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SUMMARY

A dual duct air conditioning system is one method of providing many zones
of conirol from cenirally located equipment. Satisfactory design information is
available for ail components of the dual duct system except the central equipment.
In particular, there have only been recommendations for arrangement with no
design information available for the central air handling equipment cx fan voom.

The purpose of this study is to take the first step toward providing adequate
design information for the built-up dual duct fan room. After initial testing, it
became apparent that construction of a model would be useful. The model pro-
v.ided a means of varying the arrangements of the fan room to determine the effect
oh the system performance.

Field tests measured 100 percent variation of the velocity of air through the
cooling coil, the model having a similar variation. Secondary flow set-up by the
interaction of the expanding mainstream flow from the fan {o the coils preduced
wiping at the coil surface four times greater than the through-flow velocity. Supply
air temperature stratification and moisture carry-over could result from poor
distribution of air to the coils.

A perforated plate of about 50 percent free area provided satisfactory
distribution of air from the fan to thé coils, without an effective decrease in flow
vate or pressure. The position of the plate was optimized to be 2/3 the distance
from the fan to the coils. A vaned outlet difﬁlse'r periormed satisfactory for

several distances, but did not at closer than two fan wheel diameters.
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CHAPTER 1

INTRODUCTION

Background

In the past 20 years the dual duct air conditioning system has emérged as
ohe answer to the requirements of modern commercial air conditioning systems.
The dual duct system is applicable to buildings having a multiplicity of zoning
requirements.

Bagically the dual duct system consists of two complete duct systems, one
conveying cold air while the other carries warm air. Individual rooms or groups
of rooms which Icompose a zone are supplied with a mixture of cold air and warm

air from a mixing box controlied by the zone thermostat. The ability to provide

“simultaneous heating and cooling from central equipment to different zones makes

the dual duct system a popular choice for large multi-zone applicaticns.

The factor contributing most to widespread use of dual duct systems was
the introduction of high velocity air distribution (1). With high velocity airflow,
duct sizes could be reduced, thus fitting the space limitations imposed by the
building architecture. Since duct losses are a function of velocity, the dual duct
system is also a medium-{o-high-pressure system (2-.1/2 1o 10 inches of water).
Along with reduced space requirements, the central location of major equipment
is an advantage of dual duct systems. Most maintenance is confined ic the central

location. Piping and electrical wiring are limited to central locations away from




tenant spaces,

The dual duct air conditioning system consists of essentially three com-
ponents; these are: the central equipment, the high velocity duct system, and
terminal mixing box with associated low velocity duct and distribution system.
This study is concerned with the central air handling equipment. In particular,
the arrangement of supply air fan and coils with associated plenums will be
considered.

In general, the consulting eﬁgineer has adequate design information for
dual duct systems. Performance data has been published for duct components
and duct systems as applied to high velocity air distribution. Manufaciurers have
aboui 20 years to refine the design of dual duct terminal mixing boxes. Looking
at the central system and assumihg that it is a '"bhuili-up't system to fit the space,
there is little design information available. A built-up system would be one con-
taining various components, such as filters, fan, and coils, which were selected
and arranged tc fil the space by the designer. The consulting engineer must gene-
rally rely on past experience in adapting fan, coil, filters, ete., to a space,

allowing maximum rental space. The components are all subject to elaborate

- rating procedures, none of which make allowances for the built-up dual duct fan

room type application.

Though experience can inform a consuliing engineer as t6 what design
worked or did not work, the complexity of the dual duct fa_n room ofien makes it
difficult to evaluate performance. - Such things as moisture carry-over are easy

to observe, bui the cause, poor velocity distribution, is more difficult to
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comprehend. Furthermore, any attempt by a designer to evaluate, by field testing,
fan and/or coil performance in the dual duct system would require elaborate test

equipment and excessive time.

- Survey of Literature

Much of the design information for high velocity duzal duct systems included in

the 1970 ASHRAE Guide and Data Book (2) was oyiginated by Shataloff and Waterfill

(1, 3,4). Shataloff (1) has considered the total problem of designing dual duct sys-
tems. . The thermodynamics of the dual duct system present no difficult problem to
the consulting engineer. The duai duct eycles and psychrometrics have been covered
extensively by Shataloff (1, 3) and others (2,5). The operating characieristics of
dual duct mixing boxes were also covered by Shataloff (1,3). The mixing box has
become a standard item with companies that manufacture air distribution equipment.
Mixing box performance is cataloged and assumed to be accurate.

Major drawbacks in the application of dual duct systems included the lack
of accurate knowledge about losses m air distribution systems, heat loss and gain
in the duct system, and noise of high velocity air in the duéts, Duct and duct com-
ponents losses have been measured and compiled (6,7, 8). A study of heat loss and
gain in high velocity ductwork ha.s been made (9). Several reports on noise in dual
duct systems are available to the consulting engineer {10, 113}.

Thus far it is seen that design information is available for most of the com-
ponents of dual duct systems, except the cenfral equipment. Shataloff (1) gives a
typical arrangement of a fan room and suggests using a perforated plate to distri-

bute air to the coil face. Other than this, there is very liitle information available
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for use in design of the fan room. Recently one manufacturer has published
recommendations for using perforated plates and a method of estimating the dis-
tance from fan to coils for an acceptable velocity distribution at the coils {12},
Asgide from the above mentioned work, very little has been written about the design
of built-up fan rooms.

- Out of necessity the performance of the components of a fan room must he
locked at individually, since most information is presented in this manner. The
fan performance has heen considered bj' Farquhar {13) and others {12, 14}, Distri-
bution of high velocity air out of the fan is considered by Gilman and Graham (15, 16)
using diffusers and perforated plates, respectively. Losses for perforated plates
have been measured by Stone (17) and the performance of perforated plates pre-
dicted and measured by Baines (18) and Lipstein (19). Friction and dynamic losses
of abrupt or diverging expansions and contractions are considered by Kratz and
Fellows (20). The performance of cooling and heating coils which are subjected
to poor zir entrance has not been congidered (21). Methods of improving distri-

bution of air from the fan to the coils in a dual duct fan room have not been studied.

Statement of Objective

and Scope of Investigation

In order to establish design parameters for built-up dual duct fan rooms,
a study of airflow characteristics is required. Airflow characteristics encompass
the flow magnitude and direction of air as it leaves the fan, passes through any

flow correction device, and enfers and leaves the cooling and heating ceils. This
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study deals with the first step in evaluating the performance of a built-up fan room,

that is, the airflow within the plemum. This study will establish how well air is

distributed from the fan outlet to the cooling and heating coils of a built-up fan room.

Case studies initiated in built-up fan rooms pointed to the need to vary the
arrangement of the components of such rooms. Out of necessity a model was con-
structed to study various arrangements of the fan, coils, and duct connections. This
paper correlates the performance of the model with the actual system or prototype.
Information currently available is used to estimate the performance of the compo-
nents which make up a built-up fan room. Based on the performance of the model,

design parameters for a built-up fan room are recommended.

Case Studies of Actual Systems

‘Description of Actual Systems

The arrangement of equipment which makes up the built-up fan is dependent
on the aﬁra:ilable space. A typical layout would be Fig. 1 as suggested by Shataloff
{1}. In this typical layout, a re‘ctahgular duct is used; but currently machine-formed
round and flat-oval duct are popular. In this arrangement return air is ducted to
the return air fan. For large systems the return air duct might be replaced with
a masonry shaft, arriving in a plenum which contains the return air fan, . Wheré
head room is limited, two supply air fans might be used. Appendix A contains a
brief survey of various arrangements of built-up fan rooms.

- In order to consider the performance of fan rooms, a means of comparing

the size and general dimensions of the equipment is required. TIn other words, a
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Figure 1. Shataloff's Suggested Dual Duct Fan Room Arrangement.
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characteristic dimension of the dual duect fan room is needed. Looking at the fan
plenum section of the fan room, there are only two possible characteristic dimen-
sions available, either the fan or the coils. The size and shape of the coils is

subject to much variation due to such.factors as, face velocity, number of rows,

. fin spacing, and height or width limitations. Thus, the only logical choice of a
characteristic dimension came from the fan. It is customary to catalog centrifu-

gal fans by wheel diameter. Wheel diameter is also used as the characteristic

dimension of fans in dimensional analysis. Logically, wheel diammeter was con-
gidered first when looking for a characteristic dimension, Qutlet dimensions might
have been applicable, but analysis of the outlet dimensions of various fans show
that the outlet size is dependent on wheel dlameter. The ratio of dimensions of

the fan plenum to the wheel diameter gives a dimension in terms of fan diameters,
Fig. 1. Appendix A contains various fan room arrangements dimensioned in terms
of fan diameters. For example, the distance from fan outlet to the cooling coil
face varies from 2.0 D to 1,45 D (D - fan wheel diameter} for fan rooms of 70, 000
to 100, 000 cim capacity (cubic feet per minute).

The fan room arrangement chdsen for taking data was the actual system of
Building A shown in Fig. 2. The arrangement in Fig. 2 is similar to the recommen-
dations of Shataloff (Fig. 1). S8ince the recommendations of Shataloff have'been used
extensively in the field of dual duct systems, it seemed appropriate to use a fan room
similar to Fig. 1 for field testing. Both systems use an offset of the coils to allow

for piping and to eliminate wiping of the heating coil. '"Wiping'' of the coil refers to

flow across the face of the coil which does not go through the coil. The dimensions
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in terms of wheel diameters vary, but the general sizes compare favorably. There-
fore, data for the Building A fan room should be of interest to engineers who have
used Shataloff's recommended arrangement as a guideline for designing duai duct

fan rooms. The Building A fan design operating point is about 70 percent of the wide~-
open cfm, this appears to be about the selection point of most dual duct fan rooms
considered in Appendix A. Refer to Appendix A for other actual systems where data
were taken.

Description of Field Tests

The actual fan rooms tested were five of the 12 high velocity dual duct fan
rooms that serve a group of three high rise office buildings (28). The Upper West
Fan Room of Building A was thoroughly tested. The velocity measurements and
airflow direction tests were made in five general areas, as follows: fan inlet, fan
outlet, fan plenum, immediate vicinity of the coils, and downstream of the cooling
coils. All of the fan rooms in th_e group of buildings used a perforated metal dif-
fuser over the fan outlet. Refer to Appendix A for details of the fan rooms. The
perforated diffuser was removed in Building A Upper West Fan Room to provide a
comparison between airflow characteristics with and without a diffusing device.

While the majority of field testing involved one particular fan room, testing
of four other fan rooms provided data for comparison purpeses. The other upper
Building A fan room is a mirror image to the west fan room, and provides a means
of substantiating data taken in the west fan room. Two other fan rooms tested were
in the fwin building to Building A; Building B is .a mirror image of Building A. The

arrangement and size of these fan rooms are similar in all respects to Building A
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10

except the fan is one size smaller, i.e. a six inch reduction in the fan wheel
diameter. While Building A and B have fan rooms with non-symmetric coil
arrangements, the fan room of Building C has symmet'r'y,_ providing test data for
a symmeiric arrangement. Also the _fan room in Building C was the largest in
which tests were made.

The tests included obtaining both qualitative and quantitative measurements
of the airflow characteristics. Due to the size of the fan rooms being studied
(see Appendix A), observers were required to make {ests from inside the fan
plenum.

. Field Testing Procedure

To study the movement of air within the fan room requi'red. using flow visuali-
zation techniques. In many instances a hand-held pocket hankerchief indicated air
motion. Tufts of nylon cord aftached to a metal rod were also used for determining
air motion. The tufts or hankerchief indicated flow separation, secondary and
reverse flow, high and low velocity regions, and stagnation regions within the fan
plenum. In areas of low velocity, such as downstream of the cdol:ing coil, smoke
was used to observe the direction of flow. Smoke was generated by a M. S.A.
Ventilation Smoke Tube. i Since the smoke dissipated rapidly in moderate velocity
streams (500 fpm and up), biis of paper were released to trace the paths of streams

of air.
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Several techniques were used to make velocity measurements., A standard
A.M.C.A. pitot tube (24) was used to measure velocity pressure for velocities
above 500 fpm.  An Anemotherm Air Meter:k a common hot wire meter used in air
conditioning field tésting, was used for velocities below 500 fpm. . A vaned velometer
was also used to measure velocity over the range of velocity found in the fan rooms.
The general procedure was to read velocity at pre-selected points. The points where
readings were taken usually formed a cross-sectional profile of the fan room. In
order to minimize variations in location of points in the profile, a grid of numbered
lines was drawn on the fan plenum walls and floor. When taking measurements
observers remained clear of the main air streams, as much ag possible. One ob-
server held the test probe, usually a pitot tube, while a second observer would direct
the first in positioning the probe. A third observer would read and record the data.
A detailed discussion of measurements and instruments is contained in Appendix C.

Prototype Observations

Building A Upper West Fan Room. The majority of detailed observations

were made in the Upper West Fan Room of the Building A, (A list of tests is included
in Appendix F.) As mentioned previously, the areas under consideration were the
fan outlet, the fan plenum, and the coil plenum. The fan outlet flow characteristics
were measured and observed in tests P-1, P-2, P-4, P-6, and P-11. These tests,
which. included felocity-measurements and flow visualization, consistently show poor

velocity profiles. The velocity profiles with and without the perforated diffuser are

&
Tradename, Dynamics Corp. of America,
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shown in Figure 44. Based on visual cbservations, reversal of flow at the outlet
occurred over more than 16 percent of the outlet area. The reversal occurred
both with and without the diffuser over the fan outlet.

The airflow in the Upper West Fan Room was found to be turbulent and
errvatic. There existed secondary flows, whose boundaries with the mean flow
were fairly stable. At the face of the cooling coil, the velocity of air wiping the
coil in many locations was three or four times greater than the design coil face
velocity. The magnitude of the wiping of the coil prevented the use of smoke to
visualize airflow entrance into the coil. The removal of the diffuser had no signifi-
cant effect on the coil wiping. However, the flow in the plenum was affected by the
removal of the diffuser. Velocities in the direction of the heating ce¢il ranged from
20 to 30 percent higher without the diffuser. No general trend in the data indicated
any significant changes in velocity at the cooling coil. The flow pattern in the fan
plenum is indicated in Fig. 45.

Due to the turbulence and wiping at the face of the ¢oil, measurements of the
coil velocity were made on the downstream side of the coil. Visual observations
with the diffuser in place did not indicate any improvement in the velocity profile
of air at the cooling coil. The profile of the downstream velocity of air at the coil
without the diffuser is shown in Fig. 46. Note that the velocity at the section of the
coil in front of the fan discharge is about 100 percent greater than the velocity at
the outside edge of the coil section. | -

QOther Built-Up Fan Room Observations

Observations were made in the Upper East Fan Room of the Building A to
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verify the observations made in the West Fan Room. The velocity measurements
were made inside the diffuser. 'fhe \«;elocity profile of the fan outlet is shown in
Fig. 47. Recall that the fan rooms are mirror,images when comparing Fig. 47 and
44, so the velocity profiles are reversed. The airflow in these two fan rooms
appeared similar. |

In order to further verify the airflow characteristics of the Building A fan
room observations were made in the Building B, the twin building to the Building A.
The results of velocity profiles at the fan outlet are given in Fig. 48. Visual obser-
vations indicated extensive wiping of the cooling coil, and the heating coil to a lesser
extent. Generally the airflow in the various fan rooms was similar.

Thus far all the fan rooms considered have had non-symmetric arrangements
of coila. Observations in a symmeiric arrangement show a different pattern of air-
flow in the fan plenum. The profile downstream from the diffuser as well as the
outlet velocity profile is given in Fig. 49. Comparing this profile with the prefile
for 2 non-symmetric fan room it is apparent that symmetry improves airflow in
this incidence. The symmetric fan room did not exhibit wiping and smoke tests
indicated good entrance into the coils.

Several limitations imposed by the actual systems required the construction
of a model. With the actual system it was not possible to contrel the ratio of cooling
to heating flow. The actual system had limitations such as, size and the inability
to rearrange the fan or the coils. It became apparent that a study of built-up fan
rooms required control over variables in fan operation such as, the flow rates
through the coils. Also control over design of the fan room was reguived, although

not possible with the actual system. All this pointed to the need for a model.

"',' ¥l
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CHAPTER I
THE MODEL FAN ROOM

Certain economic and space limitations were imposed on the design and
construction of the model. The fan, motor, and the ceils for the model were
donated by a manufacturer, therefore selection was limited to standard equipment.
This restriction presented a problem in modeling the system. First of all, fan
speeds available were teo slow. The size and shape of coils was limited. Space

limitations of the lab imposed less than ideal flow measuring techniques.

Modeling

To obtain complete simulitude between the model and prototype {Building A
fan room) geometric, kinematic, and dynamic similarity are required {22). Geo-
metric similarity requires all dimensipns to be expressed in terms of a single
dimension. It has been stated previously that the fan diameter was chosen as the
characteristic dimension of the fan room. Figure 3 iz a comparison of the geometric
shape of the model and j)rototype. The model is drawn at a scale that makes it
appear to be the same size as the prototype. The dimensions of the model are
based on the wheel diameter of the model’s fan. The only geometric difference
was a slight variation in the overall height of the fans in relation to the ceils.

Kinematie similarity requires the velocities at the same relative point

in each system be related.




D = Fan Wheel Diameter,
I | 60",

o a
(=] ™ =4
(] - -
™
- |
]
1.5D 2,78 D
"]
BUILDING A FAN ROOM
D = Fan Wheel Diameter,
15,
] { .
t-:~'::-:|<H e =
L |

323"
18
2

) .

212" 21-11"

¥ %
MODEL OF BUILDING A

*
Dimensioned in terms of the fan wheel diameter.

Ak
Dimensions based on the size of the model’s fan.

Figure 3. The Comparison of Geometric Shape of Model and Prototype.

15

T L

[P,

e — ST

BT e it t




16

c

" nm
2. »
p m

Therefore velocity gradients and profiles m each system wlill appear similar. For
example, the velocity profile at the coil face for the model should be similar to the
profile of the BuildingA coil. In establishing operating conditions for the model,
the ratio of fan outlet velocity to coil ‘average face velocity for the prototype was
used.
Dynamic similarity requires the systems to have similar relationships

between force fields. For the fan room model and prototype to be dynamically |
| similar, several relationships must hold. The first requirement is the following

equation,

Re = Re (2)

If the Reynolds numbers for the model and prototype were made equal, the model’s
fan would have been required to deliver twice the maximum catalog rating. The
Reynolds numhber is a ratio of inertia to viscous forces, but other force fields are
present. The Euler number is a dimensionless group, relating inertia to static
pressure forces. In this study and in the work of Gilman (15) and Graham (16)
airflow in plenums has been independent of sfatic pressure. The third dynamic
relationship is that of the inertia and wall shear forces. This would include the
cooling and heating coil pressure loss. To increase the velocity o obtain corre-
lation of Reynolds numbers for the model and prototype would have significantly

increased the wall shear and form drag through the coil. For the model cooling
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coil, a narrow fin spacing was used to simulate the wet fins of a wider fin spacing
usually encountered in built-up systems. Although the fan was not operéted at

sufficient speed to produce equal Reynolds numbers, the flow through the coil was

similar in the model and prototype. For the Building A model, the fan operated at

70 percent of wide-open cfm, which is about the same peint on the fan curve as the
prototype.

The Building A model wag only one of many arrangements considered. The
modeling techniques have been discussed in relation to the Building A model, since
data were available from the prototype .to compare with data from the model. The
model of the Building A fan room was one of several models in this study. Results
of comparisons of airflow in the Building A model with the prototype showed the
airflow to be similar. Distribution of air to the cooling coil was found to be simi-
lar, With the Building A model as a basis, other models of different sizes could

be evaluated.

Fan Room Variables

There are a number of variables agsociated with a dual duet built-up fan
room, both as regards physical design and operation. Geometrically, the size and
shapé is influenced by the space available. Usually eithex the height or width is
fixed by the space, establishing the other dimensions. The cooling coil size is
established by a maximum desirable velocity across the face of the coil. The
distance between the different components; fan, coils, filters; ete , is established
by the avatlable space. Therefore to obtain a greater distance between the fan and

coils, a reduction must be made between the fan and filters or between the coils
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and duct connections. Besides the shape of the coils varying, the number of rows
of tubes and the fin spacing are also physical variables. For any one operating
condition of the fan, the choice of the fan size results in establishing the outlet

welocity and rotational speed. Once the physical characteristics of the fan room

have been established, the operating characteristics become the imporiant variables.

The variables asscociated with the fan, the {otal flow and pressure vary
depending on the cooling flow ratio. This is due to the difference in resistance be-
tween the cooling and heating duct systems. Resistance of the coils varies as a
fu_nction of velocity. The cooling coil .resistance is also affected by the amount of
moisture condensing on th(; fins.

From the viewpoint of heat transfer, the operation of the coils is influenced

by several variables. Agssuming the airflow rate and cross-sectional area are fixed,

the heat transfer rate can be established. A combination of the entering and leaving

water conditions, water flow rates, fin spacing, and the number of rows of tubes

in the coil will establish the heat transfer rate. Similar variables affect the heating
coil heat transfer rate for a hot water coil. For the steam heating coil, the heat
transfer rate is dependent on the fin spacing, number of tubes, steam pressure, and
flow rates. The leaving air conditions are dependent on the entering wet and dry
bulb temperatures. The usual method of control will vary the leaving coil tempera-
ture depending on the outside air tempe.ratul;e.
Aside from the major variables just discussed, a number of less significant

variables are present. These include variations in barometric pressure, outside

air temperature, and the return air conditions. The effects of age on the system
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results in scaling in the coil tubes and belt wear of the fan drive. Poor distribution
of water to a bank of coils results from improper balancing of water flow through

the coils.

Description of Model

The multiplicity of possible arrangements of bailt-up fan rooms necessitated
construction of a model that could be ‘rearranged with a minimum of work. The

model was capable of changing the following aspects of a fan room: distance from

fan to cooling and heating coils (independently), distance from coils to duct connec-

tion, coil face area, aspect ratio (ratio of height to width) of fan plenum, divergence
of plenum walls, and angle between the plane of the fan and the plane of the coils.
In terms of fan and coil air flow, the model should be capable of changing the total
flow as well as the ratio of cooling to total flow, the cooling flow ratio. The airflow
rate for any particular model was established on the basis of fan outlet velocity and
coil face velocities.

The model consists of three boxes, the largest box is open at both ends and
the smaller boxes are open at one end, the other containing a coil, see Figure 4.
The smaller boxes containing the coils have a moveable wall in the open end con-
taining a bellmouth duct fitting, and form the heating and cooling plenums. The
largest box accommodates the coil plenums at one end in a manner that allows the
coils to be moved independently. The fan is mounted through a moveable wall which
fills the other open end of the large box or fan plenum. The duct system, consisting
of a square edge orifice flow meters and dampers, provided a means of simulating

a varying cooling flow ratio. The fan was belt driven, using a variable speed sheave
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to change speeds.

The primary material used in the construction of the model was interior
plywood. Plywood panels were installed inside the fan plenum to change the aspect
ratio of the plemﬁn. At the same time portions of the cooling and heating coils
could be sealed off to change the coil face area. Plywood panels could also be in-
stalled inside the plenum at various angles from the fan to the coils. Roughness
of the plywood wails was not felt to be a factor in contributing any additional friction
at the plenum wall surface. The friction loss based on a velocity five times the
average plenum velocity is 0. 10 percent of the minimum head developed by the fan.
Therefore skin friction in the plenum. was ne.glected.

The model was operated without heating or cooling coils funct_ioning. There
are several reasons for not providing heating and cooling t§ the model coils.

First of all, the number of: var'iables‘affecﬁng'the . system -~ performance -
required reduction to allow the studying of a complicated system. Through the use
of "dead" coils, approximately one-half of the variables, previously mentioned,
are eliminated. As a result, the model construction was simplified, omiiting the
following: pip;ing and control valves, waterproof plenum construction, maintaining
operating temperatures, and a source of chilled water. By avoiding the problems
of operating the cooling and heating coils, the simplier approach al]owea concen-
trat:ién on the air side of the coils, therefore a better study of the airflow was

possible.

The Faciors Affecting Fan Plenum Performance

Three major factors affeci the fan plenum performance; they are; space
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requirements, plenum losges, and air distribution. The fan plenum must first
meet the space limitations. The size of the fan Yoom can be the single most
important factor governing how well a particular fan plenum will perform. The
fan plenum can be considered an extension of the fan to the coils, it can be thought
of as part of the fan or part of the system. Thus, the performance of the fan and
plehum combination could be presented in a mamner similar to a head-flow curve
used for the fan alone. This approach would include the plenum losses within the
fan performance. On the other hand, the plenuih losses could be considered as
part of the gystem losses. The plenum losses reduce fan performance, regardless
of how the plenum is to distribute air _o_vehr t-h.e_.".'faee of the coils. The disiribution

of air from the fan outlet affects the overall pérformance of the fan plenum.

Corrective Measures to Improve Air Distribution

Several corrective measures used in fan rooms can affect the overall per-
formance. Most corrective measures are aimed at improving air distribution where
space is limited, and. at the same time holding losses to a minimum. Ideally, the
use -of an outlet diffuser on the fan offers the greatest potential of improving per-
formance. The ideal diffuser would distribute the air and regain pressure normally
lost in the abrupt expansion at the fan outlet. - Gilman (15} investigated diffuseré
for distribution of gir and reduction of losses in box plenums, similar to a fan

plenum. Gilman'’s apparatus flow rate was approximately one fourth the model flow

rate.

Fan Outlet Diffusers

The study by Gilman, which is considered in more detail in Appendix B,
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concerned; (1) the turbulent mixing °_f air in a plenum, (2) effect of outiets on
plenum performance, and {3) the effect of the physical dimensions on losses and
atr flow characteristics. Of the diffusers tested by Gilman, a vaned internal (inside
the plenum) expansion diffuser proved to be superior to all others. The losses with
the diffuser were 50 percent less than the dbr”upt expansion loss. Also the diffuser
eliminated a rotational flow in the plenum. Gilman found no logical method of .
separating the entrance and wrbulent. losses for box plenums, but estimates of en-
trance loss account for less than 40 percent of the plenum loss. An evaluation of
losses for the closed-coupled and remote positions of the fan did not show measurable
changes in plenum losses, distribution of air; or rotational flow. Box plenum losses
were found to be a function of enirance veloci_ty head. Static pressure did not affect
the plenum performance. A diffuser similar to the one used by Gilman was con-
sidered in this study. L

Although a plenum with diverging walls-is similar to one of Gilman's diffusers,
it was considered separately. The pfactice of using a plenum with diverging wélls
by Shataloff {see Appendix A} is open to some question. The efficiency of pressure
recovery of diverging expansions is no greatler than the abrupt .expansion recovery
if the included angle between the wallg is 60° or greater (20). For the arrangement in
Figures 1 and 2, the included angle is 750-.and 850, respectively. Theoretically, the
use of a plenum with dive:r?ging walls in dual duct systems of the size and arrangement
considered in this study would not reduce expansion loss. Using a diverging wall does
reduce plenum wall material in some cases, as well as improve the appearance of the

fan plenum, in the eyes of a reviewing authority. To evaiuate the reduction in
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turbulence that could be attributed to the use of diverging plenum walls would be
extremely difficult.

Perforated Plates

The most widely recommended eorrective device for air distribution in
applications similar to the fan plenum has been a perforated plate (1, 2, 16, 17, 18}.
Recently Graham (16) considered the use of a perforated plate to distribute air
over a bank of filters immediately downstream of a fan. To obtain opiimum per-
formance of high efficiency filters a relatively uniform velocity profile is required
at the face of the filters. Graham observed the velocity profile at the fan outlet to
be very non-uniform, a fact that this jaaper will substantiate. Graham evaloated
the performance of the perforated diffuser plate in terms of effectiveness in break-
ing up the high velocity profile of the ..fan., Dﬁe to the high velocity blast area (the
area directly ahead of the fan outlet), tﬁe platé was doubled in front of the fan outlet
to allow a variation in free area by moving one plate. Horizontal vanes in the fan
outlet were used to deflect airflow vertically to improve distribution by the perio-
rated plate. The vanes would be required in an arrangement such as a top horizontal
discharge where the top of the fan was not near the top of the plenum. This is a

result of the air tending to follow the direction of rotation of the fan, thus not diffusing
upward. Graham recommends a minimum fa;n to plate distance of approximately

0.8 D to 0.5 D depending on the size of the fan and the outlet velocity. For a detailed
review of the use of perforated plates by Graham, refer to Appendix B. Graham's

apparatus flow rate was three to five times greater than the model flow rate.
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Additiqnal Correction Methods

Generally, space limitations require the heating and cooling coils to be

offset to allow for piping, (Fig. 1 and 2). Depending on the method of piping

several feet in width can be saved by offsetting the coils. Shataloff {1) recommends
that the heating coil be the farther distance from the fan so as to minimize the
chance of the air wiping the heating coil and then going through the cooling coil.

For operation of the system using outside air for cooling and the heating ceoil, wiping
of the heating coil can result in air temperaiure rises of 25 to 46 percent of fuil
capacity (12). Another approach to eliminate ‘extensive wiping of the coils would

be the installation of an anti-wipe baffle. The anti-wipe baffle is essentially a

. partition between the heating and cooling coils. Presently there is no information

-as to the effectiveness of either coil offsetting or anti-wipe baffles in reducing air
wiping of the coils.

Correction Devices Applied to the Model

‘As mentioned previously, the model was designed with the capability of
testing various airflow correction devices. To test the diverging walls, plywood
walls were installed inside the model. A small opening in the diverging wall allowed
the model walls to hold the pressure, requiring the diverging wall to direct airflow
only. The anti-wipe baffle consistéd of a piece of plywood placed between-_ the coils,
extending into the fan plenum.

Since the study of box plenums by Gilman {15) determined that a vaned inter-
nal expansion diffuser performed best, a similar diffusey was installed and tested

in the fan plenum. The bex plenum required only horizontal expansion while the
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fan plenum requires both horizontal and vertical expansion. Therefore a modified
version of Gilman's diffuser was designed and consiructed (Fig. 5). Since a detailed
analysis of vaned diffusers is beyond the scope of the study, no analytical analysis

of performance was made.

Choice of perforated plates was restricted to patterns normally carried in
stock by metal perforating companies. By using stock patterns the cost is less, and
generally the same stock patterns are carried Yy most suppliers, allowing competiitive
bidding. The patterns used in this study are- listed. in Table 1. The perforated plates
were mounted on a frame, which could be moved to vary the position of the plate

between the fan and the coils.
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Table 1. Perforated Plate Patterns
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Plate
No.

Perforation Description

Percent
Free Area

Gauge

4" diameter, 11/16" centers

&' diameter, 5/16" centers

' x 15" slot, 3/8" centers

29/64'" gquare, %" centers

47

58

67

80

22

22

18

22
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CHAPTER Il
MODEL TESTS AND PROCEDURE

Model Tests
The model was used to evaluate different arrangements of the components
of the fan plenum, including any correction device that might be used. The posi-
tion of the fan and coils was measured in terms of fan diameter. For a particulay
series of tests, the fan and coil position were held constant. The total flow and the
cooling flow ratio were varied by adjusting cooling and heating dampers. When a
greafer variation was required, the fan speed was changed. Table 3 lists the tests

using the model (Appendix G).

Procedure

Flow Visualization

Measurement techniques follow along the same line as those used in the
actual system, except the model allowed use of more refined methods. A good
ekample is the improyement in flow visualization possible with thé model. Usu-
ally the flow visualization technique was a fixed grid of yarn tufts. Four tuft grids
welre used, two were fixed below the cooling coil (six inch square grid) and heating
coil (five inch square grid). The coil plenum yarn tuft grids provided an excellent
view of the coil velocity profiles. The fan plenum grid (five inch square grid) was

attached to a rigid frame that could be moved between the fan and coils. A grid
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of tufts (three inch square grid) on the fan outlet was also used. For spot checks

of flow direction, single and multiple yarn tufts attached to a metal rod were used.
As in the actual _system, smoke tests were limited to points of low velocity, such

as downstream of the coils. The smoke dissipated too rapidly to be used effectively
in the fan plenum. The laboratory ventilation was such that the use of large quan-
tities of smoke to overcome the dissipation problems was not feasible.

Flow Rate Measurement

Another improvement in taking measurements, which the model provided,
was controllable flow rates in the heating and cooling plenums. Since the damper
positions were fixed for a pafticular test, the cooling flowratio was held constant.
This was not possible in an actual system since the individual mixing boxes control
the ratio of cooling flow to the total flow, which is supplied to the conditioned space.

The flow rates were measured with an orifice meter. Due to the relatively
wide range of cooling and heating flow rates, each duct system required the use of
two sizes of orifices. The orifices ware calibrated by measuring flow rates using
A.M.C.A. standards (24) for pitot tube velocity determinations. Detéils of the
calibration are a part of Appendix C. -

Velocity Profiles

Velocity profiles were measured either by pitot tube traverses or hot wire

-probe traverses. Both the pitot tube and the hot wire probe are sensitive to direc-

tion, requiring that yarn tufts determine direction of flow. Due to airflow other than
parallel to the static pressure sensing holes, the pitot tube did not work successfully

in the fan plenum. For this reason, the velocity profile was taken at the exit of the
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coil. The hot wire probe is not as sensitive tﬁ static pressure variations and
provided velocity measurements in the fan plenum. Velocity profile techniques
are based on recommendation of ASHRAE (25). Total and velocity pressure pro-
files were made at the fan outlet and the immediate vicinity with a pitot tube or
kiel tube. Appendix C contains information about velocity measurements.

Pressure Measurements

The measurement of static pressure was accomplished by using two type
of pressure sensing elements. Thelpressure sensing taps for the orifice flow
meter were manufactured static pressure probes, similar to a small pitot tube
without a total pressure opening. All other static pressure taps are round tubing
flush with the inside surface of the plenum. This type of pressure tap would be
less likely affected by secondary flows and turbulence in the plenum. Static
pressure readings were taken at the fan outlet using a pitot tube. The fan plenum
pressure was measured on either of two sets of wall pressure taps. Each set
consists of eight taps connected in parallel. | Coil plenum pressures were meas-
ured on a set of four wall taps connected in parallel. Pressure drop across per-
forated plates was measured from secondary taps located on either side of the
plate in the fan plenum.

Pressures on the model were measured with ]'u.'[agnehelicjic gages. The
eleven gages used had pressure ranges fromnﬂ.-o.25 to 0-10. 0 inches of water.

For orifice pressure drop measurement, two gages of different pressure ranges

" .
‘Tradename -- Dwyer Co.
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were used in parallel to obtain better accuracy at lower pressures. This method

i was also used for measuring velocity.—pressufe. Since the Magnehelic gages do. not
produce accurate measurements in the range of velocity pressure encountered down- .
stream of the coil, a micromanometer was used for low velocity pressure measure- |
ments. Since the micromanometer contained a nulling device, stable measurements
were possible. in turbulent air streams. The micromanometer was also used to
‘measure pressure drop across the perforated plate. A more detailed discussion
of measurement techniques is in Appendix C.

L. :

' i

R e T g

L Lt

L mee e a e 0 Sy VOO e e . Lo e Dy, U O I U S . e ——



33

CHAPTER 1V

ANALYSIS-OF SYSTEM LOSSES AND FLOW CHARACTERISTICS

System l.osses

The losses in the dual duct fan room can be grouped as follows: fan plenum
loss, coil friction loss, coil plenum loss, and duct loss. Fan plenum losses are
the most important group in this study. Fan plenum losses were placed ahead of
the others because the fan outlet, diffusers, and perferated plates all affect the
fan plemum loss. Next in order of importance to this study is the coil pressure
loss, which was also affected by what happens in the fan plenum. The coil plenum
and duct losses were secondary to the other losses, and only considered to deter-
mine the overall system lo_sses.for the model.

The fan pleﬁum loss is the sum of several losses of different forms oceur:-
ring in the fan plenum. Tﬁe fan plenum losses include: (1) the abrupt expansion
loss as air leaves from the fan into the plenum, (2) the turbulent mixing loss with~
in the plenum, (3) the resistance of the flow correction device, if used, and {4) the
friction loss along the plenum wall. In order to estimate the fan plenum loss, the
airflow was assumed to be uniform. This assumption was required because all
present methods of loss calculations are based on a uniform velocity profile. An
analysis of the turbulent mixing loss is beyond the scope of this paper, but esti-

mates were made.
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Abrupt Expansion and Mixing Losses

The abrupt expansion of air as it leaves from the fan was of primary impor-
tance in considering losses in the fan plenum. Due to the non-uniformity of the
velocity at the fan outlet, only estimates were possible., For the general model

the loss due to expansion was estimated to be 0.85 to 0.9 velocity heads. Some

recommendations (12) appear to attribute oo much loss to the abrupt expansion,

when in reality the losses might be due to. turbulent mixing in the plenum. A

detailed analysis of expansion loss is contained in Appendix D.
The turbulent mixing in the plenum might be ithe major loss in the fan
plenum. The turbulent mixing is characterized by three-dimensional vortex

I8 action in the region close to the fan outlet. Farther downstream, two-dimensional

. separation occurs and remains until the flow reattaches to.the plenum wall. Actu-
F[ ' ally reattachment does not occur, bhecause the coil is placed closer to the fan than
M the reattachment point. The flow interacté with the coil, wiping the face of the
coil. Along the plenum walls, a secondary flow moves opposite the mainstream

| al flow. Othe? secondary flow, such as crossflow, exist in the plenum.

In Gilman's study of box plenums (15), turbulent mixing was neglected,

but this proved fo be a poor assumption. Based on the losses measured for a box
plenum, some recommendations qu: fan expansion loss (12) appear to be in actu-

ality the loss for the fan and plenum. Friction loss at the plenum wall is small;

knowing what portion of the turbulent loss is due to increased friction at the wall.

- Also the turbulence and wiping of the air at the coil face produces less than

i
ii however the turbulence might tend to increase the friction. There is no way of
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desirable airflow entrance into the coil. The portion of the turbulent loss which
arises from increased coil friction, is not separable from the total turbulent loss,

The General Model Overall System Resistance

The airflow resistance of the general model system is the sum of the losses
for the system components, such as, the abrupl expansion, coil pressure loss, and
duct pressure loss. The overall system resistance is easily estimated once the
fan plenum loss has been established. - Data is available for the coil friction from
the coil manufacturer. Design informaition is also available for duct and duct fitting
losses., A complete analysis of the system resistance is contained in Appendix D.
Figure 34 is a calculated system resistance curve for the model. In-addition to the
resistance normally encountered in dual duct systems, the model also had losses
as a result of flow measuring orifices and dampers. Standard methods of estimat-
ing the pressure loss of a square edge orifice were used {25). The pfessure drop
due to the abrupt expansion at the conical dampers was estimated for the open
~damper position {25, 21). The losses for the open damper and orifice are included
in Figure 34,

Losses of Correction Devices

Once the system losses are established, it becomes important to know the
effect an airflow correction device would have on the system losses. The use of
a diverging transition from the fan to the coils could provide static regain and
eliminate some of the turbulent mixing loss in the plenum. The diverging transi-
tion or diverging plenum wall, when designed properly, reduces the fan ouflet

velocity resulting in static pressure regain. The efficiency of static regain is
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dependent on the included angle between the diverging sides of the transition,

The diverging {ransiiion is not effective for included angles greater than 400,

since the static regain for large angles is no better than an abrupt expansion (20}.

The study by Gilman {15) indicateé that turbulent mixing losses are reduced by

using a diverging transition of 5-80 included angle, which is not in agreement with

Ref, 20, A further discussion of diverging transitions is included in Appendix D.
‘The use of vaned internal diffusers (see Fig. 5) has been analyzed in terms

of distribution of air without regard to losses., Gilman was successful in réducing

‘losses by half, using the diffuser described earlier in this study {(15). A discus-

sion of Gilman's work with diffusers is found in Appendix B,

Since perforated diffusing plates have been recommended for distributing
air over coils, etc., this study has considered the perforated plate as the prime
corrective device. The perforated plate, while improving airflow distribution of
a non-uniform velocity profile, introduces resistance to the flow, The resistance
caused by the plates distributing the airflow is often the limiiing factor in perfovated
plate applications, Therefore it became necessary to have a method of calcitlaiing
the pressure drop across a perforated plate. The following equation agrees quite
well with experimental daté, o

AP . 1

pVoz/ 2 -

= T aaEs - L 3)
CO(AO/At)

A derivation and discussion of the use of Eqn. {3) is found in Appendix D. For use

where upstream flow is non-uniform, an effective velocity is used in place of the




37

mean velocity VO. Figure 38 is a plot of the ratio of the effective velocity to the

mean velocity versus a dimensionless distance from the expansion or fan outlet (19).

Airflow

Poor heat and mass transfer performance can result from a poor velocity

| profile at the cooling and heating coils., The prediction of velocity profiles within

the fan plemun is beyond the scope of this study, but general statements can be
made concerning the distribution of air in the fan plenum. The velocity profile
measured at the outlet of a large centrifugal fan is irregular (16). Alth;)ugh many
manufacturers would like to claim a uniform profile, this is not found in field

testing. In order to make any sort of analysis regarding airflow in the fan plenum,

. a uniform velocity profile at the fan outlet has been assumed. By assuming a

uniform velocity profile, the results of Lipstein's study of expansion with obstruc-
tions in the area of expansion can be applied (19).

For the case of interrupting an expansion of flow, suéh as a coil downstream
of an z_‘:lb‘rupt expansion, it has been shown that the flow resembles unobstructed
expansion flow (19). Three flow regions have been identified for a two dimensional
expansion (26), In the immediate vicinity of the expansion interface, there exists
a region of strong three-dimensional vortex action. Next follows a region of fwo-
dimensional separation, that is, flow along the floor and walls moves opposite the
flow of the expanding air stream. The third region of ﬂbw is the point of reattach-
ment at the wall. Refer to Appendix E for more detailed consideration of flow

regions.

An important question is that of what type airflow is acceptable for good
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performance of a fan and coil arrangement. - One manufacturer {12) has published

an empirical relationship for acceptable velecity at the coil face that states,
. VP ) 4
VPe504(&Pc+ Pc) {4)
. for cooling coils of APC/VPC_> 27.0 and

VP < 0.25(4P_+ VP ) (5)

for heating coils with &PC/VPO.Z 5. The data used was a result of studies con-
ducted with packaged air handlers. The data was in terms of distance from fan

to coils and fan diameter. An analysis of the flow distribution using this method
is included in Appendix E. With this method, a perforated plate of 50 percent free
area is used if the conditions of Eqn. (4) and (5) cannot be satisfied.

There has been success in predicting correction of airflow velocity profiles
using perforated plates (18, 19). . Mean flow conditions are considered by the velo-
city mod_ifi,cation.equat-ions, not the random irregular motion of air. Aside from
the irregular motion or turbulence upstream of the perforated plate, turbulence
is actually generated downstream. A number of individual jets which spread and
finally coalesce is representative of flow through a perforated plate.. The energy
of turbulence is converted from the energy of the mean flow. As the Iturbulence
in the form of eddies decays, the energy of turbulence changes to heat. The
theox;etical temperature rise was estimated to be on the order of 0. 001°F. Seve-
ral equations predict the velocity modification, and are given in Appendix E.

These equations fit the experimental data for high percentages of free areas. For
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low percentage of free area (25 percent) irregularities in screens and perforated
plates have produced local zones of high and low velocity at quite unpredictable
locations (18). . Test results have shown that perforated plates distribute the air

from a fan to high efficiency filters with acceptable performance (16).

Heatl Transfer

The ratings for coils are based on uniform face velocities (21). The per-
formancé is affected by non-uniform airflow at the face of the coil. The cause of
poor coil performance could be the entranc(;.- of air at odd angles and wiping of the
coil face. Fouling of coils by dirt also reduces performance,. but this is a main-
tenance, not a design problem. Poor entrance conditions can cause reverse air-

-flow through the coils which would reduce performance {21).

A poor velocity profile affects the outlet temperature profile of steam coils.
Based on the manufacturer®s data for the steam coil used in the model, Figure 6
shows how the outlel temperature varies with the average coil face velocity. In
this example, the temperature variation is 260 F. Other choices of coils and
entering conditions can result in gfeater exit temperaﬁxre variations, The poor
temperature distribution is more significant if the result is stratification of air
in the heating duct. As an example, consider the arrangements of coils and ducts
shown in Figure 7. Secondary flow in the duct fittings would mix the air to some
extent. These arrangements could result in substantial temperafure differences
at branch ducts, a problem with which the author is familiar. Another problem

resulting from poor airflow distribution is the possibility of freezing the coil.
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Although coil freezing is not generally a problem of dual duct systems, it should
still be considered when designing the fan room.

The cooling coil also requires good. airflow distribution to perform as rated.
The face velocity determines the friction as well as heat transfer for a cooling coil.
For a cooling and dehumidifying coil moisture earryover, the blowing of condensed
-water from the fins of the coil, can be a major problem. . Due to carryover, face |

velocities should be limited to 700 fpm (21). The ratio of sensible fo latent cooling

is affected by the face velocity. This characteristic of a cooling and dehumidifying

coil could tend to decrease moisture carryover since for high velocity the sensible
heat ratio is higher (see Figure 10). The differences in sensible and latent cooling
are not large, but the portion of the coil with high velocity is also the portion with

lower moisture removal. Therefore the coil characteristics would tend to reduce

. the moisture carryover.
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CHAPTER V

RESULTS AND OBSERVATIONS

Building A Model

As pointed out in Chapter II, dynamic similarity was not possible between
the Building A prototype and model. For a fan room a Reynolds number could be

based on the fan outlet velocity. One characteristic dimension for a fan oullet

' Reynolds number is the fan diameter, since the dimensions of the outlet are func-

tions of the diameter. Using this approach,. the Reynolds number for the model
requires the fan to operate at three times the rated speed. The relatively low
Reynolds nmumber of the fan affected the quantitative measurements. Geometri-
cally and kinematically the model was good. Tests show qualitative agreemeni
between the model and prototype airflow characteristics.
Fan Outlet

The model did not exhibit reverse flow at the cuatlet as did the Building A
prototype. . The outlet velocity profile was non-uniform and did not have points of
zero velocitly pressure, No significant change in this profile was observed as the
cooling flow ratio was changed. A fypical profile is given in Fig. 9. The point
of zero velocity recurred with different cooling flow ratios.

Fan Plenum Airflow

The airflow in the fan plenum of the model was very similar to the flow in
the Building A prototype. The regions of expansion flow as discussed in Chapter IV,

were apparent, except for the point of reattachment. Fig. 10 shows the airflow
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pattern for the Building A medel, refer to Fig. 45 for comparison with the proto-
type. The airflow pattern for the model shows a region of crossflow, which was
not recorded for the prototype, although there were several crossflows observed

in the prototype. The crossilow is not stable; its direction of movement is deter-

-mined by the cooling flow ratio. For 60 percent ox higher cooling flow ratio, the

crossflow moves toward the cooling coil. At 55 percent cooling flow ratio, there
was no crossflow observed. As the flow was increased through the heaiing coil
the crossflow reappeared, moving in the direction of the heating coil.

. The crossflow results from air wiping either the cooling or heating coil.

- After wiping a coil the air moves back across the plenum to the other coil. The

coil with the lower flow rate was more heavily wiped. Offsetting the coils did not
appreciably affect the wiping of the individual coils. The anti-wipe baffle, a par-
tial partition placed between the coils to eliminate wiping, reduced wiping, but
did not eliminate it.

Coil and Coil Plenum Airflow

The velocity profiles for the cooling and heating coil airflow were deter-
mined by measuring the velocity leaving the coils. Due to turbulence and secon-~
dary flows, a velocity measurement upstream of the coils would be meaningless.
The profile of the velocity for the Building A model was similar fo the profile for
the prototype. The variation of the velocity from the section directly ahead of the
fan outlet to the outer edge is less for the model. This is illustrated in Fig. 11,
The profile of the velocity for the prototype is included for comparison purposes.

It can be seen that the model velocity profile is similar in mosi respects.
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For the velocity profile shown _in Fig. 11, the cooling flow ratio was approximatiely
the same as in the Building A prototype. This profile is actually better than the
Building A velocity profile. For a different cooling flow ratio, say 0.25, the pro-
file is significantly poorer, as Fig. 12 illustrates.

The velocity profiles, which have been considered thus far, were made
without any sort of diffusing device in the plenum. Results show a very significant
improvement when a perforated plate was placed between the coils and the fan out-

let, The improvement in distribution of the air to the cooling coil was better for

‘lower flow rates, see Figs. 13 and 50. For the arrangement using the perforated

plate, the wiping at the face of the heating coil was substantially reduced. The
direction of approach to the cooling coil was stable and motre nearly perpendicular
entry of air was observed. For low flow rates through the cooling cpil; substan-
tial wiping was evident as shown in Figure 13b. Also the cross-flow became erratic
for low flow through the cooling coil. Subsequent tests -were made without the
diverging walls and without the perforated plate. Results show no measurable
difference when the perforated plate is used and the diverging walls removed.
This result was not unexpected since the diverging angle of the walls is quite high,
about 90°. When neither a perforated plate nor diverging walls were used, the
turbulence was highest. The flow just downstream of the fan was not affected for
all arrangements. Also the point of reversal of flow was noi affected appreciably
by any changes in the arrangement.

The results presented thus far have ignored airflow downstream of the

heating coil, since field data were not available for comparison purposes. Lack
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of emphasis on the heating coil airflow should not be construed to mean that the
flow is satisfactory. In fact, quite the contrary is the case, as illustrated in
Fig. 50. This figure shows the velocity profile downstream of the heating coil
fér' 25 percent and 75 percent of the total air through the coil. For these pariicu-
lar tests the velocity varies as much as 50 percent from the average velocity..

The results of the various tests using the model of the Building A fan room
are similar in most respects to the measurements in the actual system, Since the

airflow for the geometric and kinematic model was similar to the prototype, other

‘modele of the size of the Building A model provided information about airflow in

~a large fan room. All subsequent testing used the general model arrangement

(Fig. 4).

The General Model
Fan Qutlet
The fan outlet velocity was observec; to be erratic. The variation from
the average outlet velocity, as published by the fan manufacturer, was 100 percent
below the average and 85 percenf above the average. The fan outlet velocity profile

is shown in Figure 14, The resulis of the velocity measurement indicate unex-

plained points of zero velocity. The fan outlet velocity profile was similar for

~ all arrangements, that is, high velocity at the top and outer edges of the outlet

with low velocity at the interior and bottom of the outlet.

Fan Plenum Airflow

Airflow within the fan plenum was diificult to observe and measure. For

this reason the observations were limited to those which provide a general
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Figure 15, General Model, Fan Plenum Airflow Patterns.
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understanding of the airflow patterns between the fan and the coils. Turbulence
and secondary flows existed in the fan plenum. There was extensive wiping of
both the heating and cooling coil. The airflow pattern for a 50 percent cooling
flow ratic is shown in Figure 15. The region of highest velocity is in the blast
area. As the flow wag changed to either high heating or cooling flow rates, the
flow pattern shifted slightly in the direction of the increased fiow. For high cool-
ing flow ratios the wiping of the heating coil was more predominant. For the
opposite situation, the wiping of the cooling coil was less predoiminani:.

The use of distributing devices generally improved airflow in the fan plénum.
The visualization of airflow patterns downstream of a perforated plate was hampered
by the physical arrangement of the windows and the perforated plate position. There-
fore a detailed study of the movement of air in the fan plenum with a perforated plate
was omitted. Observations indicated a significant reduction in the turbulence and
wiping on both the heating and cooling coil for a perforated plate placed across the
fan plenum. The vaned diffuser did afford the opportunity for detail flow obsefva—
tion which is shown in Fig. 16. The diffuser increased the included angle of expan-
sion about twice that of the angle when no correction was used. Results of the
airflow pattern fests, when diverging walls were installed showed insignificant

improvement.

Coil Plenum

As was the case with the Building A model, the determination of the velo-
city profile at the coil required the measuring of the velocity downstream of the

coil. The wiping and erratic secondary flow prevented the measuremernt of the
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through-flow velocity of the coil from an upstream position. The test results for
an arrangement without any correction device was the basis for comparison. The
effect a correction device made on airflow was compared with the velocity profile
without the correction device. Besides the tests using either a perforated plate or
the vaned diffuser, the various positions of the fan and the duct connections were
evaluated.

General Model Without Correction Devices. The airflow through the coils

was non-uniform for an arrangement which used neither a vaned diffuser nor a
perforated plate. Typical velocity profiles for the cooling coil and heating coil
are shown in Fig. 51. For the heating coil the variation from the average face
vel:t)city was 120 percent while the cooling coil variation was 43 percent. This
difference. in the velocity profiles of the coil attributed to the differences in fin
spacing and the number of rows of tubes. The much higher air resistance of the
cooling coil aids in reducing the non-uniformity of airflow through the coil.

For low flow rates through the heating coil, exiremely poor velocity pro-
files' were observed and measured. Not only wa-s the flow distributed unevenly
downstream of the coil but also the flow reversed and passed back through the
coil into the fan plenum. The reversed flow was observed with smoke and yarn
tufts. The heating coil a'irﬂow profiles for two low heating conditions are shown
in Fig. 52. In the ﬂg'ure, the reversed flow is plotted as zero velocity, but
estimates place the magnitude at 100 to 150 fpm. The reversed flow existed with
the flow through the heating coil being as high as 30 percent of the total fun flow

rate. Even at very low flow as in Fig. 52b, the velocity of yeversed flow was
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estimated o be about 300 fpm. The reversed flow was observed for the heating

coil only.

The Vaned Diffuser. The vaned diffuser performed fairly well, provided

the fan was about 2-1/3 D or farther from the coil. The cooling coil velocity pro-
file using the vaned diffuser was observed and measured; resulls are shown in
Fig. 53. Figure 53a presents the velocity profile for the cooling coil. The pro-
file appears relatively uniform when compared to Figure 5la. The improvement
in the cooling coil velocity is quite apparent. Unfortunétely the vaned diffuser did
not improve the heating coil velocity profile; see Figure 53. The vaned diffuser
also failed to give a uniform cooling coil velocity profile for the position of the
fan at 1-1/3 D from the coil.

Perforated Distributing Plates. The perforated distributing plate provided

the best correction for non-uniform velocity profiles. For an arrangement with
the fan placed at 1-1/3 D the velocity profile of the cooling coil was uniform, as
shown in Fig. 54a. Alihough the heating coil profile refained some of the non-
uniformity seen in Fig. 53b, overall the profile was improved. The evidence of
the effegt of the perforated plate was obtained by comparing Fig. b with Fig. 53b.
For the fan positioned 2-1/3 D from the coils,. relaiively good velocity profiles
were measured for both coils. The results of the 2-1/3 D observations are given
in Figure 55.

After the results had established the perforated plate s superioy to the
diffuser and by far superior fo fhe system withoutl any cb:rreeﬁdn device, the posi-

tion of the perforated plate in the fan plenum was considered. For the fan positioned
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.at 2-1/3 D the velocity profiles of four different plate positions were measured.
Results are contained in Appendix G. The hest position was 1-1/2 D from the

fan to the periorated plate. Positions of 1 and 1/2 D also give acceptable resulis,
while the 2 D position resulted in a relatively poor velocity profile.

The data in Appendix D indicates that the size of the hole in a perforated
plate is not the important factor. Commercial perforated plate patterns are avail-
able from stock with holes sizes ranging from 1/20" {0 1/2". K is the free avea
that is significant. Since the perforation and pattern are not significant, data
from four plates were compared on tﬁe basis of free area. The four plates were
tested at 1-1/2 D from the fan. From the results it was evident that the plate of
48 percent free area was superior (Appendix G). In fact, as the free area increased
the relative improvement in velocity profile decreased. For 2 perforated plate of

80 percent free area, the velocity profile was totally unacceptable.

Other Factors Influencing Coil Velocity Profiles. As pointed out in the
discussion of results for the Building A model, no improvement was observed with
the addition of diverging walls in the fan plenum. This is not to say that diverging
walls have no value. For this study when a tapered or diverging wall was used
the angle of divergence was too large for theoretical improvement {Appendix D).
Any improvement in pressure recovery was not detected. . The diverging wall did
eliminate the vortex flow in the corners at the fan end of the plenum.

The position of the duct connection downstream of the coil was evaluated.
In ihis case ihe connection was a standard machine-formed bellmouth fit'i:i.ng. No

effect on the velocity profile was observed when the belimouth was moved to within
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one duct diameter of the coil. . Evaluation of positions closer than one diameter
were not possible with the methods used to measure velocity profiles. The

-approach velocity to the bellmouth entrance and the veloeity in the wake of flow

over the coil tubes were not conducive to establishing any sort of velocity profile
downstream of the coil. . Observation of a grid of yarn:tufts did not show any affect

of the bellmouth fitting on airflow immediately downstream of the coils.

Syétem Performance

The performance of the_system in.'terms of airflow for various damper
seftings was evaluated. Any effect on the system performance of correction device
was not measurable in terms of either a reduction of losses or an increase of in

airflow. As expected the head-flow curve measured for the fan is somewhat less

than the A.M. C.A. rated head-flow curve published by the manufacturer. Several
head-flow curves were measured for the model, a representative head-flow curve
is given in Fig. 17, and additional data is contained in Appendix G. Note that for
constant cfm the static pressure for the model is about 11 percent less than the
rated pressure. For the sdme static pressure the flow is reduced by 8 percent
from the rated flow. A reduction of 8 percent might not seem significant, but 8

percent is about equivalent to the supply air quantity for one floor of a twelve story

building. Results of this study did not show significant quantitative differences in
system performance for various positions of the fan or for the different correction

devices used in the fan plenum,
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Figure 17. General Model, Typical Head-Flow Curve

for the Model Fan Room.




- as there are no problems, such as, moisture carry-over from the coil, supply air

temperature stratification, or tenants complaining about heating and cooling, field
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CHAPTER VI

CONCLUSION AND RECOMMENDATIONS

The many possible variables arssociated with the built-up fan as well as the
complicated airflow characteristics make field observations difficult. When cool-
ing and heating coils are locateci in the region of expanding flow downstream of a
'fan“'; air distribution is poor. . The velocity through the cooling coil was observed
to vary as much .'as. 100 percent across the width of the coil. The velocity of air
wiping the face of the coils ranges up to four times the average face velocity.

Field evaluation of the dual duct fan room performance requires observa-

tions of airflow rate, static pressure, and airflow characteristics. Flow rates

are easier measured in a supply air duct, but when this is not practical measure-
ments in the coil plenums would be adequate. - Static pressure should be the average
of the measurements at several locations in the fan plenum, away from the main-
stream of flow. Generally, for the prototypes considered in this study the flow "
was 8 percent less than the specified system flow, while static pressure was

15 percent less than the specified fan static pressure. Distribution of air to the

coils could be observed with smoke downstream of the coil. Of course, as long

testing would not be necessary.

When a fan is located so as to discharge directly at the cooling and heating

R
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coils, uneven distribution of air occurs. Based on the results of model studies
‘the use of a perforated plate located in the expanding airstream from the fan
gives satisfactory airflow distribution. A perforated plate of about 50 percent
free area gave the best distribution of the plates tested. The perforﬁted plate
-performed best when placed about iwo-thirds the distailnée-- from the fan to the
coils. This recommendation agrees with that of a manufactufer, published after
this work was complete (12). To aid in eliminating wiping of the heating coils,

the coils should be offset with the heating coil placed farther downstream from

the fan. . Significant differences in flow or pressure were not observed for diffe-
rent fan positions or correction devices.

The results of the vaned diffuser performance indicate a further study of
opiimum design parameters would be useful. At this time the perforated plate
would be considered superior to other correction devices tested. But the vaned
diffuser offers the potential to regain static pressure at the same time the air

distribution is being improved. Since a detailed analysis of the diffuser design

was not made, a redesign might improve the diffuser performance. The diffuser

worked for the cooling coil at 2-1/3 D and a change of the vane angles would no

doubt produce better distribution of air to the coil for closer fan positions. A

perforated plate nsed to increase the resistance of the heating coil would probably
be required when a vaned diffuser is used.

The pefformance of the fan plenum is dependent on how well the high velocity
air stream from the fan discharge is distributed to the coils. Problems such as

moisture carry-over, coil wiping, and air stratification are related {o poor
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distribution of air. The losses in a fan plenum are difficult {0 predict. The
designer must be mindful of the fact that the fan is not installed in a manner simi-
lar o the way it is rated. The correction for the fan plenum loss can take the form
of the recommendations by the Air Balancing Council (12). The losses through per-
forated plates are in agreement with experimental results of several investigations
(17, 18, 19). The velocity downstream of the fan outlet should be considered as
an effective velocity, when losses for perforated plates are considered (Fig. 38).
Additional work is needed to evaluate the quantitative performance of the
perforated plate and design modifications for the vaned diffuser. Also the problem

of turning the airstream from the fan to the coils through 90° should be considered.
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-APPENDIX A

A SURVEY-OF TYPICAL FAN ROOM ARRANGEMENTS

Since the arrangement of the fan and coils of a dual duct fan room ave

' ? dependent on the architecture of the building, a variety of fan room arrangements
! L are used. Basically there are two arrangements, symmetric and non-symmetric.
Several types of symmetric arrangements are possible, including: parallel fans,

coils at 900 to the fan, coils directly ahead of the fan, and others. Generally for

non-symmetric fan rooms the coils are arranged ahead of the fan or at some
angle to the fan. For spaces with limited height, coils have been stacked diago- I

nally. A more interesting problem is arrangement of a fan room for a tall, nar-

row space. The author is familar with one such design, which used two paraliel
fans, one above the other with the cooling coil above the heating coil.
For arrangements to be presented here, all dimensions are in terms of

ﬂ fan wheel diameter. Chapter [ introduces the concept of fan wheel diameter being

the characteristic dimension of the fan room.

The first arrangements are symmetric, and are shown in Figure 18, 19,

and 20. Figure 18 is the only arrangement from which data were collected for
this study. The other two symmetric arrangements are the designs recolmmended
by Shataloff {1), Fig. 20 and an actual fan room built very similar to Shataloff's
recommendation, Fig. 19. Both of the parallel fan arrangements attempt to

direct the outside air through the cooling and dehumidifying coil, This is done
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so that outside air can be used for cooling and return air used for heating at certain

times.
Arrangements of non-symmetric fan rooms were given in the introduction,

Figures 1 and 2. Several more are congidered here. Similar to Figures 1 and 2

-are arrangements by Shataloff for a larger fan room, Fig.-21 and the other non-

symmetric fan room where data was taken for this study, Fig. 22. Figure 23
presents an actual arrangement, designed after the general model was constructed,
which is similar to the genéral model in configuration.

The remaining arrangements vary much more than previously discussed
arrangements from Shataloff's recommended arrangement. Due to height limita-
tions in the arrangement in Fig. 24 the coils were stacked diagonally. Although
the airflow shéuld appear good for diagonal coils, the flow of moisture is question-
able. There is a possibility of moisture dripping back into the fan plenum or
tending to fill a portion of the coil, if the coil is placed in the top-to-the~front
diagonal position, as in Fig. 24. On the other hand, for-the t.op-to—-the-back
diagonal position the moisture would be blow off rathey than run down the fins.
Wheré space is limited and does not allow the fan room to have the coils in the
plane parallel to the plane of the fan outlet, arrangements shown in Figures 25
and 26 have been used. Reports to the author from field inspections indicate that
the subway grating aids in turning the direction of air toward the coils (Figs. 25

and 26).
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APPENDIX B

PREVIOUS STUDIES OF CORRECTION DE VICES IN FAN -PLENUMS

There has been only a minimal amount of work done in the area of improving
airflow characteristics in plenums. The most significant work dealt with airflow
in box plenums used to distribute air to several ducts (15). The performance of
five types of entrances to the plenum were evaluated. Figure 27 shows the diffe-
rent entrances to the plenum used in the study. The performance of each inlet is
shown in Figure 28, note the additional pressure imposed'on the system to balance
the girflow in all ducts.

Most of Gilman’s work had the fan placed in a remote position upstream of
the plenum. A perforated plate and eggcrate straighteners were installed in the
duct between the fan and the plenum to obtain a uniform veloeity at the entrance to
the plenum. For the fan in the close-coupled position, system loss was higher than
the remote position, but not significantly so. The distribution to the outlets was
the same, also the rotational flow observed in the plenuin still existed. The vaned
internal diffuser performed similarly for both remote and close-coupled fan posi-
tions. No significant differences were observed with the straighteners and perfo-
rated plate removed.

One surprising fact represented by Fig. 28 is the poor performance of
vanes placed in the area immediately downstream of the abrupt expansion., Gilman's

data indicates that the abrupt expangion is better than the external vanes for the
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unbalanced plenum. A dual duct fan room by nature of the varying cooling flow
ratio would be classified as a balanced plenum.

The ofher study was pointed toward a problem of distributing air from a
fan to a bank of filters using a minimum amount of space, This study by Graham
(16) was essenﬁaliy qualitative. The test apparatus included a 49 inch backward
inclined D.1.D. W, fan discharging into a 6' x 6' x 8' plenum. : The velocity profile
downstream of the perforated plate was measured and found to range from 400 to
800 fpm. This variation appears rather large on first examination. But for the
filters used in Graham's study the average velocity chosen by a designer would
be in the 500 to 1000 fpm range. So a variation of 100 peréeht in velocity is with-
in the tolerable limits. Furthermore, the performance of a perforated plate in
terms of distributing air should be viewed as to how g@ the high velocity at the

fan outlet is broken-up and distributed to coils or filters.
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APPENDIX C

INSTRUMENTS AND MEASUREMENT TECHNIQUES

This study of fan rooms required three types of measurements. Of primary
importance was the measurement of velocity profiles within the model and prototypes.
Measurements of flow rate and pressure were made at various positions in the fan
rooms. Measurement techniques used are based on A.S.H.R.A.E, recommenda-
tions (25), which apply to the air eonditioning industry.

The empirical velocity profiles measured in the fan room are subject to
fluctuations due to instability of the flow. In the prototype, visual observations
were relied on in many instances. Velocity traverses were made in the fan and
coil plenums of both the model and the prototype. As mentioned in Chapter I,
theré were three velocity measuring techniques used. Only one method was
used to any extent, that being a pitot tube and micromanometer. For field tests,

a magnehelic gage or inclined manometer were used in lieu of the micromano-
meter. The other instruments used for velocity measurements were a yaned
velometer and a hot wire anemometer,

The accuracy of measurements is limited by the unsteady flow at the point
of measurement. The accuracy of the pitot tube used in lab testing is placed at
+ 2 percent (25). The accuracy of the micromanometer exceeds that of the pitot
tube, + 1 percent at 390 fpm, which is comparable with the hot wire anemometer

low range accuracy of + 4 fpm. Fan speed was measured to vary + 10 rpm at
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2700 rpm.

The fluctuating flow rate varied + 1 percent of the mean flow rate. A
calibration curve for one orifice appears in Figure 29. Note that the flow rate
determined by using coil friction loss data is reasonably close to the flow rates
determined by duct velocity traverse. Furthermore, the calibratiqn agrees with

flow rates measured in the coil pienum.

A
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APPENDIX D

SYSTEM LOSSES

Fan Exit Loases

Several methods of calculating the loss at the abrupt expansion of the fan
were available for use. Each method has been considered and compared. Simpli-
fying methods use the same techniques in calculating the losses as in calculating
the loss for an abrupt duct expansion (Figure 30). Flow is taken to be one-

dimensional, incompressible, and of uniform velocity over the flow cross section.

Borda Equation

Using the steady flow energy equation at constant elevation, an expression

for total loss at an expansion can be derived as follows (20),

m
|7
(a2

5 1

0 = b2
+

°

[

SN

2
+ =+ H (6)

or the loss is given by

" + P (7

A momentum equation without wall shear can be written by assuming velocities

are such that wall shear is neglected, and the fluid stream retains its shape and

size as it enters the larger section,
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A P, - AP =Tup ( 1 2) (8) 3
Dividing by the density p and rearranging
2wy -Y_;..-Yz) )
and since
o= VAp= V,Ap (10)
then
PaPy v (Vl'vz ) a1
p 2 g
or
P -P (V.-V,)
172 1 2"
= -V i 12
) 2 g (12)
putting Eqn. (12) into Eqn. (7)
V- V2 (V,-V,) .
1 2 -1 "2
H, = o v, Z (13)
or the general Borda formula for head loss is
2
V-Vy)
Ht = —'"2';'—' (14)

Bince continuity must holdg Eqn. (10)# Eqn. (14) can be written in terms of Vl
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and areas, and becomes,

(15)

For air in a duct the Eqn. (15) using conventional head units of inches of water

becomes,

h, = B;— (1 - Izl") Eée (16)

Using standard values for density, the area ratio for the general model,

and the definition of velocity pressure

1<%

(N

=
li
T

Equation {16) can be written as

h = .8412h (18)

Equation (18) is based on uhiform flow at the outlet of the fan, but this is
not the case. The expansion at the outlet might be thought of as two expansiong
in series, since the flow expands as it passes the fan cutoff, Fig. 31. At the cut-

off of the model fan the area is 0.75 Al and the equation would be modified to

h = .879h (19)
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Part of the loss of Eqn. (19) is accounted for in the performance data of the fan
published by the manufacturer. Therefore, Eqn. (18) is chosen to represent the
abrupt expansion loss.

Static Regain

Another method of considering the losses at anabrupt expansion is an
expression for the static pressure regain

hr=hvl_hv2-h

X (20)

Farquhar {13) used the static regain as a basis of estimating reduction in.
fan performance due to abrupt expansion losses. The static pressure obtained
by rating a fan by the A.M.C. A. test code includes static regain for the expan-
sion at the fan cutoff. In this case the area ratio is 0.75 for the model's fan.
Using the static regain curve given by Gilman_ (15), Fig. 32, the regain is 38 per~
cént of the velocity pressure at the cutoff,
h = .38h (21)
c
This regain is the loss resulting from the abrupt expansion, that can be subtracted
from the cataloged fan performance data to arrive at a corrected performance.
The results reported by Farquhar dealing with small forward curved fans produced
good correlation between predicted "Btatic'regain" ‘less and measured loss. The
results indicated 1. 1 velocity heads lost as a result of abrupt expansion which
agrees closely with recommended losses of 1. 0 velocity head (12). For the large

backward inclined fans as found in dual duct applications or even the small model
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fan, the method of subtracting the static regain from the fan rating would give
losses less than those from abrupt expansion calculations.

Recommendations for Fan Applications

The American Air Balancing Council recommend the following corrections
for abrupt expansion losses for fans (12); The correction being velocity heads
added to the fan static pressur;e, airfoil backward inclined--1. 0, backward inclined --
1.5, and forward curved--1.8. These corrections appear somewhat high when

plotted with the other loss estimates, (Egn. 18 and Eqn. 21) Fig. 33.

Turbulent Mixing and Friclion Loss

Analytical estimates of the losses for turbulent mixing have not been

attempted. The flow is subject to many variations as the system changes for

~cooling to heating. These variations in percentage of flow going through the ceils

would make analysis unreasonable. Gilman encountered a similar problem and
chose to neglect turbulent mixing. Since friction calculated by normal methods
is-small, friction at the plenum walls is neglected (21). In the study of box
plenums the difference between an abrupt expansion from the fan or a duct be-
tween the fan and plenum were not gignificant. The loss was estimated by the
Borda formula, Egqn. {15}, to be 0. 34 velocity heads. But the measured total
plenum loss was found o be 1. 17 velocity heads. If the system wag balanced for
equal flow from all outlet ducts, the loss was 1.77 velocity heads. This loss is
about the same as the 1.8 velocity heads for correction in selecting fans pub-
lished by the American Air Balancing Council (12). It appears that these

recommendations might be applied to the dual duct fan room in estimating losses,
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Resistance of System Coils

The registance of the coils is obtained from the manufacturer’s data (27).

- The resistance of the coils is increased by poor entrance conditions (21). The

velocity of air wiping the coil face was found to be 3 to 4 times greater than the

through flow face velocity. But as previously mentioned this increased resistance

has been attributed to furbulence in the fan plenum and was not considered a part
of the coil loss. The coil pressure losses and losses of subsequent components
to be considered is plotted in Figure 34.

The duct losses are based on accepted friction loss for ducts and fittings
(6, 7, 21). The bellmouth fitting losses were calculated using a coefficient of K

equal to 0.04 such that

th=Kxh =0.04h (22)
u u

is the total pressure loss and

4h ={(1+Kyxh_ =1.04h (23)
s v v
u u
is the static pressure loss. The combined friction loss for the ducts and bell-
mouth fittings, both cooling and heating, is plotted in Figure 34.
The losses through the flow measuring orifice are a function of velocity
and the ratio of the duct area to the orifice area. The loss in static pressure is

given by,

h, = C_h : (24)
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The coefficient CO, was given as a function:of the area ratio (21). For Eqn. {24)
the velocity pressure used is that at the Vena Contracta. For the orifices normally
used the coefficients for heating and cooling ducts were 0.21 and 0. 20, respectively
{21). Equation {24) is also applicable for calculating the drop at the damper, which
has an orifice over the end of the duct. The coetficients used for the heating and
cooling dampers in the open position were 1.7 and 1. 66, respectively (21). The

losses as a result of flow measurement and control are included in Figure 34.

Air Flow Correction Devices

Diverging Plenum Walls

A diverging transition at the fan outlet improves static regainand reduces tur-
bulent mixing losses (15). Consider first the static pressure regain by going back

to Eqn. 14 whichis for the ideal situation of 100 percent regain and can be rewritten

v 2 v 2 V.-V )2
g oo L _ 2 U1’z (25)
r 2g 2g 2g
for the actual regain
2
Yy - sz (vaz)z
1-Ir - ( 2g ) -K 2g (26)

Kratz (20) used equation (26) and the value of the experimental constant K obtained
by a previous investigator to compare angles of divergence. The values of K was
obtained from A. H. Gibson's work {20) and are expressed as a percentage of the
Borda loss, Figure 32. Figure 35 was given by Kratz based on Eqn. (26) and of
K from Fig. 32.

‘Gilman’s study {15) included a comparison of the abrupt expansion inlet to

a plenum and a 2 dimension diverging transition inlet to a plenum. For an included
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angle of 58° the measured loss was 1.17 velocity heads, which was the same as

the abrupt expansion. For the case of balanced flow in the outlet ducts the loss

was 1.42 velocity heads as compared to 1. 77 for the abrupt expansion. The theo-
retical static regain should have been about 0. 48 velocity heads as computed by
methods of this Kratz (20).

For the model fan, the use of a 600 included angle transition would regain

less than the estimates for Gilman's arrangement of fan and plenum. For the

o F g SR i e

genera] model having a Borda loss of 0. 8412 velocity heads, the static regain

should have been 0. 17 velocity heads. Converted into static pressure for an out-

let velocity of 3000 fpm, the static regain would be 0. 095 inches of water. The
static regain for included angles of 40‘0 is about the same regain as an abrupt
expansion. The only difference appears to be the reduction of some turbulence
in the fan plenum. |

Ajr Diffusing Devices

The vaned diffuser used by Gilman decreased the losses in the box plenum
(15). In fact, the plenum losses for the unbalanced situation were 0.78 velocity

heads for balanced cutlet flow. The use of the diffuser by Gilman eliminated about

50 percent of the box plenum losses. For the model's fan a similar reduétion in
losses would save 0.5 inches of water. A detailed analysis of diffuser static regain
is beyond the scope of this study and will be a part of subsequent studies with the

model.

Perforated Plates

i The losses resulting from the ﬁse of perforated plates can be estimated by
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~ using the techniques of Baines and Peterson (18). The pressure drop through a

screen or perforated plate can be expressed by a loss coefficient K,

K= 22 | 27)
PV, /2 '

Dimensional analysis {18) gives

AP _
pV02 /2" = f(Re ,A 0/ A ¢ pattern) (28)

The Reynolds, Re = Vob/2 has as a characteristic dimension the diameter b of the

.wire of a screen. Baines uses a solidity ratio, s =1 - (AO/At), but this is con~-

fusing since the air conditioning engineer usually speaks of free area. The free
area ratio 'AO/A " is the ratio of the open area of the plate to the total area.

The flow through a perforated plate is a series of jets that coalesce down-
stream of the plate. For analytic purposes, a single hole has been isclated from
the plate. The velocity and pressure relations for flow through a perforated plate
are identified in Fig. 36, {18). An expression for the loss coefficient K has been
derived by using a combination of the momentum and energy equation. Neglecting

losses,

2 2
%le +P1=y.ﬂ.?'2 +P, (29)

Z Forces =.,0Q(V3- Vz) = P2A2 - P3A3 (30)
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Assuming a mean velocity of VO

PV (V- V) =B, - P, (31)

Rearranging Eqn. (29) and substituting for P_ from Eqn. (31),

2
P+ Vz V2 = P 32
= P, -pV (V- V) (33)

assume Vl and V3 are at the mean velocity Vo and writing the difference in P 1

and P3 as AP,

By -y
AP = 2(V2 VO)
2
v v 2
2
-3 (v -1) (34
o

Thus the coefficient K can be expressed as

AP V2 2

Since at section 2 the vena contractor occurs, by using the open area, Ao’

the total area, At’ and the contraction coefficient Cc’ the continuity equation can

be written as,

CAV,=AV (36)

| ezt e e =
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-
§ : =i
21 (f_t_) e 1 37) f:
4 V0 Ccl Ao Cc(Ao/At) |
substituting for V2/VO in Eqn. (35),
_ 2
AP ( 1
£ o (-1 (38)
2
pVo /2 Cc(Ao/At) )

A plot of K versus AO/A + from Eqn. (38) for two different values of the
contraction conefficient, Cc is given in Fig. 37. The experimental resulis of
geveral independent investigations is also included in the Figure 37. Most of the

investigations of pressure drop across a screen or perforated plate use a uniform

approach velocity profile (17, 18). In those cases the value of VO is simply a mean

velocity, easily evaluated. The question of pressure drop across a perforated

plate downstream from an abrupt expansion is congidered by Lipstein (19). If |
the mean velocity is used for calculating the loss coefficient, K, in the area of

expanding airflow the K will be high. Graham (16) expressed pressure drop | |
across a perforated plate versus a mean velocity downstream of the plate. Recall ';l
that Graham h:ad a perforated plate downstream from a fan outlet. In order to

correlate Graham's data with Baines and others, the effective velocity correction

given by Lipstein was needed, see Fig. 38. By using the effective velocity, the \
pressure drop measured for perforated plates used in this study has been corre~ ‘
. |

lated with analytical predictions, Figure 37. k
|
|

|
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APPENDIX E
AIRFLOW ANALYSIS

Velocity Profiles

The outlet velocity profile is-nonuniform. k Often the velocity profile does
not follow the expected trend of high velocity a.t the outside of the scroll decreas-
ing to low velocity as the cut-off is approached. Tﬁe results of Graham (16)
point this out, and were substantiated by this study.' Figure 39 contains profiles
reported by Graham for a 49. inch airflow D W.D.1. fan, discharging into a plenum
containing a perforated plate ahead of & bank of filters. Tﬁo peoints should be
noted, first, the non-uniformity of the velocitjr profiles and second, the similarity
of profiles for the same fan uader different conditions, such as outlet vanes,

- The ability of a perforated platé to modify the fan outlet veiocity profile,
distributing over the entire face of a filter is shown in Figure 39. Note the
improvement resuiting from using vanes in the fan outlet to deflect the air to the
upper portion of the filter. Also the velocity modification was beiter if the plate

hags less free area in the blast ares of the fan.

Prediction of Flow Regions
The three regions of flow for an abrupt expansion are given in Figure
40 in terms of distance from the:expansion interface. Using Figure 40 the

flow regions were determined for either Building A or general model, both
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have the same -WI/WZ ratio, 0.39. Recall that the ouflet dimension of a

fan is a function of the wheel diameter. For double width, double inlet cen-

| trifugal fans Wl ranges from 1.06 D to 1.1 P. The region of three-dimensional
vorticity for the model would be up to 14 inches or about one fan wheel diam-
eter from the outlet. The reverse flow would occur up 76 inches or about

5 D. The point of reattachment, if space were available would be 102 inches
or 6.8 D. Thus, if the above data is applied to a fan plenum, the charac-
teristic flow regions would appear as -shofvn in Figure 41. Several obvious
assumptions were made to -apply the two dimensional expansion data to flow

in a fan plenum. First of all, the fan plenum is a three-dimensional, not- -
two-dimensional expansion. Secondary, the outlet velocity for the fan plenum
is non-uniform. Third, aithough not in importance, the fan plenum has an
.obstruction, cooling and heating coils, in the flow expansgion region. The
obstruction in the form of coils might be offset, as much-as one fan wheel

diameter iz not uncommon. Also the cooling flow ratic is not constant.

Distance Between Fan and Coils

The empirical relationships for maximum velocity pressure at the face
-of the ceils provide one-method of estimalting'the performance of a fan plenurﬁ.

For the cooling coil the following equation is recommended (12),
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VP < 0.4(AP_ +VP) (39)

where é.-Pc/VPc > 27. A similar equation is recommended for the heating coil,

VP < 0.25(4P_+ VP ) (40)

e A i B L e e
A Ton e h

where aPc/ VPc. > 5. Equations (39) and (40) are used in conjunction with empiri-~

cal data plotted in Figure 42. By establishing a maximum velocity pressure at

the face of the coil with either Eqn. (39) or (40), and knowing the coil average face
velocity and pressure drop; the ratio, VPe/VPo’ can be used in Figure 42 to find

the distance L. As an example, the general model ia considered. Using a coil

face velocity of 500 fpm as a basis for the model airﬂow, the VPe/‘VP0 ratio is
0:216. From Figure 42, the value obtained for L/D is about 2. Since D for the
model is 18,4 inches, the minimum L is 36. 8 inches or 2. 4 fan wheel diameters,
If the fan is placed closer than minimum 1., a perforated diffusing plate is recom-

mended (12). Comparing this result fo the flow at 2.4 D as shown in Figure 41,

it appears that the minimum L is not far enough downstream for a good distribu-
tion of airflow at the coil face. Results of studies of airflow in the model have
shown that a perforated plate will improve the distribution at the cooling coil
greatly, for distances of 3% D and closer. For the heating coil, use of Eqn. (40)
in a manner similar to the above example gives a minimum distance of 4.4 D.

This appears to be more in line with observations and flow regions (19).

Velocity Modification by Perforated Plates

Experimental observations of periorated plates have shown that the local

[
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Figure 43. Predictions of Velocity Modification

for a Perforated Plate (Ref. 18, of Fig. 4).
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pyessure drop is essentially constant for any velocity distribution. Therefore, a

relationship between V

1 and V3, see Fig. 11, can be established if the terms PS-P2

is evaluated (18). Based on the experimental observations of Baines, the upstream

emergy equation can be written,

2
| P P = PVI 41
s "1 2 (42)
aﬁd the downstream energy equation,
eV
_ K 3
Pp-Py=l-773 7, "0 2 (42)
2 :
> K pPV; Ko V02
Po-P=U-TTa7a )2 * Tz 43)
ot
Ei;uations (41) and (43) can be combined with the perforated plate energy equation,

_ _ _ _pP 2_ 2
AP-(1 Ao/At)(PS P2) 5 (V3 V1 ) (44)
to give velocity modification equations,
' 2
V., 2 K+(V,/V)
3 I o -
= (45)
vV K+1
o _
V., 2
and 1y
_ (VS 2 K+ AO/At (_VO)
9 = : (46)
v, | | K+ Ao/At
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e Equation (46) is the more accurate. These equations consider mean flow

only. Baines (18) gives four other velocity modification equations used by previous

TRAT S

researchers. Equation (45) and (46) predictions of velocity profiles differ less

than 2 percent. Experimental results show agreement for high free area ratios,

remn ey

see Figure 43. The data for perforated plates followed similar velocity modifi-
cation as the screen data. For a jet of air, similar to an abrupt expansion, the
velocity modification tend to slightly under-predict the velocity profile correction
for screens. But the predictions of perforated plateé for the same free area ratio

deo not agree with experimental ¢bservations. Baines gives no apparent reason for

the disagreement. The inability of velocity modification equations to accurately

predict the improvement in profile tends to discredit their use.
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PROTOTYPE FIELD TESTS AND SELECTED VELQCITY PROFILES

Table 2. List of Prototype Tests

Test

No. De_scription Date
P-1 . Building A, Upper West, with Diffuser 4-18-69
P-2 Building A, Upper West, with Diffuser 4-25-69
P-3 Instrument Calibration Checi{ 5-2-69
P-4 Building A, Upper West, without Diffuser 5-6-69
P-5 Building C, Upper East, with Diffuser 5-6-69
P-6 Building A, Upper Wesf, without Diffuser 5- 15- 69
P-7 Building A, Upper East, with Diffuser 5-15-69
P-8 Building B, Upper East & West, with Diffuser 5-19-69
P-9 Building A, Airflow Measurement 5-19-69
P-10 Building B, Airflow Measurement 5-20-69
P-11 Building A, Upper West, without Diffuser 9-15-70
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Figure 44. Fan Outlet Velocity Profiles, Building A

Upper West Fan Room.
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Figure 49, Building C Fan Room Velocity Profiles.
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APPENDIX G

MODEL TESTS AND SELECTED DATA

b Table 3. Tests Using the Building A Model

Test

No. Description

1 Fan Outlet Velocity Profile

2 Recheck of Test No. 1w/Coil Velocity Profile &
Observations

3 Evaluation of Anti-Wipe Baffle

4 Perforated Plate Evaluation for 0.25 Cooling Flow
Ratio

5 Same as Test No. 4, but with 0.75 Cooling Flow
Ratio

6 Removal of Diverging Wall for 0.75 Cooling Flow
Raiio

7 Repeat of Test No. 6 for 0.25 Cooling Flow Ratio

8 Perforated Plate Position Evaluation 0.75 Cooling
Flow Ratio

9 Abrupt Expansion, 0.75 Ceoling Flow Ratio

10 Abrupt Expansion, 0.25 Cooling Flow Ratio
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Table 4. Preliminary Tests with the General Model

Test
No. Description
11 Fan Outlet Velocity Profile
12 Recheck of Test No. 11
13 Fan Plenum Velocity Profiles
14 Same as Test No. 11 and 13, with Varying Cooling Flow
Ratio
15 Evaluation of Fan Head-Flow Characteristics
16 Fan Plenum Air Motion Observations for Varying
Cooling Flow Ratio
*
Table 6. Velocity Profile Tests with the General Model
Test
No. Description
17 Cooling Coil; 3.33 D; 0.55; None
18 Cooling Coil; 3. 33 D; 0.55; Vaned Diffuser
19 Cooling Coil; 3.33 D; 0.55; Perforated Plate No. 1 @ 2D
20

-Cooling and Heating Coils; 2. 33 D; 0.55 Perforated Plate
No. 1@1D

Tests are velocity profiles measured at the leaving side of the cooling and heating
coils, described as follows: coil or coils tested, distance from fan to coil surface,

cooling flow ratio, correction device, distance from coil to bellmouth duct connec-
tion, if other than 3 duct diameters,
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Table 5 (Continued). Velocity Profile Tests with the General Model

Test
No Description
21 Cooling and Heating Coils; 2. 33 D; 0.55; None
22 Cooling and Heating Coils; 2.33 D; 0.55; Vaned Diffuser
23 Heating Coil; 2.33 D; 0.77; None
24 Heating Coil; 2.33 D; 0.77; Perforated Plate No. 1@1D
. 25 Cooling and Heating Coils; 1. 33 D; 0.55; Perforated
Plate No. 1@ 1D
26 Cooling and Heating Coils; 1,33 D; 0. 55; None
27 Cooling and Heating Coils; 1.33 D; 0. 55; Vaned Diffuser
28 Cooling and Heating Coils; 2. 33 D; Varying Cooling Flow
Ratio; None; 1 Diameter
29 Cooling and Heating Coils; 2. 33 D; Varying; Perforated
Plate No. 1@ 2 D; 1 Diameter
30 Recheck of Test 28
31 Heating Coil; 2.33 D; 0.55; Perforated Plate No. 1
@ 1 D; 2 Diameters
32 Heating Coil; 2. 33 D; 0.55; None; 2 Diameters
33 Heating Coil; 2. 33 D; 0.55; Perforated Plate No. 1
@ 2 D; 2 Diameters
34 Heating Coil; 2.33 D; 0.55; Perforated Plate No. 1
@ 2 D; 3 Diameters
35 Cooling Coil; 2.33 D; 0.55; Perforated Plate No. 1
_ @ 2 D; 1 Diameter
36 Cooling Coil; 2.33 D; 0.55; Perforated Plate No. 1

@ 2 D; 3 Diameters
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Table 5 (Continued). Velocity Profile Tests with the General Model

Test
No,

Description

37

38
39
40

41

Cooling and Heating Coils; 2.33 D; 0.55 Perforated Plate
No. 1@1.5D

Cooling and Heating Coils; 2.33 D; 0.55 Perforated Plate
No. 1@ 0.5D

Cooling Coil; 2. 33 D; 0.55; Perforated Plate No. 2
@1.5D

Cooling Coil; 2.33 D; 0.55; Perforated Plate No. 3
@1.5D

Cooling Coil; 2.33 D; 0.55; Perforated Plate No. 4
@1.5D
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Figui'e 50. Building A Fan Room Moedel, Downstream Heating

and Cooling Coil Velocity Profiles,
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Flow Rates without a Corrective Device,
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Figure. 54. General Model, Cooling and Heating Coil Velocity Profile Using a

Perforated Plate with the Fan at 1-1/3 Diameters from the Coils.
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Figure 55. General Model, Heating and Cooling Coil Velocity Profile Using a

Perforated Plate with the Fan at 2-1/3 Diameters from the Coils.
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Table 6. Test No. 20

Fan Position from Coils: 2.33 D
Correction Device: Perforated Plate No. 1
Position of Plate from Fan: 1D

Cooling Coil Velocity Profile:*

R et T U _‘_._'. " T

crearow

1 2 3 4 5 6 7 8
A 300 320 270 400 350 300 260 360
B 370 320 390 400 280 300 320 1290
C. 300 310 410 410 340 310 310 280
D 420 420 350 360 360 340 300 330
E 310 330 380 400 350 340 310 320
F 360 380 300 370 380 390 340 300

"Average Velocity: 368 ipm, Flow Rate: 4050 cfm.
Heating Coil Velocity Profile:

1 2 3 4 5 6
A 360 400 500 490 490 450
"B 350 430 430 480 470 540
C 400 250 490 480 480 580
D 460 490 540 600 620 520
E 530 540 620 630 470 300

Average Velocity: 550 fpm, Flow Rate: 4120 cfm.

*
Profile is taken looking into the leaving side of the coils for all data in
Appendix G.
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Table 7. Test No. 21

Fan Position from Coils: 2.33 D
Correction Device: None

Cooling Coil Velocity Profile:

1 2 3 4 5 6 7 8
A 440 470 430 420 0 270 210 250
B 560 520 470 390 0 330 200 230
C 460 510 470 360 0 290 210 210
B 410 540 470 460 0 290 210 230
E 440 600 490 450 0 280 230 250
F 460 610 450 380 0 210 350 240

Average Velocity: 355 fpm, Flow Rate: 3905 cfm.
Heating Coil Velocity Profile:

1 2 3 4 5 6

A 230 290 310 430 500 400
i! B 190 190 230 390 490 440
| c 370 340 310 410 490 820
D 340 200 340 480 680 740

E 220 380 490 740 1000 1100

Average Velocity: 500 fpm, Flow rate: 3755 cfm.
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Table 8. Test No. 22
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Fan Position from Coils: 2.33 D

Correction Device: Vaned Diffuger

Cooling Coil Velocity Profile:

E

F

Average Velocity: 376 fpm, Flow Rate:
Heating Coil Velocity Profile:

D

E

1

200

440

420

380

350

250

1

270

340

270

310

420

2

420

480

410

390

430

430

2

270

210

190

310

380

3

330

440

450

480

440

390

3

350

280

290

310

310

4 5
420 _ 200
440 290
430 320
460 290
410 310
450 310

4140 cfm.

4 5
400 550
390 550
490 630
610 770
930 1070

Average Velocity: 498 fpm, Flow Rate: 3740 cim.

260

290

310

290

250

360

250

470

720

600

760

200

290

230

290

290

340

290

250

310

310

200

320
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Table 9. Test No. 36

2 Fan Position from Coils: 2.33 D
Correction Device: Perforated Plate No. 1
Position of Correction Device from Fan; 2D

Cooling Coil Velocity Profile:

1 2 3 4 5 6 7 8

'. : A 320 330 . 280 340 i80 170 200 350
B 580 370 340 340 160 | 230 280 220
C "~ 460 350 340 320 190 320 250 , 310
D 500 340 310 340 290 320 280 290
E 390 390 310 350 240 320 280 340
P 290 460 270 360 0 410 380 280

Average Velocity: 338 fpm, Flow Rate: 3720 cfm.
Heating Coil 'Velocity Profile:

1 2 3 4 5 6
A 540 570 570 600 730 400
B 490 420 510 590 670 90
C 340 300 | 480 550 700 580
D 220 430 420 620 700 480
E 620 6840 710 760 830 950

Avérage.Velocity: 605 fipm, Flow Rate: 4537 cim.
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Table 10. Test No. 37

Fan Position from Ceils: 2.33 D

-.— Correction Device: Perforated Plate No. 1

r Position of Plate from Fan: 1.5 D

€ooling Coil Velocily Profile:

1 2 3 4 5 6 7 8

;}J A 260 230 350 380 360 300 200 310

: B 430 ¢ 390 390 400 340 240 320 320

C 380 350 370 400 340 350 300 330
2 430 340 340 380 340 340 310 360
E 380 380 380 380 a70 370 350 260
F 350 360 400 390 320 410 360 320

Average Velocity: 376 fpm, Flow Rate: 4160 cfm.
Heating Coil Velocity Profile:

1 2 3 4 5 6
A 380 400 830 530 490 220
B 360 420 440 470 490 460
C 400 420 440 440 470 500
D. 450 450 500 560 310 560
E 490 560 650 410 220 460

Average Velocity: 494 fpm, Flow rate: 3700 cfm.
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Test No. 38
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Fan Position from Coils: 2.33 D

Correction Device: Pcrforated Plate No. 1

Position of Plate from ya.:

L£ooling Coil Velocity Profile:

F

Average Velocity: 358 fpm, Flow Rate:
Heating Coil Velocity Profile:

1

360

390

400

420

350

390

1

440

410

410

370

470

2

290

410

390

420

390

420

2

460

420

420

470

500

3

370

310

330

410

300

300

3

370

540

460

920

470

0.5

4
190
450
390
380
390

430

4
370
440

600
580

280

300
310
300
390
350
390

39}40 cfm.

460
470

560

490

360

Average Velocity: 462 fpm, Flow Rate: 3465 ¢fm.

330

380

350

310

350

410

500

650

620

410

360

290

350

310

370

300

430

310

320

300

280
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