigations, predictions are made of the turbulent flow field and

the associated pressure drop in a cylindrical plenum. The second computational

study yields a prediction of flow maldistribution in a tube bundle placed in a

flow with a sudden expansion.
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Chapter 1I
EFFECT OF BLOCKAGE-INDUCED FLOW MALDISTRIBUTION

ON THE HEAT TRANSFER AND PRESSURE DROP IN A TUBE BANK

ABSTRACT

Detailed experiments, encompassing per-tube heat transfer measurements

and row-by-row pressure measurements, were performed to investigate the re-

sponse of a tube bank to maldistribution of the flow at the inlet cross section.

The maldistribution was created by a partial blockage of the inlet section.

Baseline experiments for uniformly distributed inlet flow were also carried out.

The experiments spanned an order of magnitude range in the Reynolds number.

On the whole, the inlet-section flow maldistribution tends to enhance the heat

transfer at a given Reynolds number. Enhancements in the 30 - 40 percent range

are encountered in the first several rows in the corridor downstream of tile un-

blocked portion of the inlet section. Reductions (up to 50 percent) are con-

fined to a narrow alley behind the blockage. Ten percent maldistribution-

related effects persist to the seventh row, while effects at the five percent

level occur at least as far downstream as the twelfth row. With regard to

pressure, there is an incremental pressure drop of about 2 velocity heads due

to the maldistribution.

NOMENCLATURE

Ami minimum free flow arearmin

Anaph per-tube mass transfer area

D tube diameter

naphthalene-air diffusion coefficient

f friction factor, equation (11)

K per-tube mass transfer coefficient, r/(p - pnb)
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AM per-tube change of mass

ii per-tube rate of mass transfer per unit area

N row number

Nu Nusselt number

Pr Prandtl number

p pressure

p_ pressure upstream of array

AP pressure drop, (p. - p(x))

Re Reynolds number, 0VD/

Sc Schmidt number

Sh per-tube Sherwood number, KD/.

SL  longitudinal pitch

ST  transverse pitch

V characteristic velocity, /Ami n

w rate of fluid flow through array

x axial coordinate

viscosity

v kinematic viscosity

P air density

Pnb naphthalene vapor density in bulk flow

0nw naphthalene vapor density at tube surface

T duration of data run

J'



INTRODUCTION

Flow maldistribution is a widely encountered operational problem in heat ex-

changer practice. In general, maldistributions may be classified in two categories,

depending on whether the fluid flow which enters the heat exchanger is maldistributed

or whether the maldistribution is induced within the heat exchanger itself. The

focus of the present report is on maldistributed entering flows, illustrations of

f which will be described shortly. Internally induced maldistributions are caused

by geometrical irregularities and imperfections, which give rise, for example, to

leakage and bypass in shell and tube heat exchangers, and by differential heat-

ing, which is of particular relevance in laminar heat exchangers employing viscous

liquids.

There are numerous causes of possible maldistributions in the flow that is

delivered to the inlet cross section of a heat exchanger. If the inlet were situ-

ated downstream of a bend or an elbow, the nonuniform packing of the flow in the

bend would be reflected in a nonuniform distribution across the inlet. Furthermore,

secondary motions (i.e., corkscrew-like motions) are generated in bends and turns,

and such motions further complicate the flow entering the heat exchanger. Overly

rapid enlargements of the duct work which feeds a heat exchanger will give rise to

zones of flow separation and recirculation which are carried into the exchanger

inlet. Partially open valves and misaligned baffles are sources of nonuniform

flow, and the eddies shed from these devices constitute a further degree of com-

plexity. In applications where a heat exchanger is fed from the exhaust of a ro-

tating device such as a gas turbine, there will be a strong swirl superposed on the

inlet flow.

The foregoing slate of physical situations which favor maldistributed in-

let flows is Illustrative rather than exhaustive. Furthermore, the agents causing

maldistribution are often compounded, for example, a swirling flow delivered to a

heat exchanger via a bend and an overly rapid enlargement.

-,L&
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Waste heat recovery systems, which have become an essential factor in eff cc-

( tive energy management, are especially vulnerable to pathological ducting arrange-

ments for delivery of hot gases to the heat exchanger inlet. This is because such

systems are often retrofited in an existing plant site and, as a consequence, both

the ductwork and the heat exchanger have to be adaptive to the available space.

Even in new installations, the size of waste heat systems and the cost of physical

space often leads to nonideal ducting arrangements.

The importance of maldistributed inlet flows is widely recognized among heat

exchanger practitioners (e.g., {1, 2}), but the complexity of the problem appears

to have been a deterent to research at a fundamental level. The work reported in

the published literature is mainly focused on estimating the effects of the mal-

distribution by employing analytical models in which the heat transfer coefficients,

needed as input, are based strictly on assumption (e.g., {3 - 6}). In some cases,

heat transfer coefficients for uniformly distributed flows have been employed,

while in others, a simple power-law relation between the transfer coefficient and

the mass velocity is assumed to hold. It does not appear that detailed measure-

ments have heretofore been made of the transfer coefficients in heat exchangers

subject to a maldistributed inlet flow.

In the research to be reported here, experiments are performed in which,

seemingly for the first time, heat transfer coefficients are measured internal to

a heat exchanger with a maldistributed inlet flow. In planning the research program,

it appeared most appropriate to model a generic type of maldistribution rather than

to reproduce one of the myriad of specific maldistribution arrangements that occur

in practice. The heat exchanger configuration to be studied here is, itself,

generic--a tube bank through which air passes in crossflow. Attention will be

focused on the heat transfer characteristics of the flow external to the tubes (in

contrast to the internal flow).

The special feature of the research is that heat transfer coefficients were



measured at each of the individual tubes of the array. These detailed measurements

were performed for both the maldistributed flow and for the case of a uniformly dis-

tributed flow, both at the same Reynolds number. The per-tube heat transfer coef-

ficients in the presence of the maldistribution were ratioed with the correspond-

ing coefficients for the uniform flow. The deviation of each ratio from unity

provides an immediate index of the effect of the maldistributed inlet flow in either

degrading or enhancing the per-tube heat transfer coefficient.

The aforementioned ratios are presented on a plan view of the tube bank, with

each tube being Inscribed with its individual ratio. In this presentation, zones

of enhancement and degradation are readily identified. In addition, the propaga-

tion of the inlet section maldistribution through the heat exchanger can be observed,

as can the homogenization of the flow as the maldistribution wanes.

In the experiments, the maldistribution was created by a partial blockage of

the inlet cross section of the heat exchanger. Owing to the inability of the

entering flow to turn sharply and fill the space downstream of the blockage, a low-

velocity recirculation zone is set up. On the other hand, the flow passing through

the unconstricted portion of the inlet section creates an alley of relatively high

velocity fluid that penetrates the heat excianger. To create a severe case of mal-

distribution, the experiments were performed with an inlet-section blockage of

fifty percent. The Reynolds number was varied over an order of magnitude during

the course of the experiments.

In order to obtain the detailed information described in the foregoing, it

was found advantageous to perform mass transfer experiments rather than direct heat

transfer experiments. The naphthalene sublimation technique was used in the mass

transfer experiments, and the mass transfer coefficients were converted to heat

transfer coefficients by employing the analogy between the two processes. As the

first order of business in the experimental program, the validity of the analogy

was examined by comparisons of the present results for uniform inflow with well-

I'
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I
established results in the heat transfer literature. The remarkable level of

agreement that emerged from these comparisons provides unassailable support for the

use of the analogy in heat exchanger work.

In addition to the heat/mass transfer studies, the pressure drop was measured

as a function of position along the length of the heat exchanger, both for the

maldistributed and uniform flow cases. The comparison of the results enables

identification of the incremental pressure drop due to the flow maldistrisution.

These multi-station internal pressure measurements represent a departure from con-

ventional heat exchanger practice where pressure measurements are made only before

and after the exchanger.

THE EXPERIMENTS

Experimental apparatus. The description of the experimental apparatus is

facilitated by reference to Figs. 1 - 3. The first of these is a photograph of the

test section and related downstream ductwork (hereafter designated as the afterduct).

Figures 2 and 3 are schematic diagrams showing various details of the test section.

In Fig. 1, the test section is the portion of the apparatus that is forward of

the flange. The photograph was taken with the inlet cross section unblocked, and

the first row of tubes can be seen through the open inlet. Another feature of the

test section that is evident in lig. 1 is that the top wall is removable. In con-

nection with the removable top, there are three quick-release clamps affixed to the

upper edge of the respective side walls. When the clamps are closed, they bear

down on the top wall, causing it to seal against O-rings. With the opening of the

clamps, the top wall can be removed in a matter of seconds with the aid of the

specially machined handles that are attached to the wall. A row of static pressure

j taps, deployed along the spanwise centerline of the top wall, can also be seen in

Fig. I.

Figure 2 is a schematic diagram of the front face of the test section, with

the blockage in place (but shown as semi-transparent in order to reveal the parts

' - .....A -.
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that are situated behind the blockage). As seen in the figure, the test section is

a square duct whose lower and side walls were fabricated from thick aluminum plates

(2.54 cm, 1 in.) to enable laps to be cut for interleaving the walls and ensur-

ing precise positioning. Laps at the outer edges of the bottom wall provided seat-

ing for the side walls and, in turn, laps at the upper edges of the side walls

seated the top wall. These laps also served as flats into which the O-ring grooves

were milled. All surfaces of the duct walls which interface with the airflow were

painstakingly polished with 600-grit wet or dry sandpaper (used wet) as the final

step of the fabrication process.

The spanwise arrangement of the tubes in the first row can be seen in Fig. 2.

This arrangement, which is repeated in the third, fifth, and all other odd rows,

includes five regular tubes (away from the side walls) and a half tube adjacent to

each of the side walls. The wall-adjacent half tubes were employed to more closely

model an infinitely wide array, and the success of this approach will be documented

later.

A plan view of the test section with the top wall removed and without the

blockage in place is presented in Fig. 3; also, for clarity, the quick-opening

clamps are not shown. This figure illustrates the layout of the tube bank. The

tubes are seen to be positioned in a staggered array, with six tubes in each row.

Precise, positive positioning of the tubes was ensured by seating them in holes

that had been drilled into the lower wall of the duct. The aforementioned wall-

adjacent half tubes situated in the odd numbered rows are seen, in actuality, to

be regular tubes that are recessed into the side walls so that only half of each

tube is exposed to the airflow.

Further study of the figure shows that the tubes are positioned on equilateral

* triangular centers. The transverse center-to-center distance ST between the tubes

was chosen to be twice the tube diameter D (i.e, ST/D 2). The corresponding

longitudinal pitch-to-diameter ratio SL/D - (€ /2)STD 0.866(ST/D ) . The arra
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employed in the experiments contained 15 rows of tubes, as pictured in the figure.

The portion of the test section aft of the array served as a downstream plenum

chamber.

The experiments will be characterized in dimensionless terms so that the test

section dimensions are relevant only for orientation purposes. The cross section

is a 7.62 x 7.62 cm (3 x 3 in.) square. Each tube is 0.635 cm (0.250 in.) in

diameter and 7.62 cm (3 in.) in length, and the transverse pitch ST is 1.27 cm

(0.500 in.). The 12:1 aspect ratio of the tube is sufficient to eliminate concern

about mass transfer end effects, especially since there is zero mass transfer at

the duct walls (the duct walls are metallic and, therefore, do not participate

in the mass transfer process). It should be noted that in a corresponding heat

transfer experiment, the end effects would, in all likelihood, be greater due to

both conductive and convective interactions between the tubes and the duct walls.

As indicated in the Introduction and illustrated in Fig. 2, the selected

blockage element constricted half of the inlet cross section. In considering a

plate to serve as the blockage element, it was recognized that flow separation would

occur at its exposed edge (i.e., the left-hand edge of the element pictured in

Fig. 2). To achieve a sharply defined separation, a thin brass plate was used

(0.020 cm, 0.008 in.). It was verified that the plate, when in place, did not

deform under the action of the forces exerted by the airflow.

jFor the determination of the pressure distribution along the test section,

twelve regularly spaced pressure taps were installed along the spanwise centerline

of the top wall, as seen in Fig. 1. The first tap is positioned midway between

the second and third rows of tubes, 2.750 cm (1.083 in.) from the leading edge of

the duct. All subsequent taps are separated by an axial distance of 2SL

( 2.200 cm, 0.866 in.).

In addition to the regular top wall of the test section, a special top wall

was fabricated and used during a preparatory stage of each data run. During that
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stage, it is necessary to pass air through the test section for a preselected time

so that thermal equilibrium is achiced between the naphthalene mass transfer

element and the flow. During this -4uilibration period, the mass transfer element

is jacketed by a teflon cover which protrudes above the top of the test section.

The special top wall contains an elevated section which accommodates the protruding

portion of the jacket. Furthermore, the elevated section can be positioned at any

axial station to accommodate a mass transfer element situated in any row of the

array.

fIn the fully assembled experimental apparatus, air was drawn from the tempera-

ture-controlled laboratory into the inlet of the test section. The air traversed

the test section and exited into the afterduct (Fig. i), which served as a transi-

tion piece between the square test-section geometry and the circular downstream

piping. The afterduct was designed to be sufficiently long so that the contraction

experienced by the flow at the downstream end of the duct (i.e., as the flow entered

the downstream circular piping) was not felt in the test section. From the after-

duct, the flow passed into a metering section (two calibrated rotameters), through

a control valve, and then was ducted to the blowers. The blowers were situated in a

service corridor outside the laboratory, and their exhaust was vented to the out-

doors. The capacity of the air-handling system was 130 scfm. Experiments were

performed over the range from 13 to 130 scfm.

The operation of the system in the suction mode and the placement of the blowers

outside the laboratory, together with the room temperature control, enabled the

attainment of steady, readily measurable operating temperatures in the test

section--a necessary prerequisite for the naphthalene sublimation technique. Also,

the outside exhaust, coupled with strict handling procedures, ensured that the

laboratory was free of naphthalene vapor.

Tubes and naphthalene test element. Each tube is, in actuality, a solid

cylinder machined with a shank of smaller diameter at one end to facilitate its

I"• L
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seating in the lower wall of the test section. To ensure uniformity of diameter

for all the cylinders, they were fabricated from 0.635 cm (0.250 in.) drill rod.

The length of each cylinder was machined so that the clearance between the tip of

I the cylinder and the top wall of the test section was 0.0025 - 0.005 cm

1(0.001 - 0.002 in.).

In each data run, only one of the cylinders in the array participated in the

mass transfer process. The participating cylindei was a composite consisting of

a naphthalene coating enveloping a metal substrate. The first step in the

j fabrication of a coated cylinder was to reduce the diameter of the body of one

of the aforementioned standard cylinders by about 3/4 mm. Following the under-

cutting operation, the resulting surface was machined so as to form a 1/4-mm deep

screw thread. The purpose of the screw thread was to provide cavities to aid in

the adhesion of the naphthalene. The thus-machined cylinder was dipped into a

container of molten naphthalene, the dipping process being performed in many stages

so that the surface temperature was kept low enough to avoid remelting of the naph-

thalene that had solidified on it. Once a sufficiently thick coating had been

built up, the coated cylinder was machined in a lathe to remove the excess solidi-

fied naphthalene. The machining was continued untilthe diameter of the naphthalene-

coated cylinder was equal to the diameter of the uncoated cylinders of the array.

The tip was machined to completely remove the solidified naphthalene.

j For efficiency in executing the experiments, it was standard practice to coat

and machine at least eight to ten cylinders at a time. Upon completion of the

jcoating process, the cylinders were wrapped in impermeable plastic and placed in

the laboratory where the experiments were to be conducted. A freshly prepared

i coated cylinder was employed for each data run (i.e., coated cylinders were never

reused). Subsequent to each data run, the remaining naphthalene coating was re-

moved by melting and evaporation in preparation for the next round of coating and

machining operations.
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Experimental procedure and instrumentation. The key measurements made during

a mass transfer data run included the mass of the naphthalene-coated cylinder, the

temperature of the air entering the test section, the airflow rate, and the baro-

Imetric pressure. The mass measurements were made with a Sartorius analytical

balance with a resolution of 0.0001 g and a capacity of 200 g. Air temperature was

sensed by an ASTM-certified thermometer with a smallest scale division of 0.1 F.

As noted earlier, calibrated rotameters equipped with static pressure taps were

employed for the airflow measurements.

JIn supplementary runs (without mass transfer) made to determine the pressure

drop characteristics of the array, the pressure signals from the test-section static

I taps were conveyed to a specially fabricated selector switch. The output of the

switch was fed to the terminals of a Baratron solid-state, capacitance-type pres-

sure meter capable of resolving 10-4 mm Hg at levels of 1, 10, and 100 Hg, depend-

ing on the sensing head employed.

Certain aspects of the experimental procedure have already been mentioned,

and additional relevant details will now be described. To prepare for a data run,

the room lighting and the blowers in the air-handling system were turned on at

I least thirty minuLt:, before the intended start of the run. A steady temperature

was thereby established and subsequently maintained to within 0.05 - 0.1C during

the data run by the temperature control system of the room.

I The next preparatory step involved the attainment of thermal equilibrium be-

tween the naphthalene-coated cylinder and the airflow passing through the array.

The attainment of temperature equality is a necessary prerequisite for the evalua-

tion of the naphthalene surface temperature from the measured air temperature.

To attain the desired equilibrium, the naphthalene-coated cylinder, jacketed in

3 a close-fitting sealed teflon sleeve to minimize extraneous sublimation, was

inserted at a pre-selected position in the array. The cylinder was allowed to

I remain in the array for about 30 minutes, during which time it was exposed to the

I
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airflow rate that had been set for the data run. After the equilibration period,

the cylinder was removed from the array, weighed on the analytical balance (with

teflon jacket removed), and then returned (with jacket in place) to the array for

an additional 5 - 10 minute equilibration period.

The mass transfer period was initiated by the removal of the teflon jacket,

thereby exposing the naphthalene-coated cylinder to the airflow. During the run,

readings of temperature, flow rate, rotameter pressure, and barometric pressure

were taken at regular intervals. The duration of the run was chosen so that the

avera.- change of thickness of the naphthalene coating due to sublimation would be

about 0.0025 cm (0.001 in.), equivalent to about a 0.05 g mass loss. To terminate

the run, the naphthalene-coated cylinder was jacketed, removed from the array,

and weighed (with jacket removed).

At this point, a supplementary data run was carried out to determine a correc-

tion for any extraneous mass transfer that nay have occurred in the period between

the first and second weighings. All of the steps that had been performed between the

first and second weighings were repeated, except for the exposure to the airflow,

and following this, a third weighing was made. The thus-determined correction was

on the order of one percent of the net mass transfer.

DATA REDUCTION

The procedures employed to evaluate the per-tube Sherwood number (i.e., the

mass transfer counterpart of the Nusselt number), the Reynolds number, and the pres-

sure drop coefficient will now be described. For the Sherwood number determination,

the first step is to obtain the per-tube mass transfer coefficient K from its

S definition

K = i/(pnw - Pnb) 
(1)

in which ti is the per-tube mass transfer per unit time and area, and p and

Pnb denote the densities of naphthalene vapor at the tube surface and in the bulk

<1,i
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airflow. The quantity i was determined from the measured mass loss AM due to

I sublimation from the surface of the naphthalene-coated cylinder and from the

duration T of the data run and the area A of the naphthalene surface, so thatnap h

I m = AM/TA (2)naphI

In evaluating Anaph, account was taken of the slight change in the cylinder diam-

eter during the data run.

The naphthalene vapor density was evaluated by a two-step process. In

the first step, the naphthalene vapor pressure at the cylinder surface was calcu-

I lated from the Sogin vapor pressure--temperature relation {7. Then, the vapor

density was determined from the perfect gas law. In these calculations, it was

assumed that the surface temperature of the naphthalene coating was equal to the

I temperature of the air passing through the tube array.' The general validity of
tI

this assumption was ensured by the equilibration period which preceded each data

run.

There are, however, two possible causes of a small temperature difference

between the surface and the air. The first is related to the fact that the latent

heat of sublimation must be supplied to sustain the mass transfer process and,

if the heat were supplied by the airstream, a temperature difference must exist.

The maximum possible difference due to this process was calculated to be 0.09
0 C.

The second possible cause of temperature difference arises from the fact that the

airstream thermometer measures the stagnation temperature while the naphthalene

surface is at the recovery temperature. For a recovery factor of 0.8, the maxi-

I mum difference between the stagnation and recovery temperatures was found by cal-

culation to be 0.044 C. The maximum temperature difference due to the afore-

mentioned causes is about 0.130 C, which corresponds to a maximum uncertainty of

I 1.3 percent in the results. This uncertainty was judged to be tolerable.

Once the mass transfer coefficient is evaluated from equations (1) and (2),

I



ll

II
it may be recast in dimensionless form in terms of the Sherwood number Sh

Sh = KDI.C (3)

where D is the tube diameter and J&'is the naphthalene-air diffusion coefficient.

The latter may be eliminated by taking note of the definition of the Schmidt number

Sc, which is the mass transfer counterpart of the Prandtl number. Since Sc =

equation (3) becomes

Sh = (KD/v)Sc (4)

in which v is the kinematic viscosity of air and Sc = 2.5 for napthalene diffu-

sion in air.

The Reynolds number definition used to characterize the experiments is that

which is standard for tube banks. If ; is the rate of airflow through the array

and Amin is the minimum free-flow area, then PV = /Amin and

Re = PVD/P - wD/PAmi n  (5)

Attention will now be turned to the analogy between heat and mass transfer.

For heat transfer in a tube bank, it is customary to correlate data in the form

Nu = CRemPrn  (6)

For mass transfer in a geometrically similar tube bank, the mass transfer counter-

part of equation (6) is

Sh = CRemscn (7)

where the quantities C, m, and n are the same in equations (6) and (7). Thus,

Nu = (Pr/Sc)nSh (8)

which enables the Sherwood number results to be transformed to Nusselt numbers.

The theoretical basis of the analogy is set forth in {8}. An experimental

verification will be presented shortly. In view of the analogy, heat transfer

and mass transfer terminology will be used interchangeably.

For the presentation of the pressure drop results, the quantity AP is de-

fined as

Ap p. - p(x) (9)

7"
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where p_ is the pressure upstream of the test section and p(x) is the pressure at

an axial station x. A dimensionless presentation may be attained by the ratio

Ap/ V2  (10)1 V2 .o 9

with V= 2/PA min, and , is the average density in the test section. For com-

parisons with the literature, a friction factor will be defined later.

RESULTS AND DISCUSSION

I Heat (mass) transfer results for uniform inlet flow. The results to be re-

ported first are those corresponding to a uniformly distributed inlet flow. These

results will be compared with appropriate heat transfer results from the litera-

ture with a vew 6oth to confirming the validity of the heat-mass transfer analogy

and to demonstrating the propriety of the experimental apparatus and technique.

I Subseque,.1'y, thi uniform-inlet-velocity results will be used as a baseline for

compariso .rh the results for the maldistributed inlet flow.

Cigure shows a comparison of the present uniform-inlet-flow results with

those of -he literature, with the Sherwood number plotted as a function of the

Reynolds number. Comparisons are made both for the first-row Sherwood numbers and

j for the fully developed Sherwood numbers (the fully developed regime will be

elaborated upon shortly).

To represent the heat transfer literature, the widely quoted tube-bank cor-

relation of Grimison {9} will be used. Grimison's correlation is based on air

I data (Pr = 0.7), and it has become customary to scale his results to other Prandtl

1r/3 1c/3) .
(or Schmidt) numbers by a Pr (or Sc ) factor (e.g., {10}). Thus, using

equation (8), Grimison's Nusselt numbers were converted to Sherwood numbers by

the relation Sh = (2.5/0.7) /3Nu. The Grimison correlation is applicable to the

fully developed regime, and for the thermal entrance regime it is standard to use

the Kays-Lo correlation factors {11}, as was done here. In addition, the stated

range of the Grimison correlation is Re > 2000. Consequently, dashed lines have

&
l
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been used in the plotting of his correlation for Re - 2000.

I Examination of Fig. 4 indicates that the present mass transfer data are in

excellent agreement with the heat transfer literature. In the range above

Re - 2000, where the Grimison correlation is valid, the maximum deviation is three

1 percent, which is much less than the scatter of the heat transfer data on which

the correlation is based. Even below Re = 2000, very good agreement prevails,

especially in the fully developed regime. The remarkable agreement evidenced in

Fig. 4 confirms both the heat-mass transfer analogy and the present experimental

Itechnique.
Attention is now turned to the row-by-row variation of the per-tube Sherwood

number. This information is conveyed in Fig. 5 for the three Reynolds numbers for

which nonuniform-inlet-flow results will be presented later. These Reynolds

numbers are equally spaced logarithmically over an order of magnitude. The figure

shows the expected increase of the Sherwood number in the initial rows, as the

turbulence spawned by the tubes themselves enhances the mass (heat) transfer in

downstream rows. However, a periodic fully developed regime soon sets in wherein

the fluid flow about each tube is the same from row to row. As a consequence, the

Sherwood number becomes a constant, independent of the row number.

For the higher Reynolds numbers, row-independent Sherwood numbers are in evi-

dence in the third and subsequent rows, while for the lowest Reynolds number

thermal development was achieved at the fourth row. These development lengths

reflect the rapidity with which the velocity field attains its periodic fully de-

I veloped regime. The horizontal lines threaded through the fully developed data

represent average values, respectively equal to Sh = 28.8, 58.3, and 118 for

Re = 850, 2750, and 8400.

The final matter to be considered with respect to the uniform-inlet-flow

experiments is the spanwise uniformity of the Sherwood numbers in any given row,

and Table 1 has been prepared in this connection. The table shows the per-tube

per ub
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Sherwood numbers at each of the six tubes that ar, deployed across the span of the

eighth row, respectively for Re = 850, 2750, and 8400. Relative to the respective

Table I

Spanwise Sherwood Number Distribution in the Eighth Row

Spanwise Position

Re 1 2 3 4 5 6

850 28.3 28.1 28.6 28.4 28.6 27.8

2750 56.9 57.6 57.5 58.5 58-.4 56.0

8400 117 119 118 118 119 118

averages, the data scatter by I - 2 percent, which is the estimated accuracy of tile

results. Furthermore, there Is not a consistent pattern in the observed spanwise

Ivariations, which suggests that wall effects, if present, are very small. Within

the scatter of the data, it is believed that the data can, for practical purposes,

be regarded as spanwise uniform.

Heat (mass) transfer results for maldistributed inlet flow. As discussed

I earlier, the flow maldistrlbutlon studied here was created by a blockage which

closed off half the inlet cross section, as Illustrated In Fig. 2. Tile presence

of the maldistribution destroyed the spanwise uniformity that had existed for tile

unblocked case, necessitating separate mass transfer measurements for each tube in

a given row. Such measurements were made for each tube in the first eight rows

and for the tubes of the twelfth row, all for Re = 850, 2750, and 8400.

The results will be presented in a format which provides an immediate visual

I image of the effects of the maldistributlon. To this end, the Nusselt (Sherwood)

number at a given tube in the presence of the flow maldlstributton is ratloed with

the uniform-inlet-flow Nusselt (Sherwood) number at the same tube. These rat ios

3 have been recorded adjacent to each tube in a top-view layout of the array. 'he

k1
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respective layouts for Re =850, 2750, and 8400 are presented in Figs. 6 - 8. The

1 blocked portion of the inlet cross section is also indicated in these diagrams.

In assessing the results of Figs. 6 - 8, it should be noted that a Nusselt

number ratio in excess of one indicates a local enhancement--that is, higher per-

tube heat transfer for the maldistributed flow than for the uniform inlet flow.

" Conversely, a ratio that is less than one indicates a maldistribution-related

reduction in heat transfer at the tube in question.

From an overall examination of the figures, a number of common characteristics

jcan be identified. First of all, it appears that ratios in excess of one are

more in evidence than those below one so that, on the whole, the maldistribution tends

to enhance the heat transfer at a given Reynolds number (the pressure drop ramifi-

cations will be considered shortly). The most significant enhancements occur at

tubes situated in the first several rows in the corridor downstream of the open

portion of the inlet. However, enhancement also occurs at tubes that are adjacent

to this corridor and which, geometrically speaking, are behind thle blockage. Heat

J Jtransfer degradation (i.e., ratios significantly lower than unity) is confined to

a narrow alley that is behind the blockage and adjacent to the side wall of the

duct. This alley terminates at the sixth row.

The greatest enhancement takes place at the tube situated in the middle of

I the first row. This tube, which is half shielded by the blockage, is washed by

i eddies which are generated by the sharp edge of the blockage plate. It is these

eddies that are responsible for the high heat transfer coefficients. Aside from

j ithe 60 - 80 percent enhancement at the first-row middle tube, the highest enhance-

ments, those in the inlet corridor, are in the 30 - 40 percent range. The

-I greatest reduction, about 50 percent, consistently occurs at the wall-adjacent

tube in the fourth row (not in the behind-the-blockage corner region, as might

I have been expected).

The relatively high heat transfer coefficients that are in evidence in the

A 12



I'

inlet corridor are caused by the high .elocities which result from the channelin.

of the flow by the blockage. Owing to the inability of the flow to turn sharply

as it passes the blockage plate, there is a separated region behind the blockage

I which is responsible for the zone of relatively low coefficients.

i With increasing downstream distance, the heat transfer coefficients generally

tend toward their values for the uniforn-inlet-flow situation, as witnessed by

the proliferation of ratios in the neighborhood of unity. However, in the down-

stream rows (i.e., rows seven and eight), a modest spanwise nonuniformity emerges

Jwhose cross-sectional variation is opposite to that of the spanwise nonuniformity

which prevails in the upstream rows. Specifically, lower coefficients occur in the

unblocked corridor and higher coefficients occur behind the blockage. (This find-

ing, initially unexpected, provided the impetus for the spanwise exploration re-

ported in Table 1 for the case of the uniform inlet flow.)

The aforementioned reversal in the trend of the spanwise variation reflects

the tendency of the fluid to move transversely from the inlet corridor into the

downstream portion of the region behind the blockage. This transverse flow creates

a modest downstream maldistribution which has a high-to-low velocity variation

I that is opposite to that at the inlet. The data for the twelfth row indicate that

this secondary maldistribution is beginning to wane for the lower Reynolds numbers,

as evidenced by the approach toward more uniform values of the heat transfer coef-

i ficient. At the highest Reynolds number, the secondary maldistribution has not

yet begun to abate.

The foregoing discussion naturally leads to a consideration of the number

of rows of the heat exchanger that are affected by the presence of flow maldistri-

bution at the inlet. If the threshold of significant maldistribution-related

effects is defined as a ten percent change in the heat transfer coefficient, then

the influence of the maldistribution is seen to extend through the first seven

rows of the heat exchanger. Lesser effects, at the five percent level, persist

1 1.



I
I

at least as far as the twelfth row.

Although the results for the various Reynolds numbers display common trends,

there are differences in detail. One of these is the slower development and sub-

I sequent slower disappearance of tile aforementioned secondary maldistribution at

higher Reynolds numbers. In addition, at lower Reynolds numbers, there is an over-

all trend toward lesser reductions in the heat transfer coefficient in the wall-

adjacent region behind the .lockage.

If per-row average values are calculated from the ratios displayed in Figs. 6 -

8, it is found that for all rows (except for a few 0.98 - 0.99 values for downstream

rows), the row-average coefficient for the maldistributed flow exceeds that for the

uniform flow. This finding offers quantitative testimony of the enhancing effect

of the maldistribution on heat transfer (at a fixed Reynolds number). The first-

row average is the highest among th- various row averages for each Reynolds number,

respectively equal to 1.30, 1.25, and 1.16 for Re = 850, 2750, and 8400. The

percentagewise-greater enhancement for the lower Reynolds number is not unexpected.

Pressure drop and friction factor. A knowledge of the pressure drop is a

necessary input for heat exchanger design and is of particular interest when the

flow is maldistributed. The present approach to the determination of the pres-

sure drop is much more detailed than that commonly employed for heat exchangers.

In the conventional approach, the overall pressure drop is measured by taps situ-

ated fore and aft of the exchanger, and entrance and exit losses are calculated

and subtracted away in order to obtain the pressure loss in the exchanger

proper. In the present experiments, the pressure distribution within the heat

exchanger is measured, and no corrections need be made.

The pressure distribution along the tube bank, plotted as Ap/ rV , is pre-

sented in Fig. 9, where Ap = (p_ - p(x)) and the velocity head iV 2 is evaluated

as indicated immediately following equation (10); p. is the pressure upstream of

the test section. The data for the unblocked-inlet case are shown in the lower
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part of the figure. while that for the maldistributed inlet flow are plotted in

the upper part of the f ,'ure. For each flow configuration, data are presented for

Re = 850, 2750, and 8400.

Attention may first be focused on the results for the unblocked inlet. As

seen in the figure, the pressure distribution in the array is linear for all of

the Reynolds numbers investigated (the flat portion of the distribution which

follows the linear portion corresponds to the open duct downstream of the array).

The linearity of the pressure distribution shows that fully developed conditions

are established very near the inlet of the array. The fact that .p/ pV2 depends

on the Reynolds number indicates that inertial losses, for which tp % tV 2 are

not the sole contributor to the pressure drop, so that skin friction must also play

a role.

To compare the present results with the literature, friction factors were

evaluated from

f = (-dp/dN)/ pV
2  (11)

where dp/dN, the pressure drop per row, is the slope of the least-squares straight

line passed through the data. These friction factors are compared with those

of Zukauskas {L2} in Table 2 (only two significant figures could be read from

Table 2

Comparison of Friction Factors

Re Present {12)

850 0.362 0.36

2750 0.433 0.42

8400 0.456 0.48

the graphical presentation of {12}). The agreement evidenced by Table 2 is re-

markable, especially in view of the differences in the experimental techniques

* , -~-:.j
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employed.

Turning next to the blockage case, it is seen that the presence of the mal-

distribution is felt up to about the sixth row. A pressure recovery is experienced

by the flow after passing the blockage plate, as reflected by the negative slopes

of the initial data points. Beyond the sixth row, a linear pressure variation is

established. To examine this linear region, the slopes for the unblocked case have

been transposed to the blocked case, and a good fit is found to prevail.

In the fully developed regime, a maldistribution-related incremental pressure

drop of about 21= velocity heads persists.

CONCLUDING REMARKS

ThQ work reported here is, seemingly, the first systematic experimental study

of the effect of inlet-section flow maldistribution on the heat transfer and pres-

sure drop characteristics of a heat exchanger. A special feature of the research

is that heat transfer coefficients were measured at each of the individual tubes

of the crossflow array. The maldistribution was created by a partial blockage of

the inlet cross section of the heat exchanger. In baseline experiments for

uniformly distributed entering flow, the measured transfer coefficients were found

to be in excellent agreement with those in the heat transfer literature, thereby

confirming both the heat-mass transfer analogy and the present experimental tech-

nique.

On the whole, the inlet-section flow maldistribution tends to enhance the

heat transfer at a given Reynolds number. The most significant enhancements

(- 30 - 40 percent) occur at tubes situated in the first several rows in the cor-

ridor downstream of the open portion of the inlet. Reductions of the heat transfer

coefficient (up to 50 percent) are confined to a narrow alley that is behind the

blockage and adjacent to the side wall of the heat exchanger. This alley termin-

ates at the sixth row.
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In the downstream rows of the heat exchanger, a secondary maldistribution

develops whose spanwise variation is opposite to that which prevails in the up-

stream rows. This secondary maldistribution reflects the tendency of the fluid to

I move transversely from the inlet corridor into the downstream portion of the

iregion behind the blockage.

The effect of the inlet-section flow maldistribution on the per-tube heat

transfer coefficient subsides to ten percent or less after the seventh row. Lesser

effects, at the five percent level, persist at least as far as the twelfth row.

The results for the various Reynolds numbers display common trends, with some

differences in detail.

The measured pressure distributions along the heat exchanger yielded friction

factors for the unblocked case which agreed very well with literature information.

For the blockage case, the inlet-section flow maldistribution is felt up to the

sixth row, whereafter a linear (fully developed) pressure variation is established.

In the linear region, a maldistribution-related incremental pressure drop of about

21 velocity heads persists.

1 REFERENCES

ji. London, A. L., "Compact Heat Exchangers--Design Methods," in Low-

Reynolds-Number-Flow Heat Exchangers, Hemisphere Publishing Corporation,

Washington, D.C., 1982.

2. Mueller, A. C., "Shell and Tube Exchanger Design," in Low-Reynolds-

I Number-Flow Heat Exchangers, Hemisphere Publishing Corporation, Washington, D.C.,

1982.

I
I



26I
3. Chiou, J. P., "Thermal Performance Deterioration in Crossflow Heat

5 Exchanger Due to the Flow Nonuniformity," ASME Journal of Heat Transfer, Vol. 100,

1978, pp. 580-587.

1 4. Mueller, A. C., "An Inquiry of Selected Topics on Heat Exchanger Design,"

Donald Q. Kern Award Lecture, 16th National Heat Transfer Conference, August, 1976.

5. Dobryakov, B. A., "The Calculation of Heat Exchanger Equipment with

Crossflow of the Heat Transfer Agents," International Chemical Engineering, Vol. 13,

1973, pp. 81-84.

6. Kutchey, J. A. and Julien, H.L., "The Measured Influence of Flow Dis-

tribution on Regenerator Performance," SAE Transactions, Vol. 83, Paper No. 740164,

1974.

7. Sogin, H. H., "Sublimation from Disks to Air Streams Flowing Normal to

their Surfaces," Trans. ASME, Vol. 80, 1958, pp. 61-69.

8. Eckert, E. R. G., "Analogies to Heat Transfer Processes," in Measurements

in Heat Transfer, E.R.G. Eckert and R. J. Goldstein, editors, Hemisphere Publishing

Corporation, Washington, D.C., 1976.

9. Grimison, E. D., "Correlation and Utilization of New Data on Flow Re-

sistance and Heat Transfer for Cross Flow of Gases over Tube Banks,"Trans. ASME,

Vol. 59, 1937, pp. 583-594.

10. Incropera, F. P. and DeWitt, D. P., Fundamentals of Heat Transfer,

Wiley, New York, 1981, p. 355.

11. Kays, W. M. and Lo, R. K., "Basic Heat Transfer and Flow Friction Data

5for Gas Flow Normal to Banks of Staggered Tubes,"Stanford University Technical
Report No. 15, 1952.

1 12. Zukauskas, A. A., "Heat Transfer from Tubes in Crossflow," in Advances

i in Heat Transfer, Vol. 8, Academic Press, New York, 1972, pp. 154-155.

I
I



27

FIGURE CAPTIONS

Fig. 1 Photograph of the test section and the afterduct

Fig. 2 Schematic diagram of the front face of the test section

Fig. 3 Plan view of the test section with the top wall removed

Fig. 4 Comparison of Sherwood numbers for uniform inlet flow with those
of the literature

Fig. 5 Row-by-row variation of the Sherwood number for uniform inlet flow

Fig. 6 Per-tube ratio of the maldistribution-affected Sherwood number to
that for uniform inlet flow, Re = 850

Fig. 7 Per-tube ratio of the maldistribution-affected Sherwood number to
that for uniform inlet flow, Re = 2750

Fig. 8 Per-tube ratio of the maldistribution-affected Sherwood number to
that for uniform inlet flow, Re = 8400

Fig. 9 Distributions of pressure along the tube bank
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Chapter 

2

HEAT TRANSFER AND FLUID FLOW EXPERIMENTS WITH A TUBE

FED BY A PLENUM HAVING NONALIGNED INLET AND EXIT

ABSTRACT

Local turbulent heat transfer coefficients for airflow were measured in

a tube situated downstream of a cylindrical plenum chamber in which the inflow

was radial and the outflow was axial. Pressure drop measurements and flow

visualization were performed to supplement the heat transfer experiments. The

plenum length and diameter were varied systematically during the experiments,

and the Reynolds number ranged from 10,000 to 60,000. Substantially higher

Nusselt numbers in the tube were encountered for the present nonaligned plenum

inlet/exit configuration than for a plenum with axially aligned inlet and exit

or for an upstream hydrodynamic development section. For a given Reynolds

npmber, the Nusselt numbers corresponding to the present plenum configuration

were quite insensitive to the investigated geometrical parameters. The thermal

development length was found to be substantially elongated due to swirl carried

into the tube from the plenum; the presence of the swirl was confirmed by flow

visualization. The net pressure loss due to the presence of the plenum was about

1.75 velocity heads and was quite insensitive to the geometrical parameters and

to the Reynolds number.

NOMENCLATURE

c specific heat of airP

D plenum chamber diameter

d diameter of test section and development tubes

h local circumferential-average heat transfer coefficient

K dimensionless pressure loss coefficient, equation (5)

k thermal conductivity of air

Lf length of forward part of plenum
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Lr  length of rearward part of plenum

m mass flow rate

Nu local circumferential-average Nusselt number, hd/k

p local static pressure

PO reference pressure

Ap p net plenum-related pressure loss, Fig. 2

Qcv convective heat transfer per control volume

q convective heat flux

Re Reynolds number, 4if/ d

Tbx bulk temperature at x

T circumferential-average wall temperature at x

wxT wx(e) local circumferential temperature at i,O

AT b,cv bulk temperature rise per control volume

V* velocity at plenum inlet port

x axial coordinate for test section

x' axial coordinate for hydrodynamic development tube

8 angular coordinate

P viscosity of air

p* density of air at plenum inlet port
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INTRODUCTION

Fluid may be delivered to the tubes of a heat exchanger via a wide v~riety of

plenum chamber geometries. Frequently, the fluid inlet to the plenum is not aligned

with the fluid exit, so that the flow must turn as it passes through the plenum.

The turning of the flow may induce a swirling motion which is carried into the tubes.

In general, the nonaligned plenum inlet and exit will cause the flow which is fed to

the tubes to be three dimensional, with transverse velocity components superposed on

the axial mainflow. Despite the clear relevance to heat exchanger practice, it

appears that a systematic study of heat transfer and pressure drop in the presence of

a plenum with nonaligned inlet and exit has not yet appeared in the open literature.

In the experimental investigation to be reported here, a cylindrical plenum

chamber is supplied with air through an inlet port that is transverse to the cylinder

axis, so that the inflow is radial. The plenum exit, through which the air passes

into a heated, instrumented tube, is axial. This configuration requires that the

air turn as it passes through the plenum, thereby inducing the complex fluid flow

phenomena that were discussed in the foregoing paragraph.

The research program encompassed three complementary sets of experiments, and

two apparatuses were employed for its execution. In the main set of experiments,

local heat transfer coefficients were measured along the length of the aforementioned

electrically heated tube which is fed by the plenum discharge. For the most part,

the heat transfer data were processed so as to yield circumferential average coef-

ficients as a function of axial position along the tube. However, circumferential

variations were also examined to identify the effect of swirl and fluid flow three

dimensionality.

The second and third sets of experiments were devoted to fluid flow studies

(without heat transfer). For these experiments, the heated test section was re-

placed with an unheated tube of identical bore diameter along which pressure taps

were deployed. Pressure distributions were measured along both the tube which

I .
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supplies air to the plenum and the just-mentioned tube which receives the plenum

discharge. These measurements enabled the determination of the net pressure loss

due to the presence of the plenum, and these data will be presented in dimensionless

form relative to the velocity head.

In the third set of experiments, the objective was to determine the patterns of

fluid flow within the plenum. For this purpose, the oil-lampblack technique was

employed. This technique is very well suited for revealing the flow pattern adjacent

to a surface, as will be demonstrated via photographs to be presented later.

Geometrical parameters and airflow rate were varied during the course of the

investigation. Two cylindrical plenums of different diameter were employed. Each

of these plenums was designed to enable its axial length to be varied, and heat

transferdata were collected for two plenum lengths for each. In the presentation of

results, separate graphs are employed to portray the effects of the plenum length

and diameter. For each of the plenum geometries for which heat transfer data were

collected, the tube Reynolds number was varied from about 10,000 to 60,000. The

S pressure drop work was performed for four plenum lengths and spanned the same

Reynolds number range as for the heat transfer.

I As noted earlier, it does not appear that there is any published information on

the effects of nonaligned plenum inlet and exit configurations, thereby eliminating

the possibility of direct literature comparisons. To establish the effect of non-

I alignment, the present data will be compared with data corresponding to cylindrical

plenums with aligned axial inlet and axial exit {M}. A further quantitative

comparison is made with heat transfer results (also taken from {1}) for turbulent

pipe flow without a plenum, where the heated tube is preceded by a hydrodynamic

I development length. Qualitative comparisons will be made with tube-flow heat trans-

fer data in the presence of intentionally induced swirl {2,3}. The measured heat

transfer coefficients in the far-downstream portion of the test section tube will be

I compared with those of the Petukhov-Popov correlation {41 for fully developed heat

transfer.I



.41

THE EXPERIMENTS

Plenum chambers. A schematic diagram of the plenum chamber configuration that

was employed in the experiments is presented in Fig. 1. The plenum is a cylinder

of diameter D and length (Lr + Lf) both internal dimensions. These dimensions were

varied parametrically, as will be described shortly. Air was delivered to the

plenum via a hydrodynamic development tube oriented so that the flow is radially in-

ward at the inlet cross section. The plenum exit is a circular aperture centered in

one of the end faces. Both the hydrodynamic development tube and the test section

tube (which mates with the plenum exit) have the same internal diameter d which had

a fixed value throughout the experiments.

The axial position of the plenum inlet port is specified by the lengths Lf and

L r which respectively represent the distances between the centerline of the port
rI

and the front and rear faces of the plenum. Variation of L was accomplished by
r

axial movement of the rear wall of the plenum.

Two positions of the rear wall were employed during the heat transfer experi-

ments, respectively characterized by L /d = 1 and 5. The first of these correspondsr

to a minimal clearance between the inlet port and the rear wall so that, in effect,

the entering fluid is denied the option of spreading rearward. The L /d = 5 rear-r

wall position was selected to match the L f/d = 5 front-wall position that was built

into the plenum. By this positioning, the entering fluid was given the option of

spreading rearward (as well as forward), if that were its inclination. Thus, for

the heat transfer studies, the employed variations of plenum length enabled evalua-

tion of the effect of the presence or absence of an expansion space in the rear of

the plenum, beyond the inlet port.

For the pressure drop studies, the same two values of L /D (= 1 and 5) were
r

employed along with front-zone lengths L f/d of 3 and 5. The Lf/d - 3 condition was

obtained by implanting a disk of diameter D and length = 2d into the forward-most

portion of the plenum. A hole of diameter d bored along the axis of the disk mated

6E
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perfectly with the aperture in the front face of the plenum. With the disk in place,

the forward-zone length available to the air was reduced from L f/d = 5 to L f/d = 3.

The use of an inserted disk to vary Lf/d in the heat transfer studies was con-

sidered and rejected. This is because such a disk would have created a hydrodynamic

development length (equal to 2d) upstream of the heated tube and might also have

provided a path for extraneous heat conduction.

Two different plenum chamber diameters were employed, respectively D/d = 3 and

6 (actually, 2.96 and 5.91).

Both plenums were made of plexiglass, with the exception of the front face, as

will be described shortly. The movable rear wall consisted of a disk fitted with

a handle-like rod, as seen in Fig. 1. An air-tight seal between the plenum wall

and the contacting edge of the disk was achieved with a pair of O-rings. Once

moved to a desired axial position, the disk could be locked in place.

The plenum inlet port consisted of a bored hole which passed radially through

the cylindrical wall of the plenum and through a contoured plexiglass boss that had

been affixed to the outside of the wall to provide added thickness. The bored hole

was recessed in such a way that there was no discontinuity in the flow cross section

as the hydrodynamic development tube mated with the plenum inlet port.

For the pressure drop studies, the front wall of the plenum was a plexiglass

disk with a centered aperture sized to accommodate the outer diameter of the pres-

sure test section. In the heat transfer experiments, the plenum front wall was

part of the defense devised to avoid extraneous heat losses. In the case of the

smaller diameter plenum, the entire front wall consisted of an annular disk made

of 0.043 cm (0.017 in.) thick fiberglass circuitboard. For the larger diameter

plenum, the fiberglass disk was framed by a plexiglass annulus.

I The inner diameter of tile fiberglass disk was made identical to the outer

diameter of the test section tube, so that the disk could just slip over the tube.

When assembled, the upstream faces of the disk and tube lay in a continuous plane.
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The only thermal path between disk and tube was through their 0.043 cm (0.017 in.)

interface. This minimal contact, taken together with the low conductivity of the fiber-

glass, created a strong blockage of extraneous heat conduction. Possible air leaks

were sealed witha filet of silicone rubber applied just downstream of the fiberglass

disk and by the use of pressure-sensitive tape at strategic locations.

Heated test section. The test section was a stainless steel tube with an in-

ternal diameter (after honing) of 2.362 cm (0.930 in.), a wall thickness of 0.089 cm

(0.035 in.), and a heated length of about seventy diameters. Heating was accomplished

by the passage of voltage-stabilized a.c. electric current through the tube wall.

To facilitate the heating, copper rings were soldered to the tube at its upstream

and downstream ends. Current was conveyed to (or from) the respective rings by six

rod-like copper conductors.

The copper rods situated at the upstream end of the tube were each fitted with

a differential thermocouple to detect possible extraneous heat conduction. To null

out the extraneous conduction, a guard heating/cooling arrangement was devised which

enabled the readings of the differential thermocouples to be reduced to zero. It

was not thought necessary to use a similar arrangement at the downstream-end cur-

rent conductors because data were not collected in that immediate neighborhood.

As a further defense against extraneous lobss, the test section tube was sus-

pended by monofilament nylon lines rather than being supported by rigid structural

members. In addition, the test section, the plenum, and a mixing box positioned

downstream of the test section were situated within an insulation enclosure. The

enclosure consisted of a plywood box whose inner walls were lined with polystyrene

sheet insulation. Silica aerogel powder with a thermal conductivity fifteen percent

less than that of air filled the core of the enclosure.

The test section tube was instrumented with 30-gage, specially calibrated

U copper-constantan thermocouple- spot welded to its outer surface. The thermocouples

were oriented so that the leads lay along the expected isothermal directions. In

the first eight diameters of the tube, thermocouples were installed at twelve
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axial stations, and each such station was equipped with four thermocouples affixed

90 deg apart. The subsequent fifteen measurement stations were each equipped with

two thermocouples.

Other components and instrumentation. To identify the other system components,

it is convenient to follow the flow path of the air. The system was operated in

the open-circuit mode, with air being supplied from a dryer-equipped regulated

central compressor. After passing through a valve, regulator, and filter, the air

was ducted to a settling chamber whose discharge was fed into the 65-diameters-long

hydrodynamic development pipe. The settling chamber served to uncouple the airflow

from its previous history, while the hydrodynamic development tube provided a well-

defined velocity distribution at the plenum inlet. The air then passed through the

plenum and the test section (as noted earlier, different test sections were used

for the heat transfer and fluid flow experiments). At the test section exit, in

the case of the heat transfer experiments, the air was mixed in a multiple-baffle

mixing box. In both sets of experiments, the last component of the flow circuit

was a rotameter which measured the volume flow. Two rotameters, both specifically

calibrated, were employed to cover the investigated Reynolds number range (10,000

to 60,000).

The test section thermocouples have already been mentioned. In addition, two

thermocouples threaded through the wall of the plenum served to measure the inlet

bulk temperature of the air. A pair of thermocouples were also positioned in the

mixing box at the downstream end of the test section. All thermocouples were read

and recorded by a Fluke 2240B scanning, programmable datalogger having a 1 PV

resolution.

For the pressure drop studies, the signals from the various taps were con-

veyed via plastic tubing to a selector switch, the output of which was sensed by a

Baratron capacitance type, solid-state pressure meter capable of resolving 10- 4 Torr.

Flow visualization. The oil-lampblack technique was employed to facilitate

visualization of the pattern of fluid flow adjacent to the walls of the plenum

- r . .. .. . .IIl l 
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chamber. To enable a permanent record of the visualized flow patterns to be obtained,

white, plasticized contact paper was applied to each portion of the plenum wall at

which the flow was to be examined. A mixture of oil and lampblack powder, whose

fluidity could be varied by using various oils and also by adding different propor-

tions of lampblack to the oils, was applied to the surface of the contact paper.

The mixture was either brushed on so that it covered a selected area of the surface

or else was applied as a series of dots.

Under the action of the stresses exerted by the airflow, the mixture moved

along the surface, and by doing so it revealed the direction of the flow adjacent

to the surface. Once the visualization pattern had been established. -ile contact

paper was removed from the plenum wall and placed flat on a cardboard backing. In

this way, the visualization pattern was available for careful study and for photo-

graphy.

Entry to the plenum chamber for installation and removal of the contact paper

was via the movable end wall, which could be detached from the rest of the plenum.

The installation and removal procedure required that a hand be inserted into the

plenum. This was possible only for the larger of the two plenum diameters (i.e.,

D/d = 6), so that the visualization studies were confined to that plenum.

Visualization runs were attempted over the same range of Reynolds numbers as

for the heat transfer experiments, but crisply defined flow pattern traces could

be obtained only at the higher Reynolds numbers. This is because the shear stresses

associated with the lower Reynolds number flows were too weak to move the oil-

lampblack mixture (for these Reynolds numbers, the fluidity of the mixture was

made as low as possible consistent with the avoidance of sagging).

, |t
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DATA REDUCTION

Heat transfer coefficients. The main focus of the data reduction was the

evaluation of local heat transfer cuefficients at each of the instrumented cross

sections along the heated test section tube. The coefficients to be obtained

are circumferential average values; however, as will be demonstrated later, even

the largest circumferential variations were modest and were confined to the first

few diameters downstream of the tube inlet.

The ingredients needed to evaluate the local coefficient are the convective

heat transfer rate per unit surface area, the inside wall temperature, and the bulk

temperature--all local quantities. The experimental data available for the determina-

tion of these quantitites are the measured wall temperatures (on the outside of

the tube) and the power input to the test section. It is readily shown by calcula-

tion that the temperature difference across the tube wall is negligible (actually,

the same order as the resolving power of the instrumentation). Thus, the inside

wall temperatures were obtained from the measured outside wall temperatures. At

any axial station x, the wall temperature was taken as the average of the circum-

ferential temperature measurements and will, correspondingly, be denoted as T

The procedure for determining the local heat flux and local bulk temperature

will now be described. For the heat flux determination, the tube wall is sub-

divided into a succession of axial segments of length Ax I , Ax2 . . . .  The axial

boundaries of each segment are positioned midway between the neighboring tempera-

ture measurement stations. Each of these segments is used as a control volume

for a heat balance. For each control volume, the following energy transfers are

considered:

1. Internal heat generation, which is determined by prorating the

power input to the test section as a whole

2. Axial heat conduction entering the control volume at its down-

stream face



I
I

3. Axial heat conduction leaving thi, control volume at its upstream face

4. Heat loss from the outer cylindrical surface of the control volume

through the insulation and into the ambient air

5. Convective heat transfer from the inner cylindrical surface of the

control volume to the airflow in the tube

Tle axial heat conduction terms (items 2 and 3) were evaluated from the measured

wall temperatures with the aid of a central-difference form of Fourier's law.

Item 4, the calculated heat loss through the insulation, was based on a conduction

shape factor for the insulation enclosure that had previously been obtained from

a finite difference solution.

From the foregoing, it is seen that all terms of the energy balance except

the convective heat transfer (item 5) were evaluable from the experimental data,

thereby enabling its determination. The convective heat transfer for each control

volume was divided by the corresponding convective surface area, yielding the

heat flux qx' where x is the coordinate of the temperature measurement station

contained within the control volume.

The determination of the bulk temperature Tbx at x will now be described.

For a fluid control volume which has the same axial boundaries as the tube-wall

control volume, the bulk temperature rise of the air is

ATb,cv = Q cv/Cp (1)

where Qcv is the convective heat transfer for the control volume (already

evaluated as described in the preceding paragraph), and ih and c respectively

denote the mass flow rate and the specific heat. Repetitive application of

equation (I) to the successive control volumes, starting with the measured inlet

bulk temperature Tbi, yields the bulk temperature at all of the axial boundaries of

the control volumes. Then, for an axial station x within any given control volume,

T b was obtained by linear interpolation between the bulk temperatures at the

I boundaries.

'I,
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From the computations described in the foregoing, the local (circumferential

average) heat transfer coefficient was obtained from

h q x/(Twx T bx' (2)

which was then made dimensionless via the local Nusselt number

Nu = hd/k (3)

The thermal conductivity appearing in equation (3) was based on the local bulk

temperature.

The Nusselt number results are parameterized by the Reynolds number defined

in the conventional manner for pipe flows

Re = 4di/ioTd (4)

where W is the viscosity corresponding to the mean bulk temperature of the air.

Plenum-related pressure loss. Attention is now turned to the net pressure

loss due to the presence of the plenum, which is illustrated in Fig. 2. Although

the figure corresponds to a specific case (D/d = 6, Lf/d = Lr/d = 5, Re = 27,900),

the character of the pressure distribution shown there pertains to all of the cases

for which data were collected. A schematic diagram at the upper right of the

figure shows the setup for the pressure measurements and identifies the coordinates

x and x' which respectively correspond to axial stations in the test section tube

and in the hydrodynamic development tube. In the main part of the figure, p vs x'

for the development tube is plotted at the left and p vs x for the test section is

plotted at the right.

The pressure distribution in the development tube is seen to be linear, and

a linear distribution having the same slope exists in the downstream portion of

the test section. In the figure, the straight lines that pass through the data

are least-squares fits. The p vs x' line for the development tube has been ex-

trapolated downstream to the plenum inlet, while the p vs x line for the test

section has been extrapolated upstream to the plenum eAit. These extrapolations

5 are shown as dashed lines in the figure. Had the plenum not been present, these

prset
-
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lines would have been colinear. With the plenum in place, there is a vertical

offset between the lines which is denoted by .pp , as illustrated in the figure.p

The quantity Ap is the net plenum-related pressure loss. It will be presented
p

in terms of a dimensionless loss coefficient K defined as

K = App/( V2 ) (5)

The denominator of equation (5) is the velocity head corresponding to the density

P* of the air in the tube at the inlet of the plenum, so that

(V2* r 2 /o*(d2 /)2 (6)(or2) * = if2/ *( d2/4)2 6

RESULTS AND DISCUSSION

The presentation of results will begin with the flow visualization and then,

in succession, goes on to heat transfer and pressure drop.

Flow visualization. Of the various flow characteristics that were revealed by

the visualization studies, two were thought to be of particular interest and

will be described with the aid of photographs. The first has to do with the issue

of whether any significant portion of the fluid which enters the plenum streams into

the rear part of the chamber or whether, alternatively, the flow heads directly for

the exit aperture in the front face and ignores the rear zone. Evidence of a very

strong flow into the rear zone is provided by Fig. 3, for which D/d = 6, Lf/d =

L /d = 5, Re % 60,000. The region illustrated in the figure extends from the rear

wall to the front wall of the plenum (the rear wall is at the left margin of the

photo and the front wall is at the right margin) and subtends a 180 deg arc on the

cylindrical wall which faces the incoming flow. The flow pattern was obtained by

applying the oil-lampblack mixture to a five-cm square on the plenum wall just

S opposite the fluid inlet port.

It can be seen from the figure that after impinging on the wall, the air

3 moves in all directions, but most of the flow is in the axial direction, either

backward toward the rear wall of the plenum or forward toward the front wall. The

strong backflow along the wall is quite remarkable. Since this backflowing fluid

*!
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must eventually exit the plenum through the aperture in its front wall, it must

turn (presumably at the very rear of the plenum) and then become a forward flow-

ing axial stream.

I The absence of a rear-zone expansion space (small L /d) eliminates the strong

backflow shown in Fig. 3 and, by this, profoundly effects the pattern of fluid

flow in the plenum. It would not be surprising, therefore, if the flow presented

to the tube by the plenum were to be quite different for small L r/d and large L r/d.

This matter will be revisited when the heat transfer results are presented.

j The curling of the flow lines adjacent to the left and right margins of the

photograph corresponds to the turning of the flow as it responds to the blocking

I action of the front and rear walls. Aside from the turning, strong circumferential

motions are not in evidence.

The presence of circumferential motions near the end walls suggests the pos-

j sibility that fluid passing from the plenum into the test section may carry with

it a swirl. This is confirmed by the photograph presented in Fig. 4, which cor-

responds to D/d = 6, Lf/d = 5, Lr/d = 1, Re ' 60,000. The flow pattern was obtained

by applying the oil-lampblack mixture in the form of a 180 deg arc on the front

I face of the plenum. As is evident from the figure, the flow lines emanating from

the arc are not radial but curved, indicating the existence of a swirling flow near

the exit of the plenum (i.e., at the inlet of the test section). Swirl was also

observed for the longer plenum (L f/d = L r/d = 5), but the flow lines were less

sharply etched than those of Fig. 4. It may be expected that the swirl will

affect the heat transfer in the test section.

Heat transfer results. The first set of heat transfer results to be presented

I is aimed at identifying the effects of the upstream fluid-flow geometry on the

local Nusselt number distribution for turbulent heat transfer in a tube, and Fig. 5

has been prepared for this purpose. The figure consists of two graphs, respectively

for Re = 10,700 and Re = 50,000. In each graph, the local Nusselt number is

I
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plotted as a function of the dimensionless axial coordinate x/d.

As illustrated schematically in the right-hand graph, the results for three

different configurations are compared. The solid line corresponds to the present

nonaligned inlet/exit plenum configuration, and the short-dashed lines are for a

plenum with axially aligned inlet and exit. The third line (long dashes) depicts

the results for a very short plenum so that, in effect, they correspond to the

case of heat transfer in a tube preceded by an unheated hydrodynamic development

section of the same diameter. Both comparison cases were taken from fl). Although

all of the results of Fig. 1 are experimental, the data points have been omitted

to obtain greater clarity (the actual data for the present experiments will be re-

ported shortly).

The present results shown in Fig. 5 are for D/d = 3, Lf/d = 5, Lr/d = 1, while

those for the aligned inlet-exit configuration are for the same D/d and for a plenum

length equal to 5d (the closest length-diameter ratio available for the comparison).

Although the plotted results pertain to the aforementioned geometrical parameters,

it is important to note that graphs which are both qualitatively and quantitatively

similar to Fig. 5 would be obtained if the results for the other investigated geo-

metrical parameters had been plotted.

Inspection of Fig. 5 shows that there is a definite ordering of the local

Nusselt numbers with upstream fluid-flow geometry. Those for tne nonaligned plenum

inlet/exit are the highest, followed by those for the aligned plenum inlet/exit.

The lowest Nusselt numbers are those for the no-plenum case. As is to be expected,

the greatest spread among the three sets of results occurs in the immediate neigh-

borhood of the inlet, with decreasing deviations with increasing downstream distance.

At x/d = 2.5, the overall spread in the results is about 35 percent. By x/d = 10,

the overall spread has dropped to just below 5 percent for Re = 10,700 but is still

slightly in excess of 15 percent for Re = 50,000. Even at x/d = 30, there is still

a 10 percent enhancement in evidence for the latter Reynolds number.

*1
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cal expectation. In particular, the nonaligned plenum inlet/exit yields a more

agitated flow, supplemented by swirl, than do the other configurations. The aligned

plenum inlet/exit presents a non-fully-developed flow to the test section, thereby

giving rise to higher coefficients than does the already developed flow.

4Attention will now be turned to a detailed presentation of the Nusselt number

results. The presentation will be made in two distinct formats--the first aimed

at identifying the effect of the plenum rear-zone expansion space L /d and ther

second at identifying the effect of plenum diameter D/d.

In Figs. 6 and 7, the local Nusselt number data are plotted as a function of

x/d for five Reynolds numbers between 10,700 and 59,000, with the two lower Re

presented in Fig. 6 and the three upper Re in Fig. 7. Each of these figures

shows results for D/d = 3 and 6 on respective axes that are displaced both verti-

cally and horizontally, so that the D/d = 3 data are referred to the left ordinate

and lower abscissa while the D/d = 6 data are referred to the right ordinate and

upper abscissa.

The main concern of these figures is with the size of the plenum rear-zone

expansion space, and data for L r/d - 1 and L r/d = 5, respectively denoted by circle

and square symbols, are plotted to examine this matter. Inspection of Figs. 6 and

7 reveals a remarkable insensitivity of the results to L /d in the range investi-

gated. The greatest deviations in the Nusselt numbers for the two Lr/d are in

the 3 - 4 percent range, and these tend more to occur at the higher Re values

The insensitivity to Lr/d is in evidence for both D/d 3 and 6, with the results

for the latter being virtually independent of L r/d. This finding is remarkable

jin light of the expectations discussed in connection with the flow visualization.

It may, perhaps, be due to a washing out of various specifics of the plenum flow

field when the fluid is caused to sharply contract as it e, its the plenum and enters

5 the test section.

i~
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There are various other aspects of Figs. 6 and 7 which are worthy of dis-

cussion. The respective Nusselt number distributions display what appears to be

a classical developmental pattern, starting with very high values at the inlet

and decreasing monotonically with increasing downstream distance. The absence

of evidence of flow separation at the sharp-edged inlet may, at first thought, seem

somewhat surprising. However, in other experiments at Minnesota, unrelated to the

present work, it was found that the separated flow reattaches upstream of x/d = 1.

Since x/d = 1 is the first measurement station in the present apparatus, the possible

flow separation could not be detected.

Another point worthy of mention is the persistence of a slow dropoff of the

distributions in the far downstream portion of the tube. Indeed, fully developed

conditions appear not to have been attained even at x/d = 58, the last measurement

station. This behavior is believed due to the swirl which was carried into the

test section tube from the plenum.

In this regard, the literature was examined and corroborating information en-

countered. Blum and Oliver {2} also obtained heat transfer coefficients which con-

tinued to drop off beyond the tube length at which fully developed turbulent heat

transfer coefficients are normally obtained. In their investigation, swirl was

generated by tangential injection of air near the entrance of a heated tube. By

extrapolating the measured axial distributions of the heat transfer coefficient

beyond the region of measurement, they estimated that about 100 diameters (from

the inlet) would be required to obtain fully developed conditions at Re = 50,000.

For a Reynolds number of approximately 7000, a 75-diameter estimate was made.

The elongated development length for swirl-flow heat transfer was confirmed by

Hay and West {3}. They found that the heat transfer coefficients at eighteeen

diameters from the pipe inlet (their last measuring station) were continuing the

decrease that marks the thermal entrance region.

The data of Figs. 6 and 7 affirm the expected increase of the Nusselt number
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with Reynolds number at all axial stations. The Nusselt numbers at the downstream

end of the tube will shortly be compared to literature correlations for fully de-

veloped heat transfer conditions.

Although Figs. 6 and 7 indicate a qualitatively similar behavior of the results

for D/d = 3 and 6, these figures do not lend themselves to a quantitative compari-

son of the effect of D/d. To facilitate such a quantitative comparison, Figs. 8

j and 9 have been prepared. Figures 8 and 9 are similar in structure to Figs. 6 and

7, but with the difference that results for different D/d are compared for a given

L /d (in Figs. 6 and 7, results for different L /d are compared for a given D/d).$r r

Figure 8 conveys results for Re = 10,700 and 15,200, while results for Re = 24,400,

39,300, and 59,000 are presented in Fig. 9. In each figure, the results for

L r/d = 1 and 5 are plotted on displaced axes to preserve clarity. The data

points have been omitted from these figures because the actual data have already

been presented in Figs. 6 and 7.

Examination of Figs. 8 and 9 shows that the effect of D/d is modest. For the

most part, the spread between the curves for the two D/d values is no more than

four percent, and there is only one case (L r/d = 1, Re = 24,400) where a six per-

cent spread is encountered. It appears that plenums with a smaller rear-zone

expansion space (i.e., smaller L r/d) are slightly more sensitive to D/d than

are plenums with a larger expansion space.

When taken together, Figs. 6 - 9 indicate a general insensitivity of the local

Nusselt number results to the plenum geometrical parameters that were investigated.

Thus, the results presented here are of a universal character.

Although thermally developed conditions were not strictly attained in the

far downstream portion of the tube, it is evident from the foregoing figures that

fully developed Nusselt nubmers were being approached. In this regard, it is

interesting to compare the measured coefficients at the last axial station

(x/d = 58) with the well-established Petukhov-Popov equation 14} for fully developed

w
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heat transfer. The comparison shows that the present data deviate by no more than

six percent from the Petukhov-Popov equation, which is its purported accuracy.

As a final matter in the presentation of the heat transfer results, brief

I consideration will be given to the circumferential variations induced by the non-

aligned plenum inlet and exit. The nonalignment causes circumferential nonuniformities

in the velocity entering the test section.

A presentation of the extreme circumferential variations encountered in all

of the investigated cases is shown in Fig. 10. This figure contains a succession

of graphs, each for a given x/d ranging from 0.5 to 3.5. In each graph, the

measured circumferential wall-temperature distribution is plotted as a function of

the angle 0. The temperature distribution is presented in dimensionless form, with

(T wx(6) - Tbx) as the numerator and (T wx - Tbx) as the denominator. For purposes

of orientation, 8 values between 180 and 360 deg are on the side of the tube opposite

the plenum inlet port, while angles between 0 and 180 deg are on the same side as

the inlet port. The results shown in Fig. 10 are for D/d = 6, Lf/d = 5, L r/d = 1,

and Re = 59,000.

From Fig. 10, it is seen that the circumferential temperature distribution is

nearly sinusoidal, with a maximum at e = 90 deg and a minimum at 6 = 270 deg. Since

the flow entering the tube is expected to be concentrated on the side opposite the

plenum inlet port, the temperature minimum at 6 = 270 deg is altogether reasonable,

as is the maximum at 0 = 90 deg.

The amplitude of the variation (relative to the mean) is about ten percent

at the first two measurement stations, whereafter it decreases such that at

x/d = 3.5 temperature uniformity is nearly established. It should be emphasized

I that these are the largest amplitudes that were encountered. Thus, it can be

concluded that circumferential variations are moderate and do not merit special

consideration for most applications.

3Plenum-related pressure losses. The net plenum-related pressure loss Ap

I .r- •.
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was illustrated in Fig. 2, and its dimensionless counterpart K was defined in

equation (5). For a fixed plenum geometry, K was found to be relatively insensi-

tive to the Reynolds number, with typical variations being + 3 percent about the

mean. This behavior indicates that inertial losses dominate over friction losses.

The mean value of K for each of the investigated geometrical configurations

is listed in Table 1. The range of K is seen to be markedly narrow--between 1.66

and 1.86, and there are no consistent trends with the geometrical parameters. An

overall average is 1.75, and this value may be suitable for most design purposes.

In round numbers, the mean K value for the present nonaligned plenum inlet/exit

configuration exceeds that for an axially aligned inlet/exit configuration {l

by about one.

CONCLUDING REMARKS

The present investigation appears to be the first systematic experimental

study of the effect of a nonaligned plenum inlet/exit configuration on the turbu-

lent heat transfer characteristics of a tube fed by the plenum. Pressure drop

measurements and 'low visualization were performed to supplement the heat trans-

fer experiments. T. i ple.um used in the experiments was a cylinder with a radial

inlet and an axial exit.

The flow visualization showed that when there is an expansion space in the

plenum to the rear of the inlet port, the entering fluid tends to stream into

that space before turning and heading toward the exit in the front face of the

plenum. The presence of swirl in the flow entering the test section tube was

also confirmed by the visualization.

The perturbed, nonaxisymmetric flow induced in the plenum by the nonaligned

inlet and exit gives rise to enhanced heat transfer in the test section. Enhance-

ment was identified by comparisons with results for a tube fed either by a plenum

with axially aligned inlet and exit or by an unheated hydrodynamic develop-

ment tube having a diameter equal to that of the test section. The extent of the

enhancement is greater at higher Reynolds numbers.

I ..
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The distribution of the local Nusselt number along the length of the test

section at a given Reynolds number was found to be quite insensitive to the investi-

gated geometrical parameters--the size of the plenum rear-zone expansion space and

the plenum diameter. The distribution curves did not show evidence of flow separa-

tion at the inlet, but separation might have occurred upstream of the first measure-

ment station (x/d = 1). A slow dropoff of the curves persisted even in the far

downstream portion of the tube. The elongated thermal development length is due to

the swirl that was carried into the test section from the plenum. The Nusselt

numbers at the last measurement station agreed well with those from the Petukhov-

Popov equation.

Circumferential temperature variations induced by the nonaxisymmetriL flow

entering the test section tube were moderate and were confined to the immediate

neighborhood of the inlet.

The net pressure loss induced by the plenum, nondimensionalized by the velocity

head, was relatively insensitive to both the Reynolds number and the geometrical

parameters. The mean value of the pressure loss is 1.75 velocity heads.
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Table 1

Pressure Loss Coefficient K

D/d

L /d L /d 3 6
f r

3 1 1.83 1.68

3 5 1.86 1.73

5 1 1.68 1.79

5 5 1.75 1.66
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I FIGURE CAPTIONS

Fig. 1 Plenum chamber configuration used in the experiments

Fig. 2 Illustration of the determination of the net plenum-related pressure

loss Ap p. The data correspond to D/d = 6, Lf/d = L /d = 5,pr

Re = 27,900.

Fig. 3 Fluid flow pattern along the cylindrical wall of the plenum which

faces the inlet port

Fig. 4 Fluid flow pattern showing the presence of swirl at the plenum exit

Fig. 5 Comparison of Nusselt number distributions corresponding to various

upstream fluid-flow geometries

Fig. 6 Nusselt number distributions showing the effect of the size of the

plenum rear-zone expansion space L /d, Re = 10,700 and 15,200r

Fig. 7 Nusselt number distributions showing the effect of the size of the

plenum rear-zone expansion space L /d, Re = 24,400, 39,300, and 59,000r

Fig. 8 Nusselt number distributions showing the effect of the plenum

diameter D/d, Re = 10,700 and 15,200

Fig. 9 Nusselt number distributions showing the effect of the plenum

diameter D/d, Re = 24,400, 39,300, and 59,000

Fig. 10 Circumferential wall temperature distributions showing the largest

variations encountered in all of the investigated casesI
I
I
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Chapter 3

EFFECT OF A MISSING CYLINDER ON HEAT TRANSFER AND FLUID FLOW

IN AN ARRAY OF CYLINDERS IN CROSSFLOW

INTRODUCT ION

There is a substantial literature on heat exchange devices which encompass

arrays of cylinders in crossflow {I - 31. Without exception, the available informa-

tion pertains to regular arrays in which all elements of the array are present.

The present investigation deals with departures from regularity, with specific con-

sideration being given to the effect of a missing cylinder on the heat transfer and

fluid flow characteristics of adjacent cylinders. The investigation has two parts.

In one part, quantitative heat transfer measurements were made for cylinders that

are situated adjacent to the site of the missing cylinder. In the other part, flow

visualization was performed to explore the manner in which the fluid flow pattern

in the array is affected by the missing cylinder. Experiments were conducted for

both staggered and in-line arrangements.

THE EXPERIMENTS

The host flow passage for the array of cylinders was a flat rectangular duct,

8.26 x 1.91 cm (width x height) in cross section, and 173 cm long. The overall

length of the duct encompassed a hydrodynamic development section, the test section,

and a downstream hydrodynamic redevelopment section.

The cylinders comprising the array were oriented perpendicular to the principal

walls of the test section (i.e., the upper and lower walls) and were seated in holes

in the lower wall. Interchangeable lower walls were fabricated with suitable hole

arrangements to accommodate the in-line and staggered arrays. The staggered array

was laid out in an equilateral-triangular pattern, with S T/D= 3and S L/D= (V3/2)(S T/D),

K I
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where ST and S L are the transverse and longitudinal pitches, and D = 0.556 cm is toe

cylinder diameter. The in-line array was, in effect, a realignment of the staggered

array with the values of S T/D and S L/D being maintained. In both cases, eighteen

rows of cylinders were employed. The heat transfer measurements were made in the

twelfth row, where fully developed conditions p). vailed.

The cylinders used in the experiments were intended to model pin fins, and a

small clearance gap (1/8 of the channel height) was left between the tips of the

cylinders and the upper wall of the test section. Experiments reported in {41 and

M5}, where the aforementioned staggered and in-line arrays were respectively employed

in a fully populated state (without missing cylinders), yielded fully developed heat

transfer coefficients that agreed very well with literature values for tube banks. On

this basis, the present results for the effects of missing cylinders should also be

relevant to tube banks. Air was the working fluid in all of the experiments.

Instead of direct heat transfer measurements, per-cylinder heat transfer coef-

ficients were deduced by applying the heat/mass transfer analogy to mass transfer

measurements performed via the naphthalene sublimation technique. The procedures for

applying this technique for cylindrical pin fins are documented in (4}, as is the data

reduction process which converts mass transfer measurements to mass transfer coeffici-

ents and, by the analogy, to heat transfer coefficients.

The flow visualization was performed by means of the oil-lampblack technique. To

facilitate the use of this technique, the lower wall of the test section was covered

with white, plasti-coated contact paper, and holes were cut in the paper to accommo-

date the array of cylinders. Before insertion of the cylinders, the contact paper

was brushed with a mixture of lampblack powder and oil of suitable consistency. Once

i the cylinders were inserted, the test section was sealed and the airflow activated.

Under the action of the shear stresses exerted by the airflow, the oil-lampblack mix-

ture was caused to move, thereby revealing the pattern of fluid flow adjacent to the

lower wall of the test section.

I
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RESULTS AND DISCUSSION

Flow visualization. The flow visualization photographs presented in Figs. l(a)

and (b) and in 2(a) and (b) convey a record of the pattern of fluid flow adjacent to

the lower wall of the test section. Each figure is a top view looking downward on

the array, with the white circles corresponding to the locations of the cylinders and

with the fluid flowing in the direction from the bottom to the top of the photograph.

Figures l(a) and (b) pertain to the staggered array. The first of these shows all

of the cylinders in place, while in the second, one of the cylinders of the array is

missing. Similarly, Figs. 2(a) and (b) pertain to the in-line array, respectively for

all cylinders in place and for one cylinder missing.

In interpreting these photos, it should be noted that prior to the onset of the

airflow, the entire field, except for the white circles, is a uniform, glossy black.

The white streaks in evidence in the photos correspond to the path lines of the fluid

flow, while zonesof concentrated black color depict regions where the shear exerted

by the fluid was too weak to move the oil-lampblack mixture. These black zones may

be regarded as indicating low velocity regions.

In this regard, a special note of caution should be sounded about the somewhat

irregular black annuli which surround the various holes. The respective annuli result,

in large part, from an accumulation of the black mixture which was swept up against

the cylinder when the airflow was initiated and was held there by the forces exerted

by the flow. When the airflow was turned off, the mixture drained from the cylinder

(due to gravity) and formed the black annulus.

Examination of Fig. l(a) reveals a remarkable regularity, both among the suc-

cessive rows and across the span of the array in any given row (irregularities in the

black annuli are extraneous, as just discussed). The row-by-row repetition of the

jflow pattern typifies the periodic fully developed regime. Regions of low velocity

(i.e., black regions) exist both upstream and downstream of each cylinder in the

array. The low velocity region upstream of the cylinder is due to the collision of

IJ
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two flows. One of these is the mainflow approaching the cylinder. The other is a

backflow which is induced by a gradient of pressure along the height of the cylinder.

This pressure gradient drives fluid downward along the cylinder, causing it to splash

against the lower wall of the test section. Part of the splashed flow moves forward

into the path of the mainflow which passes adjacent to the wall, and the opposing flows

create a low-velocity region.

The low-velocity region downstream of the cylinder is a buffer zone (i.e., an

island of calm) between the recirculating flow situated immediately downstream of the

cylinder and the mainflow which threads its way through the alley between diagonally

positioned cylinders. The recirculating flow is readily identified by examination

of the crown-like structure perched atop each cylinder (i.e., just downstream of the

cylinder). The side-to-side symmetry of the crown is another indication of the span-

wise periodicity of the flow field.

Figure l(b), when compared with Fig. l(a), provides an indication of the altera-

tion of the flow which occurs when a cylinder is missing. The disturbance of the flow

is seen to be quite localized. Fluid tends to pass longitudinally through the space

formerly occupied by the now-missing cylinder, and it is evident that the flow adjacent

to the two cylinders at the downstream end of the straight run is definitely affected,

as witnessed by the outward canting of the crowns of these cylinders. Otherwise, the

flow field does not seem to be much different from that pictured in Fig. l(a).

For the fully populated in-line array, (Fig. 2(a), the expected tendency of the

mainflow to course through the clear channels and to ignore the longitudinal inter-

cylinder spaces is vividly displayed. The mainflow acknowledges the presence of the

successive rows of cylinders by adopting a slightly undulating path, which pinches

in when abreast of the cylinders and spreads out slightly when abreast of the inter-

cylinder space. The fore portion of the intercylinder space is dominated by a re-

circulation zone while the aft portion (the black region) is a low-velocity zone.

The removal of a cylinder, Fig. 2(b), enables the mainflow to make a somewhat

.jI ,
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deeper incursion into the now-elongated intercylinder space. It is noteworthy, how-

ever, that the crowns of the two cylinders which stand at the right-hand and left-

hand sides of the vacated space are not skewed, suggesting a minimal effect on these

cylinders. The crown of the cylinder just upstream of the space is slightly truncated

compared to the normal pattern, as is the low-velocity region at the downstream end

of the space. From the photographs alone, it is difficult to assess the importance

of these seemingly minor changes.

Heat transfer results. The heat transfer results are presented in Figs. 3 and

4, respectively for the staggered and in-line arrays. Each figure displays the

portion of the array which encompasses the missing cylinder, with the flow direction

being from left to right as shown. As noted earlier, the heat transfer coefficients

were measured in the twelfth row and correspond to the fully developed regime.

In each figure, each of the cylinders situated in the neighborhood of the site

of the missing cylinder is marked with two numbers, one above and one below. Each

number represents the ratio of two heat transfer coefficients, with both coefficients

corresponding to a given Reynolds number. The numerator of the ratio is the heat

transfer coefficient for the case in which there is a cylinder missing from the array,

while the denominator is the heat transfer coefficient when all cylinders are present.

Thus, the departures of the listed ratios from unity provide an immediate measure of

the effect of the missing cylinder.

The results are parameterized by the Reynolds number, for which two distinct

definitions have been employed. One of the Reynolds numbers is that for the duct

without the cylinders in place. The other Reynolds number is based on the velocity

through the minimum flow area of the array and on the cylinder diameter as the

characteristic dimension. The two duct Reynolds numbers considered were 5000 and

35,000, with corresponding array Reynolds numbers of 1270 and 8900. In the figures,

the numbers listed above the respective cylinders correspond to the higher of the two

Reynolds numbers, while the numbers listed below are for the lower Reynolds number.
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Turning first to the staggered array, Fig. 3, it is seen that the missing

cylinder tends to reduce the heat transfer coefficients at the neighboring cylinders,

but for the most part, the reductions are very small. For cylinders located either

to the side or forward of the vacated site, the reductions are in the 0-3 percent

range. Only in the row immediately downstream of the vacated site is there a note-

worthy effect--a ten percent reduction at the higher Reynolds number. This reduction

in the value of the transfer coefficient is the result of a lower impingement velocity

and of a possible reduction of the turbulence level. That this row should be the

most affected by the missing cylinder is in accord with comments made during the dis-

cussion of the flow visualization photographs.

Lesser reductions occur both to the side of the vacant site and at two rows

downstream. These reductions ire smaller because at these locations, either a de-

crease in velocity or lower turbulence may play a role, but both do not act simul-

taneously. The heat transfer coefficients at the lower Reynolds number appear to be

less affected by the missing cylinder than are those at the higher Reynolds number.

Figure 4 shows that the heat transfer coefficients for the in-line array are

quite insensitive to the missing cylinder. This finding is not surprising in light

of the minimal modification of the flow field which occurs when a cylinder is removed

from the array (Figs. 2(a) and (b)).

In general, the irregularity caused by a missing cylinder does not result in

significant changes in the heat transfer coefficients at the neighboring cylinders

of the array.

1
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FIGURE CAPTIONS

Fig. l(a) Fluid flow pattern for a fully populated staggered array

Fig. l(b) Fluid flow pattern for a staggered array in which there is a

cylinder missing from the array

Fig. 2(a) Fluid flow pattern for a fully populated in-line array

Fig. 2(b) Fluid flow pattern for an in-line array in whch there is a

cylinder missing from the array

Fig. 3 Effect of a missing cylinder on the heat transfer coefficients at

neighboring cylinders in a staggered array

Fig. 4 Effect of a missing cylinder on the heat transfer coefficients at

neighboring cylinders in an in-line array
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Chapter 4

'I
PREDICTION OF THE TURBULENT FLOW

IN A CYLINDRICAL PLENUM

NOMENCLATURE

clc 2,c1  constants in the turbulence model

d diameter of the inlet and exit pipes

D diameter of the plenum

G generation rate of turbulence energy, equation (7)

K pressure-loss coefficient, Ap/(pV 2/2)

k turbulence kinetic energy

L length of the plenum

p pressure

Ap pressure drop across the plenum

Re Reynolds number, PVd/p

u. ivelocity component in the i direction

V mean velocity in the inlet pipe

x i  coordinate in the i direction

E dissipation rate of turbulence energy

1i laminar viscosity

lit turbulent viscosity

p density

a t G constants in the turbulence model

Tij turbulent stress

4, dimensionless stream function

I -,
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INTRODUCTION

Piping systems often include various fittings, joints, and plenums. These

contribute to the pressure drop and flow distortion. The purpose of the present

investigation is to predict the turbulent flow field and the associated pressure

drop in a cylindrical plenum. The geometry of the plenum and the inlet and

exit pipes is shown in Fig. 1. These pipes are coaxial with the plenum and

have a diameter of d. The diameter and the length of the plenum are denoted by

D and L respectively. This configuration is chosen for numerical computation

because experimental measurements for the same configuration are available from

{Il}.

The recirculating flow in the plenum was computed on the basis of the k-,

model of turbulence, in which differential equations for the kinetic energy of

turbulence and for its dissipation rate were solved.

MATHEMATICAL FORMULATION

Governing equations. The two-dimensional flow field in the chosen configura-

tion is governed by the continuity equation and the momentum equations. The

density is regarded as constant. The governing equations can be compactly stated

in the Cartesian-tensor form as follows.

Continuity: )u i/)x = 0 (1)

Momentum: 0u (Iuj /ax = 3 ij/x - ap/axj (2)

Here ui stands for the time-averaged velocity component in the i direc-

tion and the T's are the turbulent stresses; the corresponding laminar stresses

are assumed to be negligible everywhere except near the walls. The turbulent

stresses are evaluated by means of a turbulence model.

Turbulence model. The turbulent stresses are first expressed in terms of

a turbulent viscosity wt and the velocity gradients. The exprcsslon in the

Cartesian-tensor form isL"



I

i t (alui/axj + au /ax) - (2/3)pk61 j (3)

where 6 is the Kronecker delta and k is the kinetic energy of turbulence.
i

The turbulent viscosity 1t is further expressed in terms of k and the

dissipation rate of k, which is denoted by E. The expression for pt is

= c pk2 / (4)

where c is a constant.

The two-equation turbulence model of {2} provides two differential equa-

tions for the turbulence parameters k and e. They are

Pu Ak/ax i = /ax i((Mt /k )k/ax i ) + G - Pc (5)

PuiaE/ax i = 9/9xi((it /o )ac/axi) + (clG - c 2 P p)(c/k) (6)

The quantity G is the rate of generation of k by the action of velocity gradients.

The expression for G is given by

G = t (aui /axj + au/ax)(au/ax) (7)

The turbulence model involves five empirical constants. The values used in the

present work are those recommended in {21; they are:

c 0.09, c= 1.44, c2 = 1.92, ak 1.0, c = 1.3

It should be noted here that these constants have successfully been used for a

wide variety of physical situations to obtain satisfactory agreement with ex-

perimental data.

Region near the walls. Since the laminar stresses become important in the

low-Reynolds-number region near solid walls, a special treatment is needed there.

In the present work, the wall-function technique outlined in {21 was used. It

amounts to the assumption that the universal logarithmic velocity profile

exists in the near-wall region and that the length scale there is proportional

to the distance from the wall.

Inlet conditions. The values of the turbulence parameters k and c in the
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inlet stream were taken to be those appropriate to the turbulent fully developed

pipe flow. However, the results were not sensitive to the inlet values of k and

c. This is because so much more turbulence is generated in the plenum that the

behavior of the flow field depends little on the amount of turbulence energy

convected by the inlet stream.

Numerical solution. The foregoing differential equations were solved in

the domain of interest by the finite difference method described in {31. In

particular, the SIMPLER procedure was used to solve the coupled momentum and con-

tinuity equations. A 22 x 22 grid was used. Some exploratory computations indi-

cated that this grid gave results of sufficient accuracy.

RESULTS

Pressure drop. The total pressure drop Ap between the inlet and the exit

of the plenum can be expressed in terms of a loss coefficient K defined as

Ap/(pV 2/2), where V is the average inlet velocity. The predicted values of K

are compared in Fig. 2 with the experimental data from {IW, for two values of

L/d and two values of D/d. It should be mentioned that, whereas the computed

values of K are based on the pressure drop in only the plenum region, the

measured values of K take some account of the additional pressure drop in the

inlet and exit pipes. However, these additional pressure drops are expected

to be small; therefore, the comparison is meaningful. As seet. 'rom Fig. 2, the

computed results agree reasonably well with the experimental data.

Streamline patterns. The velocity field in the plenum is presented in

Figs. 3 and 4 in the form of streamlines. There is a basic throughflow from

inlet to exit, and a recirculating flow can be seen to have formed in the plenum

region. The strength of the recirculating flow can be judged from the values

of p+, which is a dimensionless stream function defined such that the throughflow

has a i+ value of unity. For the two configurations shown in Fig. 3, the
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recirculating flow rate is about 50% of the rate of the throughflow. In Fig. 4,

the plenum has a much bigger diameter than do the inlet and exit pipes. This

tends to produce greater recirculating flow. For L/d = 5, the recirculating flow

is twice as large as the throughflow. However, for L/d = 1, the plenum is so

narrow that it restricts the recirculating flow to only about 50% of the through-

flow.

CONCLUDING REMARKS

The recirculating flow in a cylindrical plenum has been computed by a numeri-

cal method. The calculation employs the well-known k-c model with the standard

set of empirical constants. The predicted pressure drop agrees well with the

experimental data. The streamline patterns are presented; they indicate the

strength of the recirculating flow.
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FIGURE CAPTIONS

Fig. I The cylindrical plenum

Fig. 2 Comparison of the predicted pressure-loss coefficient

with experimental data

I Fig. 3 Streamline patterns for D/d = 3 and Re = 20,000

Fig. 4 Streamline patterns for D/d = 6 and Re = 20,000
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i Chapter 5

I PREDICTION OF FLOW MALDISTRIBUTION IN A

TUBE BUNDLE PLACED IN A FLOW WITH SUDDEN EXPANSION

!
NOMENCLATURE

d tube diameter, Fig. 1

f friction factor, equation (4)

h inlet dimension, Fig. 1

H half width of the channel, Fig. 1

LI  length of the free region, Fig. I

L2  length of the tube bundle, Fig. 1

p pressure

P pitch of the tube arrangement, Fig. 1

R. resistance in the j direction
j

u velocity in the x direction

u. velocity in the i direction
1

U inlet velocity, Fig. I

V magnitude of the local velocity vector

x i  coordinate in the i direction

x,y Cartesian coordinates

1A viscosity

p density

II
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INTRODUCTION

Heat exchangers often consist of a tube bundle placed in a cross stream.

The design of the heat exchanger or an estimate of its performance is usually

based on the assumption that the tube bundle experiences a uniform flow over it.

However, the actual flow distribution depends upon the geometrical details of

the inlet configuration. For example, in the situation outlined in Fig. 1, the

tube bundle is situated in a plane channel in which the inlet flow undergoes a

sudden expansion before entering the bundle. Thus, it is possible that most

of the flow washes the center of the bundle, while the edges of the bundle receive

only a weak flow. Such maldistribution of flow adversely affects the performance

of the heat exchanger, since the tubes in the edge regions become virtually inef-

fective. Overheating of tubes can also result in the local regions of insufficient

cross flow.

The present investigation is intended to demonstrate the use of a numerical

technique in predicting the flow maldistribution resulting from the sudden en-

largement of the inlet flow.

The flow in the open region of length L in Fig. 1 is calculated as a regular

turbulent flow described by the k-c model. The flow in the tube bundle region

of length L2 is treated by the distributed-resistance concept introduced in {l}.

FORMULATION

The mathematical framework for the turbulent flow in the open region of

sudden expansion is identical to the formulation used for the plenum flow in

Chapter 4 of this report. Therefore, that description will not be repeated here.

Now attention will be turned to the distributed-resistance model for the tube-

bundle region.

For a medium of uniform porosity, the flow is governed by the continuity

and momentum equations, which can be written as follows:

I .i

_ _ _ _ _ _ _ _ _ _ _ _ _ 4
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iContinuity: au i /x I  0 (1)

Momentum: PU lauji/ax t  ap/axj + Rj (2)

I where R is the distributed-resistance force per unit volume.

iFor the staggered tube bank shown in Fig. 1, the distributed resistance can

be obtained from the empirical correlations given by McAdams {2}. The formula

used in the present work is
R. = -2p(f/P)Vuj (3)

j Here P is the pitch of the tube arrangement, V is the magnitude of the resultant

velocity vector, and f is the friction factor given by

f = {0.23 + 0.ll/((3P/d) - l)l' 08 }(pVd/u)-0.15 (4)

The negative sign in equation (3) indicates the resistance force opposes the

momentum uj rather than assists it.

The resulting set of nonlinear coupled partial differential equations was

solved by the numerical method described in {3}.

RESULTS

j The numerical solutions were obtained to illustrate the kind of flow mal-

distribution that can be predicted with the proposed mathematical model. With

reference to Fig. 1, the expansion ratio h/H was held at 0.5. The inlet flow

was characterized by a Reynolds number pUh/t, which was set equal to 2.5 x 106

IThe tube bundle was composed of a triangular array of tubes with P/d = 1.6.

The number of tubes was determined by H/P - 50. The lengths L1 and L2 were

varied to study their effect on the flow distribution.

The nature of the flow in the tube bundle can be observed by examining the

profiles of the x-direction velocity u at three chosen locations 1, 2, and 3

jas shown in Fig. 1.

The effect of the tube-bundle length. The first set of computations were

.

;I.

. ,
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I
performed for a fixed length L1 of the free region. L1 was set equal to H.

The length L2 of the tube bundle was varied. The resulting profiles of u at

the three stations are shown in Fig. 2.

A long tube bundle represents a large flow resistance, which has the ef-

j fect of ensuring an almost uniform flow through the bundle. A short bundle,

on the other hand, is more susceptible to the details of the inlet configuration.

This behavior is clearly seen in Fig. 2. When L 2/H is equal to 1 or 2, the

velocity distribution is almost uniform. For small values of L2/H, large

nonuniformities are present in the velocity profiles. The part of the bundle

directly in front of the restricted inlet receives high velocity fluid, while

the region near the channel wall is washed by much slower flow. Of course, the

flow nonuniformities are most severe at the inlet of the bundle (i.e., around

station 1). As the flow moves through the bundle, the velocity distribution

becomes more uniform.

The effect of the location of the tube bundle. Since in the situation

considered the flow nonuniformity is caused by the sudden expansion of the

inlet flow, the proximity of the tube bundle to the inlet is also an important

factor. A set of computations were performed to investigate this effect. Here,

the bundle length L, was set equal to H, while the free length L was varied.i1

The case of L 1/H = 1 and L 2/H = 1 has been reported in Fig. 2, for which the

flow nonuniformity was rather small. Greater nonuniformity is produced by

smaller values of L /H, i.e., by locating the tube bundle closer to the inlet.

Figure 3 shows the velocity profiles at the three stations for different

[ values of LI/H. The flow nonuniformity is very striking especially at LI/H = 0.1.

It is as if the inlet flow moves straight ahead in the central region without

taking advantage of the expanded flow area. Once again, the flow nonuniformity

gradually becomes less severe as the fluid moves from station I to station 3.I
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CONCLUDING REMARKS

A mathematical model has been formulated to predict the flow nonuniformity

in a tube bundle placed in a flow with sudden expansion. The model consists of

a regular turbulent flow computation in the upstream region and a distributed-

resistance calculation in the bundle region. Illustrative results show the flow

maldistribution present in tube bundles of various lengths. Also, the effect of

locating the bundle at different distances from the inlet is investigated. The

results of such computations are expected to be useful in predicting heat ex-

changer performance and bundle vibrations.
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FIGURE CAPTIONS

Fig. 1 Tube bundle in a sudden-expansion flow

Fig. 2 Velocity profiles for various bundle lengths

Fig. 3 Velocity profiles for various locations of the tube bundle
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