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The dual duct system has its own inherent favorable characteristics 

in many aspects of air conditioning in multi-zone spaces. Much systematic 

engineering design data are available in the areas of ductwork and con­

trol terminals but not for the central installation fan room. The conven­

tional abrupt expansion fan room arrangement gives poor distribution of 

air. The purpose of this study is to build a fan plenum for investigating 

flow characteristics and to use airflow correction devices to improve the 

fan room performance under conditions of limited available space. 

Three series of fan plenum arrangements associated with air flow 

correction devices were introduced in this study: (1) a standard type fan 

plenum; (2) changing of fan plenum aspect ratio; and (3) the supply air 

turned 90 degrees to enter the coils. In the first two series of studies, 

the 60 degree two-dimensional, and 45 degree three-dimensional vaned 

diffusers provided satisfactory distribution of air, regain of static 

pressure, and reduction of 307o fan plenum total pressure loss as compared 

with the abrupt expansion. A perforated cone diffuser performed poorly; 

a decrease of 20% of flow rate was found as compared with the abrupt 

expansion for a constant static pressure. A change of aspect ratio did 

not show a significant influence on static pressure and flow rate in the 

fan plenum. General criteria for vaned diffuser design and effective 

distribution of air to the coils were suggested. 

The studies made with the supply air turned 90 degrees into the 

coils, Series 3, indicated that the subway grating and airfoil vanes 



xi 

performed satisfactorily for the flow distribution from the fan to the 

coils. The vaned splitter gave the best heating coil velocity profile. 

The combined vaned splitter, either with subway grating or airfoil vanes, 

offered the best distribution of air for both cooling and heating coils, 

without an excessive reduction of flow rate or static pressure. 
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NOMENCLATURE 

A Area of cross section 

AR Area ratio = A?/A 

_2 
C Static pressure recovery : P. - P.. j \ p V 

C . Ideal static pressure recovery = 1 - TT 
P 1 (AR)2 

D Fan wheel diameter 

f Vane length 

g Acceleration due to gravity 

g Gravitational constant 

R, Diffuser head loss = C . - C T, pi p 

H Static head s 

H Total head 
t 

H Velocity head 
v 

h Total head loss 

K Loss coefficient 

L Length of a diffuser wall or length of duct 

N Diffuser axial length 

n Number of vanes 

Ap Static pressure drop in duct 

P Static pressure 

Q Flow rate 

-2 
q Velocity head = \ p V 

R Radius 

R Resistance in fan plenum 



Fan outlet height 

Fan plenum depth 

Velocity 

Average velocity = Q/A 

Diffuser width 

Distance from fan outlet to the 

Angle between vanes 

fn 2 
Momentum coefficient - V dA 

JJA 

Diffuser angle 

Boundary thickness 

Diffuser effectiveness = C /C 
P P 

Density 

Abrupt expansion 

Bell-mouth fitting 

Duct 

Exhaust 

Friction 

Exponent index 

, ... Position of sections 



Abbrevia t ions 

S.P. Static pressure 

T..F,, Total pressure 

V.P. Velocity pressure 

fpm Feet per minute 

cfm Cubic feet per minute 
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CHAPTER I 

INTRODUCTION 

Preliminary Statement 

Developments in recent years have led to various types of air 

conditioning systems, and the design engineer can now choose from all 

manner of different systems. The use of high velocity air handling 

systems, with their inherent advantages, has permitted the development 

of the dual duct and variable volume concepts of system design. 

The dual duct system offers many features that are favorable 

for application to multi-room buildings where individual zone or space 

temperature control is desired. Basically the system employs two 

streams of air, one cold and one hot, which are distributed in separate 

ducts making it possible to heat or cool a given space as required. 

For a system to function properly, two features are required: 

a well-designed distributing duct system, and high performance of 

central station equipment. As a result of research and experience, 

authoritative data are available for designing the ducts and fittings 

where pressure loss, heat loss, and noise reduction have been con­

sidered . 

The central air handling equipment or fan room is the heating 

and cooling "supplier" for all of the user zones. It consists of three 

essential components: supply air fan, heating coils, and cooling coils. 

This study is concerned with the central air handling equipment. In 



particular, the using of air flow correction devices to distribute the 

airstream will be considered. 

Shataloff (9) presented a few standard types of dual duct fan 

room arrangements with perforated plates to produce a uniform velocity 

profile in the fan plenum. Other studies in this area are very limited. 

A design engineer can rely on past experience in adapting fan, coils, 

filters, etc. to a space, allowing maximum rental space. The complex­

ity of the dual duct fan room often makes it difficult to evaluate 

performance, such as poor velocity distribution, by this lack of 

systematic engineering data. 

Frequently, the fan room conflicts with the space limitations 

imposed by the building architecture. Such things as limited space 

requires a length of supply fan discharge duct or transition section 

in order to recover static pressure. The supply fan is sometimes 

installed so that the airstream is turned from the fan to the coils 

through 90 degrees in order to adjust the space limitations imposed by 

the building architecture. This case is more difficult to predict and 

to evaluate what design worked or did not work due to the lack of infor­

mation available. 

The major objective of this study is to present the air flow 

characteristics and perofrmance in dual duct fan plenums with space 

limited conditions with various air flow correction devices. This study 

will establish how well the airstream is distributed from the fan outlet 

to the cooling and heating coils of a built-up fan room. 
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Three test series of fan plenum arrangements associated with the 

air flow correction devices were introduced in this study: (1) general 

fan plenum, (2) changing of fan plenum aspect ratio, and (3) the fan 

plenum requiring supply air turned 90 degrees from the fan to enter the 

coils. 

The air flow correction devices used in a general fan plenum 

arrangement, Test Series 1, were a perforated cone diffuser, the 60 degree 

two-dimensional vaned and unvaned diffusers, and the 45 degree three-

dimensional vaned and unvaned diffusers. The conventional abrupt expan­

sion and 100 degrees of divergent wall fan plenums were also studied as 

the basis to compare the performance with that obtained when correction 

devices were used. 

The influence of changing of the fan plenum aspect ratio on 

performance in a fan plenum with vaned diffuser correction devices was 

considered in the Test Series 2. This series of study established the 

criteria for vaned diffuser design and effective distribution of air from 

the fan to the coils. 

The air flow correction devices used in the Test Series 3, in 

which air flow turned 90 degrees from the fan to enter the coils, were 

subway grating, airfoil vanes, perforated plate, and vaned splitter. 

Where 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, the fan room 

arrangements required the air flow to turn an angle to enter the coils . 

This particular test series will give insight into the flow characteristics 

in the fan plenum by which a design criteria and performance evaluation 
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can be established for a fan plenum requiring air flow to turn through 

an angle into the coils. 

To develop this study, a fan plenum which simulated various fan 

room arrangements was constructed. The data presented here has been 

limited to the dual duct fan plenum. However, the results are considered 

to be applicable to all other systems. 

Survey of Previous Work 

For actual fan installations in the field, it is difficult to 

obtain the fan's full rating. The three most important factors contri­

buting to poor fan performance in the field are: eccentric flow, spin­

ning flow into the fan inlet, and fan discharge ductwork that does not 

allow full development of fan static pressure. The effects of inlet 

conditions on the fan performance has been discussed in many reports 

(1, 3, 4). The discharge duct connection provides for regain static 

pressure, thus increasing the air flow rate and reduction of fan power 

costs. Farquhar (5) and Seibert (2) have given quantitative data showing 

the influence of outlet ducts on the fan performance. Their works are 

not concerned with how they affect coil performance and flow patterns in 

the fan plenum. Furthermore, from the standpoint of actual field appli­

cations a long length of discharge duct is impractical or may be impossi­

ble with limited building space. 

Distribution of high velocity air out of the fan has been considered 

by Gilman (6) using diffusers in box-type plenums for air conditioning 

duct systems. The entrance section consisted of an internal expansion 
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section. Recently Graham (7) has reported using perforated plates to 

produce smooth velocity profiles over the filters immediately down­

stream of the fan discharge. Cerami (8) has suggested that the perforated 

cone diffuser could provide a better acoustical picture while also improving 

distribution of air across the coil surface. There were no quantitative 

data presented in the Cerami study. Shataloff (9) has given a typical 

arrangement of a fan room and has suggested using a perforated plate to 

redistribute airstream to the coil face. An empirical method of 

estimating the distance from fan to the coil banks for an acceptable veloc­

ity distribution at the coils also has been given in Reference 3. 

Aside from the limited work mentioned above, very little systematic 

study has been made of the design of fan rooms and the methods of improving 

distribution of air from the fan to the coils in a dual duct fan plenum. 

Unfortunately, a fan room arrangement requiring air flow to turn through 

an angle to enter the coils has not been studied. 

A recent study made by Stone (10) has provided insight into the 

air flow characteristics in a built-up fan room. In Stone's study, a 

general model of a dual duct fan plenum which simulated various fan room 

arrangements was constructed to study the air flow characteristics in the 

fan plenum. Perforated plates were used to improve the distribution of 

air from the fan to the coils and produced satisfactory performance. The 

design parameters for using the design of a built-up fan room were also 

introduced. Therefore, criteria for design of dual duct fan room and 

evaluation of performance were established. However, Stone did not 

study the effect of varying aspect ratios of the fan plenum on the air 

flow characteristics and performance. He studied only one type splitter 



diffuser and did not study the case where the air flow turned through 

an angle to enter the coils. In order to present the design information 

for use by design engineers working in these areas, it is necessary 

to study further in these cases. 

Diffuser Applications 

The diffuser is a very old but geometrically simple device which 

has wide application in internal fluid-mechanical systems. Often the best 

performance of intake and exhaust systems of gas turbines, compressor, 

heat exchangers, wind tunnels, and air conditioning systems depends on 

the use of diffusers. The use of diffusers in an air conditioning system 

is found in ductowrk transition sections and is limited to small expansion 

angles only. The purpose of using diffusers is to produce both a reduction 

of flow stream velocity and an increase in its static pressure. 

The designer of a diffuser often comes across a difficult situation 

when a large pressure rise has to be obtained with a short wide-angle 

diffuser. This is due to the presence of stall flow in the diffuser 

passage. The process of conversion of kinetic energy into static pressure 

is very inefficient in such diffusers. Such a condition calls for the use 

of well-designed flat vanes in the passage of diffusers to modify the flow 

field. Thereby, a stable, smooth flow and high static pressure recovery 

are obtained (11, 12, 13, 14). This will afford an opportunity of 

applying wide-angle, vaned diffusers in dual duct fan rooms where there 

is a space limitation. The details of vaned diffuser design are given 

in Appendix A. 
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CHAPTER II 

DESCRIPTION OF APPARATUS 

Series 1: General Fan Plenum Arrangement 

The test stand and measuring equipment in this test have been 

described in the previous study of this sequence (10) except for 

changing of some installations and air flow correction devices. Addi­

tional details which are necessary to understand the present test are 

given here. The general arrangement of the test apparatus is shown in 

Figure 1. 

The construction of the testing apparatus necessitates considering 

the following aspects of a fan room: (1) capability of changing aspect 

ratio, divergence of wall, fan position, and coil position; (2) installa­

tion of air flow correction devices with minimum work; (3) ease in adjus­

ting both heating and cooling flow rate; and (4) capability of observing 

airstream patterns in the fan plenum. 

The apparatus was composed of three box plenums (fan plenum, 

cooling coil plenum, and heating coil plenum) and two distribution ducts. 

The box plenums were made from plywood. The top and wall sides of 

plenums were installed with several windows of transparent material to 

permit visual observation of flow direction indicators consisting of two-

inch long yarn tufts uniformly spaced downstream of the coils. Air was 

discharged from the supply fan into fan plenum, then separated into two 

streams, one flowing into the cooling coil plenum, the other into the 

heating coil plenum. The flow rate through each duct was measured by 
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Figure 1. Sketch of General Fan Plenum 
Arrangement, Test Series 1 
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means of orifice flow meters. The adjustable cone-shaped dampers were 

used to control flow ratio. 

Tne static pressures at stations 1, 2, 3, 4, and 5 were measured 

by piezometer rings. Rubber tubing connected all gages mounted on the 

instrument panel (not shown in Figure 1). These gages, which read 

directly from 0.01 to 0.001 in. of water, were calibrated with a hook 

gage type of micromanometer. The fan speed was measured by an indicator 

that read directly in revolutions per minute. The fan speed was kept 

constant for all series of tests. When a greater variation was required, 

the fan speed was adjusted by variable speed sheaves installed on the 

motor. 

Correction Devices 

The air flow correction devices used in this series and associated 

with the arrangements are shown in Figure 2. The principle details of 

these devices are described as follows: 

Type 1 --Abrupt expansion. This is the conventional method of 

discharging air into the fan plenum. The performance of this arrangement 

was used as basis for comparing with the other correction devices or 

arrangements. 

Type 2 -- Diverging wall. The 100 degree of included angle was 

used as a maximum angle in the fan plenums in most practical field appli­

cations . 

Type 3 -- Perforated plate. A 50 percent free area, \ in. diameter 

hole perforated plate was selected as reported by Stone (10) offering the 

best performance in his study. 
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Type 4 -- Perforated cone diffuser. The layout details are shown 

in Figures 2 and 3. This type of device has been used by some design 

engineers to improve distribution of air. Whether it works well or 

not still remains a question. There is no information available to design 

the perforated cone diffuser. However, Stone's (10) study indicates that 

the size of the hole in a perforated plate is not the important factor 

for the distribution of air from the fan to the coils. It is the free 

area that is significant. The perforated plate of about 50 percent free 

area is superior for the air distribtution. The total flow rate will 

govern the free area in a perforated cone diffuser. The size of the hole 

in a perforated plate should be chosen so that the free area is about 

50 percent. 

Type 5 -- Two-dimensional straight-walled diffuser. Sixty degree 

expansion angle, two-dimensional diffusers without a vane, with %D length 

flat vanes, and with l̂ D length flat vanes were used. The flat vanes 

used were made from sheet metal (0.04 in. thick) and were essentially 

straight except for the leading edge which had to be curved to reduce 

the angle of attack. Layout details are given in Figures 2 and 3. The 

design procedures and method are discussed in Appendix A. 

Type 6 -- Three-dimensional straight-walled diffuser. Forty-five 

degree expansion angle, three-dimensional diffusers without a vane, and 

with ID length flat vanes were used. The layout details are shown in 

Figures 2 and 3. The design procedures and method were the same as 

two-dimensional diffusers in principle. 
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Series 2: General Fan Plenum Arrangement 
--Changing of Aspect Ratio 

The test apparatus is the same as the Series 1 arrangement shown 

in Figure 1 and described previously except for the changing of aspect 

ratio of the fan plenum. Two-dimensional and three-dimensional diffusers 

were used as the air flow correction devices. The performance of this 

test series was compared with that of Test Series 1. A general method 

of distribution of air from the diffuser outlet was investigated with 

the changing of aspect ratio. The diagram of the fan plenum associated 

with air flow correction devices is plotted in Figure 4. 

Series 3: Fan Plenum Arrangement Requiring 

Air Flow to Turn 90 Degrees to Enter the Coils 

The general arrangement of the testing apparatus is shown in 

Figure 5. Except for the fan being located at the heating coil side of 

plenum wall, all the apparatus was the same as that used in Test Series 1. 

The airstream was discharged from the fan into the plenum and then turned 

90 degrees to enter the heating and cooling coil plenums. The air flow 

correction devices were installed diagonally across the fan plenum 

except the vaned splitter device was mounted on the fan outlet. The 

correction devices functioned to guide and redistribute the airstream to 

turn 90 degrees to enter the coils so that the fan plenum performance 

was improved. The types of correction devices used in this test series 

are listed in Table 1, In addition, the studies were made with the com­

bination of two types of devices. 



Table 1. Air Flow Correction Devices for Test Series 3 Studies 

Type No. Description 

9. Abrupt expansion Used as the basis for comparison of the 
effectiveness for plenum performance 
with other correction devices 

10. Subway grating DRAVO TRU-WELD grating, Type 15-W-2, 
2 x 1 3/16 in. centers 

11. Perforated plate % in. diamter, 11/16 in. centers, 47% free area 

12. Airfoil vanes Commercial standard Type C, Double vanes, 
8 in. chord 

13. Vaned splitters Details are given in Figure 6 

14. Combined vaned splitter with airfoil vanes 

15. Combined vaned splitter with subway grating 

Tradename, Dravo Corporation 
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Figure 6. The Modified Version of Oilman's 
Internal Vaned Splitter (6). 
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CHAPTER III 

TEST PROCEDURES 

General Descriptions 

Three series of test arrangements were installed to study the fan 

plenum air flow characteristics, coil velocity distribtution, and fan 

plenum performance. Each test arrangement of the various air flow correc­

tion devices has been described in Chapter IT. For any specified series 

of tests, the fan and coil position were held constant. To minimize 

space requirements, it is desirable to place the coil as close to the fan 

as possible. The minimum distance for satisfactory operation is a func­

tion of the dimensional relationship of fan to coil, the fan outlet 

velocity, coil face velocity, and coil pressure drop. The minimum 

distance for the air discharge outlet with respect to coil 

banks was about 2.3 fan wheel diameters in accordance with the recommen­

dation in (3) and results of studies by Stone (10). The total flow rate 

and the cooling and heating flow ratio were varied by adjusting cooling 

and heating damper positions. Before each experiment or measurement, 

calculations were made of the gage reading corresponding to the respec­

tive total flow rates and cooling ratio desired. 

All tests were conducted with air. There was no cooling or heating 

medium introduced into the cooling or heating coil respectively. This 

was because the laboratory limitations and attention was focused on the 

airstream characteristics. 
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Test Methods and Procedures 

Flow Rate Measurement 

In order to measure the flow rates in individual cooling and 

heating ducts, a flat plate square-edged orifice was installed in each 

duct five feet from the upstream of bell-mouth fitting. The orifices 

were calibrated by determining flow rate with a standard pitot tube (15). 

The true flow rates were plotted against static pressure drop across 

the orifice (see Figure 8). The total flow rate for any specified 

damper position was the sum of cooling and heating air. 

Visualization of Flow Using Tufts 

The two convenient methods of investigating flow patterns in the 

fan plenum and coil plenums involved used smoke and yarn tufts. The 

smoke technique could not be used effectively because the air flow 

dissipated the smoke too fast in fan plenum and because the laboratory 

had limited ventilation. 

The yarn tufts were a more convenient means of visualizing the 

flow pattern and of locating separations of the airstream. The tufts 

were made of 2 in. length of yellow yarn which were attached to, and 

distributed evenly over, the grid frame at the downstream of cooling 

and heating coils. For spot checks of flow direction, single and 

multiple yarn tufts attached to a metal rod were used. 

Three regimes of tufts behavior were noted: 

First, the tufts were oriented directly with the flow and exhibited 

negligible fluctuation. This behavior indicated a steady flow and uni­

form velocity profile. 
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Second, tufts were observed vibrating more or less violently, but 

still pointing in the downstream direction. This condition indicated 

the strong turbulence existed, but no backflow. 

Third, the tufts were reversed from their original alignment, and 

were pointed back toward the upstream direction. This condition indicated 

that separation had occurred and backflow existed. 

Coil Velocity Profile Measurements 

The pitot tube traverses or hot wire probe traverses were used 

to measure the coil velocity profiles. Both the pitot tube and the hot 

wire probe are sensitive to direction, requiring that yarn tufts determine 

direction of airstream. Due to the strong turbulence and stall flows, a 

velocity measurement upstream of the coils would be difficult and 

meaningless. The pitot tube traverses did not work successfully in the 

non-uniform flow region. Therefore, for the most practical case, the 

velocity profile was checked at the exit of the coils. Velocity profile 

techniques are based on the recommendation of A.S.H.R.A.E. (16,17) and 

l.H.V.E. (18). The velocity pressure was read by a micromanometer which 

was used for low pressure measurements and which contained a nulling 

device providing a stable reading airstreams having a low level of 

turbulence. 

Static Pressure Measurements 

Five static pressure measuring stations, shown in Figures 1 and 4 

were used to record the pressure desired. This measurement was accom­

plished by piezometer ring of static pressure taps which provided less 

likely effected by turbulence and secondary flows. The static pressure 

taps were 1/16 in. in diameter and flush with the inside surface based 



on the recommendation of A.S.M.E. (19). 

All pressure measurement stations were connected by plastic 

tubing to the instrument panel. The control valves were used to read 

the static pressure in each station or pressure drop between any two 

stations. For the test of any arrangement and device, the pressure 

and flow rate were measured at not less than eleven points. The flow 

rate was adjusted by the position of dampers. 



CHAPTER IV 

PRELIMINARY ANALYSIS OF SYSTEM PERFORMANCE 

System Losses 

The general concept used to analyze the losses in a dual duct 

system has been discussed in Reference 10. Basically the system 

consists of two individual ducts, one cooling and one heating; 

therefore, the system losses should be considered and estimated 

respectively. The total pressure loss of the system between fan 

outlet and exhaust section is composed of three main losses: fan 

plenum loss, coil plenum loss, and duct loss. The last two losses 

are well understood and sufficient engineering data are available 

while the fan plenum loss is more difficult to understand. In the 

preliminary analysis, it was assumed that the airstream through the 

3 
system was incompressible and at the standard density of 0.075 lbm/ft 

and that a uniform flow pattern existed in any part of the system. The 

several pressure losses for the idealized flow conditions were then 

analyzed as summarized below. 

Fan Plenum Losses 

Abrupt expansion and turbulent mixing loss, wall friction loss, 

and correction devices loss (if any) form the fan plenum losses. The 

diffuser correction device loss is discussed in Appendix A. The fric­

tion loss, due to the coil wiping, theoretically should be considered 

as a part of fan plenum loss. In experiments, it is impossible to 

separate it from the coil friction loss. The loss due to the wall 



shearing of smooth plywood, estimated by friction chart, was less than 

0.00013 in. of water and was negligibly small for all practical cases. 

Therefore, the abrupt expansion and turbulent mixing loss played an 

important role in the fan plenum loss. 

Flow at abrupt expansion is a typical example of fluid separa­

tion from the boundary. Three-dimensional unstable vortex zone, two-

dimensional mixing zone, and reattachment are the three basic distinct 

zones existing in the downstream of abrupt area enlargement (20). 

Figure 7 shows the typical flow model of ideal pipe system abrupt expan­

sion. 

In the actual fan plenum the flow pattern was not the same as the 

case of the ideal pipe system. The coils obstructed air flow to prevent 

full flow development. The secondary flow due to the coil wiping 

reversed and flowed back to the fan plenum. The combination of original 

flow and crossed flow formed a strong turbulence mixing in the fan 

plenum. The production of turbulence resulted in the expense of 

kinetic energy of the mean motion. 

The turbulence produced its own decay by breaking itself down into 

smaller and smaller eddies until it was transformed through viscous action 

in the smallest eddies to heat (21). The turbulence was produced, con-

vected, diffused, and dissipated through the entire plenum. The combined 

entrance and turbulent mixing losses in the plenum could not be evaluated 

separately without a tedious and complicated pressure traverse to measure 

the spatial distribution of turbulence. 
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Figure 7. Flow Model of Abrupt Expansion 
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This study was concerned with the total energy loss by measuring 

the total pressure differences between two sections in the fan plenum, 

and by using abrupt expansion as basis for comparison of relative head 

loss including the correction device. The Carnot Borda equation was 

used to estimate the fan plenum loss in this study. 

The general equation used for the evaluation of head loss with non' 

uniform inflow is given in References 22 and 23 and is written as follows 

r A i A i 2 i v i 2 

( Va = I1 - 2 p i ^ + <xj I W (1) 

in which 8 is the inflow momentum coefficient. For uniform inflow, the 

values of B is equal to unity then equation (1) gives the well-knc 

Borda formula for the loss of head during the abrupt expansion. 

A 2 v 2 
(Va• <* - j j ^r (2) 

Substituting the values of A, and A„ into equation (2) yields as 

follows and plots in Figures 10 and 11. 

(h ) = 0.8284( -± ) for Series 1 (3) 
t a Ig 

and 2 

vl 
(h ) = 0.736( TT^) for Series 3 (4) 
t a 2g 

A more general form of total pressure loss expressed in a 

fan plenum can be dealt with as a function of resistance and 

flow rate. 

h. = F(R ,Q) (5) 
t P 



In many cases, this relationship can be simplified to the form (6,24). 

ht = RpQ
n (6) 

The total pressure loss h in the fan plenum is a result of the 

energy loss due to viscous, turbulent effects, abrupt expansion loss, 

etc. The resistance R of the fan plenum will be governed by the dimen­

sions of the fan plenum, geometry, wall surface conditions, flow charac­

teristics, and Reynolds Number. The variable R and index n are 

determined experimentally. In this study, the measured results of head 

loss were plotted against flow rate to conveniently compare various 

arrangements. 

Coil Plenum Losses 

The coil plenum losses consist of coil friction loss and wall 

shearing friction loss. The wall friction loss was estimated by use 

of the friction chart, the estimated value was less than 0.00044 in. of 

water based on the maximum flow velocity 700 fpm. This loss was 

negligibly small. 

Air friction of a coil is a function of physical geometry, surface 

velocity and moisture content on the coil. The coil pressure loss is 

also effected by the entrance condition of airstream or flow pattern in 

the fan plenum. The estimated values were given by the manufacturer's 

data based on a uniform velocity (25). The results are plotted as part 

of Figures 10 and 11. 

Ductwork Losses 

The ductwork losses consist of bell-mouth fitting loss, duct 

friction loss, orifice flow meter loss, and the exhaust orifice loss. 
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Figure 8. Edge Orifice Flow Meter Calibration Curve. 



The orifice flow meter loss has been calibrated and given in Figure 8. 

The duct loss is given by manufacturer's catalog (26) and is expressed 

as: 

(hf)d . (Jjg) AP (7) 

The loss coefficient used for the heating and cooling orifices in 

wide open damper position were 1.71 and 1,66, respectively, (4,10) such 

that 2 
v, 

(h ) = 1.71 « — for cooling duct (8) 
£ e ^8 

and 
vd 

(h ) =1.66 - — for heating duct (9) 
t e ^8 

The bell-mouth entrance loss coefficient depends on the detailed 

geometry of the entrance and structure of the boundary layer. The rela­

tion between boundary layer thickness and loss coefficient is derived 

by Vennard (27) and is expressed approximately as follows. Figure 9 

gives the details of notations, 

v 2 

h = 0 

1 <!><!>+ M > 2 

:• 

- l (io) 

Nominal values of — for short smooth bell-mouth are 0.03 (27). 
R 

This gives the loss of coefficient, K, , equal to 0.04, such that the 

total pressure loss in terms of duct velocity is 
2 

<Vb= °-04 W (11) 
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Air Flow to Turn 90° to Enter the Coils, Test Series 3 



The combined losses for duct work are plotted as a part of 

Figures 10 and 11. The measured system loss is also shown in Figures 10 

and 11 as compared with the estimated values. 

Fan Plenum Performance 

Comparison of fan plenum performance for a given arrangement, with 

a variety of correction devices, will be made by checking air flow charac­

teristics in the fan plenum, velocity uniformity over the coil surface, 

and performance curves. Field evaluation of an optimum design 

of a fan plenum and air flow correction device will always concern those 

three characteristics. An optimum air flow correction device should pro­

duce a steady, uniform airstream at the coil surface. Also, the air 

flow correction device should produce a minimum pressure loss, or it 

might regain a higher static pressure for the diffuser, if possible. 

The fan plenum in this study was considered as an extension part 

of the fan. This approach included the plenum loss, correction device 

loss, and static pressure recovery (if any) within the fan performance. 

The plenum performance directly influenced the fan performance. However, 

the distribution of air from the fan outlet could affect the overall 

performance of fan plenum, thereby affecting the whole system performance. 

Fan Plenum Air Flow Pattern 

The air flow pattern in the fan plenum is dependent on the arrange­

ment and the correction device used. Coil wiping, crossflow, and turbulent 

phenomena were the performance criteria for the fan plenum air flow 

characteristics under a variety of experimental conditions. The flow 

pattern in the fan plenum governed the coil and fan plenum performance. 



Coil Velocity Distribution 

Coil ratings are based on a uniform face velocity (4). Devia­

tions from uniform air flow through the coil will affect performance. 

Air entrance at odd angles and poor air flow pattern upstream of the 

coil will cause a non-uniform velocity distribution over the coil sur­

face. Thus, a reduction of rating performance, non-uniform temperature 

distribution, and moisture carry-over in high velocity region will take 

place. 

Both high and low flow ratios should be considered in evaluating 

the improvement of performance produced by various arrangements and 

correction device. The flow ratio here is defined as the ratio of 

cooling or heating flow rate to the total flow rate. 

Performance Curves 

In recent years, use of total pressure in air handling system and 

fan selection has become an interesting topic (29, 29, 30, 31). The 

A.S.H.R.A.E. semiannual meeting, in January of 1971, has also recommended 

the advantages of total pressure method in terms of fan performance and 

capacity. The reasons are: 

(1) A fan cannot be properly selected if only the capacity 

and static pressure requirements of the air handling system are specified. 

(2) Only in a straight duct, where the velocity changes do not 

occur, can the true energy loss be properly expressed as a static pressure 

loss. 

(3) The total pressure is a measure of the total amount of mechan­

ical energy imparted to the system and always decreases in the direction 

of the air flow since the energy loss is unrecoverable. 
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(4) The static pressure and dynamic pressure are mutually 

convertible depending on the device used in the airstream passage of the 

system. 

Therefore, the total head at fan outlet was included in the per­

formance curves in this study. At any cross section, the total head 

is the sum of static head and velocity head. Mathematically, 

H = H 4- H (12) 
t s v 

in which H , H , and H are in terms of inches of water, where the velocity 
C s v 

is calculated from 

Hv • «4055> ( 1 3 ) 

and 

V = f (14) 

3 
for standard air density of 0.075 Ibm/ft . 

Traditional method of rating the fan performance is based on the 

fan static pressure. The static pressure or pressure drop measured at any 

point or section in a fixed system is the measure of the resistance to flow 

from that point or section to the end of system. The higher the static 

pressure produced in the fan plenum the higher the flow rate will be 

delivered through the system. The use of appropriately designed device 

with a minimum static pressure drop or with an increase in static pressure 

recovery will directly reflect in reducing power requirements and cost of 

operation. 

In defining fan duty, the diffuser or other devices connected at 
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the fan outlet was generally considered as a part of the fan (28). 

The static pressure regain was included in the fan static pressure rating. 

Therefore, in this study the fan plenum static pressure upstream of the 

coil banks was an evaluation criteria for any specified arrangement. 
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CHAPTER V 

RESULTS AND DISCUSSIONS 

Series 1: General Fan Plenum Arrangement--

Type 1 through Type 6 Fan Plenums with Correction Devices 

Fan Plenum Flow Patterns 

The airstream within the fan plenum was difficult to measure and 

observe. The observations were limited to those which provide a general 

understanding of the air flow patterns between the fan and the coils. 

For the abrupt expansion, the flow did not obtain full development 

due to the obstruction of the coils in the fan plenum. Three-and two-

dimensional separation flows existed immediately downstream of the fan 

outlet. The high velocity air flow impinged on the heating coil which 

then partially recirculated to the cooling coil. Coil wiping, cross-

flow, and reversed flow were the most apparent flow characteristics in 

the fan plenum. Use of a perforated plate downstream of the fan outlet 

provided an extra resistance and redistributed the air stream from the 

fan to the coils. 

When 100 degree diverging walls were installed (Type 2, Figure 2), 

the test result indicated that there was no significant improvement of 

airstream characteristics in the fan plenum except for a small reduction 

of stall flow at both corners of the plenum walls (Figure 12). 

The test results for the perforated cone diffuser, connected at the 

fan outlet (Type 4, Figures 2,3) for abrupt expansion, and diverging wall 
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Figure 12. Fan Plenum Air Flow Pattern for Type 2, 
100° Diverging Wall, Series 1 
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fan plenum, are shown in Figures 13a and 13b. The perforated cone 

diffuser increased the air expansion angle and distributed air to both 

sides of the walls and bottom of the fan plenum. It caused a reduction 

of the local high velocity blast area impinging on the coil surfaces. 

The coil wiping was improved but not very much. The turbulence was more 

homogeneous than that of abrupt expansion, but local stalls still 

appeared in the fan plenum. The diverging wall with cone diffuser has 

a better flow pattern than that when an abrupt expansion was used 

(Figure 13). 

The test result of 60 degree two-dimensional, unvaned diffuser 

is given in Figure 14a. Due to the airstream through the transition 

section, the flow velocity was reduced, and the air expansion angle 

was enlarged. The coil wiping, turbulence, and cross flow were reduced. 

However, the overall flow pattern was not much different from the abrupt 

expansion. Theoretically, this unvaned diffuser transition section was 

too short to give a satisfactory improvement of the performance. 

Figure 14b gives the test result of the two-dimensional, l^D 

length of vaned diffuser (Type 5, Figures 2, 3) indicating that the 

expansion angle of air is approximately double that of the angle when no 

correction device was used. The vanes broke up the high velocity air-

stream into smaller streams which resulted in producing a smooth and 

uniform velocity profile in the plenum chamber. The reduction of coil 

wiping, reversed flow, and turbulence was very pronounced as compared 

with the Type 1 abrupt expansion. The fan plenum performance was improved 

significantly. The three-dimensional diffuser flow pattern was the same 

as the two-dimensional diffuser flow pattern except for enlargement of 
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the expansion angle in the vertical direction for the three-dimensional 

diffuser. 

Coil Velocity Profiles 

No measurement was made with the abrupt expansion or the perforated 

plate. Figures 23 and 24 are the results given in (10), which are listed 

here are for the purpose of comparison with the results of the other type 

correction devices used in this study. Further studies were made for the 

arrangements with various correction devices and are described in the 

following paragraphs. The test results are listed in Table 2. 

Diverging Wall (Type 2, Figure 2) 

The 100 diverging wall fan plenum did not produce much improvement 

of velocity distribution as compared with the abrupt expansion (Figure 23). 

The measured results are shown in Figure 25. The velocity profiles for 

both heating and cooling coils were extremely non-uniform. The variation 

of cooling coil face velocity was about 50% between the sections of outer 

edge and directly ahead of fan outlet. For low heating airflow ratio, 

extremely poor velocity profile and reversed flow in heating coil plenum 

were also observed with yarn tufts and smoke. 

Perforated Cone Diffuser (Type 4, Figures 2, 3) 

The perforated cone diffuser could afford an opportunity to improve 

the coil velocity distribution as suggested by Cerami (8), The measured 

results are shown in Figure 26, and do not agree with the predictions of 

Cerami. Figures 26a and 26c present the cooling coil velocity profiles 

for 57% and 30% cooling flow ratio respectively. The cooling coil air 

distribution appeared more uniform but not improved very much as compared 

with the abrupt expansion (Figure 23) for higher cooling flow ratio. The 



4? 

Table 2. Test Results of Coil Velocity 
Profile for the Test Series 1 

Figure Description 

25 Type 2, 100° Diverging Walls 

(a) 57% cooling 

(b) 437o cooling 

26 Type 4, Perforated Cone Diffuser 

(a) 577, cooling with abrupt expansion 

(b) 437, heating with abrupt expansion 

(c) 307> cooling with abrupt expansion 

(d) 537> cooling with diverging wall 

27 Type 5, Two-Dimensional Diffuser 

(a) 587o cooling, \ \ D length of vanes 

(b) 307o cooling, \ \ D length of vanes 

(c) 427, heating, 1% D length of vanes 

(d) 257> heating, \ \ D length of vanes 

(e) 587Q cooling, \ D length of vanes 

(f) 587> cooling, without a vane 

28 Type 6} Three-Dimensional Diffuser 

(a) 5770 cooling, 1 D length of vanes 

(b) 307, cooling, 1 D length of vanes 

(c) 43% heating, 1 D length of vanes 

(d) 587> cooling, without a vane 

(e) 427> heating, without a vane 

(f) 307> cooling, without a vane 



heating coil air distribution was not improved at all. Due to the excess 

resistance of cone diffuser to the air flow, the top section of the 

heating coil became a very low velocity region. The 100 degrees of 

diverging wall fan plenum with cone diffuser is also shown in Figure 26d. 

An improvement of velocity distribution was not found. 

Two-Dimensional Diffuser (Type 5, Figures 2,3). For two-dimensional 

diffuser with 1%D length of vanes, the cooling coil velocity profile was 

very even, as shown in Figure 27a. The velocity variation was less than 

15% from the average face velocity for cooling coil. Although the 

heating coil velocity profile retained some non-uniformity (Figure 27c), 

the overall distribution was improved. For both low cooling and heating 

air ratios, the improvement of velocity profiles still were not satis­

factory as compared with the abrupt expansion (Figure 23). The velocity 

profiles for the %D length of vanes and without a vane two-dimensional 

diffusers were also checked and shown in Figures 27e and 27f for 587a 

cooling flow ratio. The velocity distribution was seen to be fairly 

uniform. 

It was found necessary to add a central vane at approximately 5 to 

8 degrees from the horizontal position so as to deflect the air at the 

top of the fan housing in an upward direction in order to obtain more 

uniform velocity distribution at the top section of the coil surfaces. 

Three-dimensional Diffuser (Type 6, Figures 2, 3). The coil 

velocity profiles for the vaned and unvaned three-dimensional diffusers 

were measured and observed; the results are given in Figure 28. The 

improvement of cooling coil velocity for high flow ratio with ID length 

of vane diffuser was quite apparent (Figure 28a). The improvement due 
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to the unvaned diffuser was inferior to that of the vaned diffuser. 

Unfortunately, the three-dimensional diffuser failed to give a uniform 

velocity distribution for low flow ratio of cooling coil and high flow 

ratio of heating coil (Figures 28c, 28b). The bottom edge of coil 

surface had a higher velocity profile. This was due to the unobstructed 

air flow which was thrown downward from the fan housing. A comparison 

of the velocity profile between two and three dimensional diffuser showed 

that the former one was superior to the latter. 

The two and three dimensional diffusers produced lower average 

velocities along the walls of plenum than were found near the center of 

the coil surfaces. The reason for this was that the diffuser vanes 

directed the air so as to strike the coils but not the outer edge of the 

coil surface. The best performance should be obtained with the airstream 

coming out of the diffuser so as to spread overall of the coil surface. 

If the fan outlet is very close to the coil banks, a very wide-angle 

vaned diffuser is recommended. The effectiveness of the vaned diffuser 

on the coil velocity distribution was evaluated on how well it broke up 

the fan outlet high velocity air and distributed it over the coil surface. 

Performance Curves (Table 3) 

Abrupt Expansion (Type 9, Figure 5). The result of the study made 

with the abrupt expansion indicated that the performance curve measured 

for the fan was somewhat less than the A.M.C.A. rated performance curve 

published by the manufacturer (Figure 40). For the same static pressure, 

the flow was reduced by 9% from the rated flow. While for the constant 
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Table 3. Test Results of Performance Curves 
for the Test Series 1 

Figure Description 

15 Fan Plenum, Total pressure Loss for Type 1 

through Type 6 Arrangements 

16 Summary of Fan Plenum Static Pressure for 

Type 1 through Type 6 Arrangements 

40 Type 1, Abrupt Expansion 

Type 2, 100° Diverging Wall 

47 Type 3, Perforated Plate 

Type 4, Perforated Cone Diffuser 

42 Type 5, Two-dimensional Diffuser 

43 Type 6, Three-dimensional Diffuser 
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flow rate the static pressure was about \TL less than the rated 

pressure. 

The plenum total loss was about 24% higher than the loss estimated 

by the Borda Equation (Figures 15, 40). It should be noted the fan plenum 

loss estimated by Borda Equation represents abrupt expansion loss when 

both the upstream and downstream flow patterns are uniform and the flow 

is developed completely. However, the flow pattern was not uniform and 

some cross flow existed in the actual fan plenum arrangement. For a 

fully developed flow, the coils should have been installed at 7 fan wheel 

diameters at the downstream of fan outlet estimated according to the 

report by Abbott (20). The actual coil position was located at 2.33 fan 

wheel diameters. In addition, the fan discharge velocity profile was 

distorted; thereby, an excessive kinetic energy flux left the fan outlet 

and was not recovered. 

The total pressure loss associated with a fan plenum was composed 

of an entrance abrupt expansion, a turbulence, and a coil wiping friction 

loss. A separate evaluation of these losses was not feasible without 

tedious and complicated pressure traverses. Therefore, the increase 

of 2470 total pressure loss in the fan plenum did not represent the turbu­

lence loss only, but the magnitude of this difference was appreciable. 

An optimum design of fan plenum and correction device could reduce the 

loss to a minimum. 

Comparative Performance of Test Series 1. Test Series 1 consisted 

of six different arrangements of the fan plenum with the correction 

devices (Type 1 through 5, Figure 2). The results of these tests are 

presented as airflow rate plotted against total and static pressures and 



will be found in Appendix C, Figures 40 through 43. Figure 16 compares 

the static pressure for various arrangements and correction devices. The 

total air flow rate at wide open damper positions is also given in 

Figure 17 as a comparison of the change of airflow rate due to the effect 

of different installations. It shows that the two and three dimensional, 

vaned diffusers give the highest flow rate while the perforated cone 

diffuser gives the lowest flow rate at the same damper positions. 

The test result of 100 degrees of divergent wall indicated that 

there was not any improvement in the system performance as compared with 

the abrupt expansion (see Figure 40). 

The perforated cone diffuser, used by some to improve the coil 

velocity profiles, gave the highest static pressure loss and fan plenum 

total energy loss. For constant CFM the static pressure was about 18% 

less than the static pressure for the abrupt expansion (Type 1) or 30% 

of rated static pressure. For the same static pressure the flow was 

reduced by 20% from the rated flow (Figures 16 and 41). Use of cone 

diffuser as air flow correction device would not be recommended. 

The perforated plate with 50% free area afforded a significant 

improvement of coil velocity distribution with the expense of excessive 

available energy loss; the test results are given in Figures 15 and 16. 

The two-dimensional, vaned diffuser regained some static pressure 

(Figures 15 and 16) as compared with the abrupt expansion. The test 

results of the performance curves are given in Figure 42 for 1%D vane 

length, i>D vane length, and without vane diffusers. The 1%D vaned 

diffuser was superior to the other two types of diffusers. The fan 
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plenum total pressure loss was about 30% less than the abrupt expansion. 

This was a significant improvement. 

The performance of three-dimensional diffusers with ID vane length 

and without a vane are given in Figure 43. The pressure loss for ID 

vaned three-dimensional diffuser was a little higher than the 1%B vaned 

two-dimensional diffuser. This was due to the fact that ID vane length 

was insufficient to reduce the airstream velocity and convert velocity 

pressure to static pressure. The optimum design of vaned diffuser and 

its performance are discussed in Appendix A. 

From the above remarks, it is evident that the vaned diffuser was 

superior to the other types in all respects. Its favorable characteris­

tics are summed as follows: 

(1) The airflow pattern in fan plenum was excellent, since no 

cross flow, relatively little coil wiping occurred, and a smooth velocity 

distribution in the plenum chamber was produced. 

(2) The overall coil velocity profiles were uniform with a minimum 

variation from the average face velocity. 

(3) The plenum loss was reduced about 30% of that for abrupt 

expansion. 

(4) The space requirement was small, since very wide-angle vaned 

diffuser could be used within a small space. 
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Figure 15. Measured Total Pressure Loss of the Fan Plenum 
for Test Series 1 and 2. 


