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Calculation methods for air supply design in industrial facilities

ABSTRACT

The objectives of air distribution systems for warm air heating, ventilating, and air-conditioning
are to create the proper thermal environment conditions in the occupied zone (combination of
temperature, humidity, and air movement), and to control vapor and air born particle
concentration within the target levels set by the process requirements and/or threshold limit
values based on health effects, fire and explosion prevention, or other considerations. HVAC
systems designs are constrained by existing codes, standards, and guidelines, which specify some
minimum requirements for the HVAC system elements, occupant’s and process environmental
quality and safety.

There is a variety of different methods consulting engineers use to design room air diffusion and
to select and size air diffusers, such as assumption of perfect mixing , design methods employing
the empirical relations determined through research, such as the air diffusion performance index
(ADPY), air jet theory and computational fluid dynamics (CFD) codes.

Air supplied into the room through the various types of outlets (grills, ceiling mounted air
diffusers, perforated panels etc.), is distributed by turbulent air jets. In mixing type air
distribution systems, these air jets are the primary factor affecting room air motion. Numerous
theoretical and experimental studies that developed a solid base for turbulent air jets theory were
conducted concurrently in different countries (Germany, Sweden, Russia, U.K., USA) from the
1930's through the 1980's.

Design methods based on air jet theory allows for the prediction of extreme values of air

velocities and air temperatures in the occupied zone of empty spaces. Current air jet theory

techniques account for the effects of buoyancy, confinement, jets interaction. For many

conditions of jet discharge, it is possible to analyze jet performance and determine:

- the angle of divergence of the jet boundary;

- the velocity patterns along heated or chilled the jet axis;

- the velocity and temperature profile at any cross section in the zone of maximum
engineering importance;

- the entrainment ratios in the same zone;

- the jet trajectory;

- the vertically projected or inclined air jet throw;

- the separation point of the jet from the surface.

- influence of confinement on jet behavior;

- the multiple jet interaction.

The results of most analytical and experimental studies has been received in empty rooms and do
not reflect the infuence of the obstructions on the air distribution and ventilation efficiency .
Information on the influence of obstructions on room air distribution is limited.

Attempts has been made to utilize statistical data from the occupied zone conditions in order to
extend predictions from extreme parameters to the rest of the occupied zone. The efficiency of
the ventilation can be analyzed using zonal models.
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PREWORD

This literature review is made within the Finnish research framework for industrial ventilation.
The title of the research project to which the review belongs is "Development of a method for
air distribution design in industrial environments". The goal of this project has been to develop
an advanced but still simple calculation method for air distribution design and for predicting the
conditions in the occupied zone of industrial buildings. The literature review is an important part
of the foundation on which the development work is based. The review has been done in co-
operation between Helsinki University of Technology and University of Illinois.

The project is funded by the Finnish Technology Development Center (TEKES) and the
companies ABB, HALTON, JP-Building Engineering and VALMET. In the project management
group have been Esko Téhti TAKE, Esko Virtanen TEKES, Dan Sarin ABB, Risto Kosonen
HALTON, Markku Kaskimies JP-Building Engineering, llkka Jokioinen VALMET and Kai Sirén
HUT.

I hereby want to thank the authors of an excellent and competent work and the members of the
management group of strong support and an encouraging attitude.

Espoo, 22 January, 1999.
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1. TARGET LEVELS FOR AIR DISTRIBUTION DESIGN

1.1. Introduction

The objectives of air distribution systems for warm air heating, ventilating, and air-conditioning
are to create the proper thermal environment conditions in the occupied zone (combination of
temperature, humidity, and air movement), and to control vapor and air born particle
concentration within the target levels set by the process requirements and/or threshold limit
values based on health effects, fire and explosion prevention, or other considerations.

Compared to commercial and residential spaces, industrial environments may have other than
health based constraints on indoor air quality and thermal conditions requirements: e.g., clean
rooms in electronic industry allow limited number of particles in the room air; precision
machinery shops put constraints on air temperature deviation throughout the space and within
a time; textile shops have special requirements to room air humidity, welding and painting shops,
and galvanic processes put limitation on maximum air velocities, etc.

The heating, ventilating, and air-conditioning system design process reflects the objective and
subjective judgement of architects and HVAC designers. However, HVAC systems designs are
constrained by existing codes, standards, and guidelines, which specify some minimum
requirements for the HVAC system elements, occupant’s and process environmental quality and
safety.

Also, through the use of standards and codes, a compromise between energy efficiency and
acceptable indoor environmental quality is attained. Standards most relevant to indoor
environmental quality would include air quality standards, thermal comfort standards, ventilation
standards, energy conservation standards, fire and explosion prevention codes.

Standards and guidelines typically are issued by national and international standard organizations
and by professional organizations and groups of recognized experts.

Standards and guidelines may be mandatory or voluntary, but the distinction is not always clear.
By distinction, codes are always mandatory and regulate activities which pose a threat to the
public health and welfare. They are intended to serve as minimum requirements only and not as
optimal design criteria. Because codes are legally enforceable, they generally contain provisions
for noncompliance penalties. Standards are often incorporated into codes either directly or by
reference.

Many codes, standards, and guidelines dealing with thermal comfort and indoor environmental
quality exist both nationally and internationally. Technological requirements to thermal
conditions or indoor air quality are typically set by technologists designing specific processes.

Codes generally are administered on a state or local level. Codes concerning indoor air quality
and HVAC system design are subdivided into three categories: building codes, energy and fire
and explosion prevention codes.
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Standards and guidelines most relevant to indoor environmental quality include thermal comfort
standards, ventilation standards, energy conservation standards. Relevant standard organizing
bodies include: ISO (International Standard Organization), CEN (Center for Standards), EEC
(European Communities), NKB (Nordic), DIN (German), ASHRAE, ANSI (U.S.A.), BSI
(British), GOST and Ministry of Construction (Russian). While differences in these standards
exist, most propose that a successful design consider thermal comfort, energy conservation, and
TAQ requirements. International deficiencies in indoor environmental quality standards and
guidelines are discussed by Zhivov et al. (1994) and Olesen et al. (1994).

1.2. Codes and standards
1.2.1. Thermal Environment in Industrial Work Spaces
1.2.1.1. Introduction

Both ASHRAE (American Society of Heating, Refrigerating and Ventilation Engineers) and ISO
(International Organization for Standardization) have recently revised their standards for a
comfortable thermal environment (ASHRAE 55-92,1992 and ISO 7730, 1993). The research,
which forms the basis for these two standards are mainly performed under environmental
conditions similar to commercial and residential buildings, with relatively low activity levels
(mainly sedentary, 1.2 met), normal indoor clothing (0.5 to 1.0 clo) and a limited range of the
environmental parameters. Also, there exist other standards and guidelines for evaluation of
more severe and stressful thermal environments. There seems to be a gap between methods for
evaluating moderate thermal environments typically in commercial and residential buildings and
methods for evaluation of cold- and heat stress.

The requirements in the existing standards from ISO and ASHRAE were discussed by Olesen and
Zhivov (1994) and comparison was made with similar Russian Code "Building Norms and
Regulations (SNiP) - Heating Ventilation and Air Conditioning”, where the chapter on thermal
comfort is based on numerous studies provided for different levels of human activity in industrial
spaces. It was indicated, that the methods described in the ASHRAE and ISO standards for the
acceptable overall temperature conditions, when taking into account clothing and activity may
also be valid for industrial applications. However, the requirements for draft (air temperature,
air speed, turbulence), vertical temperature differences at higher activity levels are different. At
the higher activities in industrial spaces people are less sensitive to these non-uniformities. The
acceptability of higher air speed at higher activity levels are reflected in ASHRAE and ISO
standards, as well as in the reports on studies provided in Russia.

1.2.1.2. General thermal comfort

Existing methods for evaluation of the general thermal state of the body both in comfort and in
heat- or cold stress, are based on an analysis of the heat balance for the human body:
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S=M-W-C-R-E,-C.-E_-K (1.1)

where: S = heat storage in body;
M = metabolic heat production;
W = external work;
C = heat loss by convection;
R = heat loss by radiation;
E, = evaporative heat loss from skin;
C,., = convective heat loss from respiration;
E,., = evaporative heat loss from respiration;
K = heat loss by conduction.

The factors influencing this heat balance are: activity level (metabolic rate, met or W/m?);
thermal resistance of clothing I; (clo or m*°C/W) evaporative resistance of clothing Re, clo (m®
Pa/W); air temperature t, (°C); mean radiant temperature t, (C); air speed V,_,( m/s); partial
water vapor pressure p, (Pa).

These parameters must be combined so that the thermal storage is O or else the working time has
to be limited to avoid too much strain on the body. To provide comfort the mean skin
temperature also has to be inside certain limits and the evaporative heat loss must be low. In
existing standards, guidelines or handbooks, different methods are used to evaluate the general
thermal state of the body in moderate environments, cold environments and hot environments;
but all are based on the above heat balance and the listed factors.

Besides the general thermal state of the body, a person may find the thermal environment
unacceptable or intolerable if local influences on the body from asymmetric radiation, air
velocities, vertical air temperature differences or contact with hot or cold surfaces (floors,
machinery, tools, etc.) are experienced.

1.2.1.3. Moderate Thermal Environments

ISO 7730 (1993) standardizes the PMV-PPD index (Fanger 1982) as the method for evaluation
of moderate thermal environments. To quantify the degree of comfort the PMV-index gives a
value on the 7-point ASHRAE thermal sensation scale: +3 hot, +2 warm, +1 slightly warm, 0
neutral, -1 slightly cool, -2 cool, -3 cold. An equation in the standard calculates the PMV-index
based on the 6 factors ( clothing, activity, air and mean radiant temperature, air speed, and
humidity).

This method is also given in the ASHRAE Handbook of Fundamentals (ASHRAE 1993). Even
if a PMV value of O is obtained, there will still be at least 5% of the occupants who will be
dissatisfied with the thermal environment. The predicted percentage of dissatisfied PPD) index
can be determined from the equation:

PPD = 100 - 95 e -(0.03353 PMV4+0.2179 PMV? )

(1.2)
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The standard recommendation for an acceptable environment is: -0.5 < PMV < 0.5, PPD < 10%.
The use of the method is illustrated in Figure 1.1, where the optimal operative temperature
(average of air and mean radiant temperatures, ASHRAE 1992, 1993, ISO 7730-1993) and the
recommended temperature range are shown as a function of clothing and activity.

These data are reflected m the ASHRAE Standard 55-92 "Thermal Environment Conditions for
Human Occupancy" (ASHRAE 1992).

ASHRAE Standard 55-92 also specifies a range for the operative temperature within which 90
% or more occupants find the environment thermally acceptable. For a sedentary activity (1.2
met), typical for commercial and residential buildings, and typical indoor clothing, the ASHRAE
standard recommend the following operative temperature range: in winter (heating period, 0.9-
1.0 clo) 20°C - 24°C, and in summer (cooling period, 0.5 clo) 23°C - 26°C.

Operative temperature for activities higher than 1.2 met ( < 3 met), t,**, can be found in Figure
1.1 (ISO 7730) or can be calculated from the operative temperature at sedentary conditions, t,*4,
°C (ASHRAE 55-92), using the following equation:

t2t =t - 3(1 + L)(met - 1) (1.3)

Another method used to estimate the combined influence in moderate environments is the New
Effective Temperature ET* (ASHRAE 1993, Fobelets and Gagge 1988, Gagge et al 1971). In
the comfort range it will give similar results as the PMV index. Because the PMV-index is
assuming that ball evaporation from the skin is transported through the clothing to the
environment, this method is not applicable for hot environments. It can be used within a range
of PMV - index of -2 < PMV < +2, i.e. thermal environments where sweating is minimal.

1.2.1.4. Hot Environments

Tolerance limits to high temperature vary with the ability to sense temperature, lose heat by
regulatory sweating, and move heat from the body core by blood flow to the skin surface, where
cooling is the most effective. The maximum rate of sweating for an average man is about 0.5 g/s.
Under conditions of low humidity and air movement, maximum cooling is about 675 W/m’.
However, this value does not normally occur because sweat rolls off the skin surface without
evaporative cooling or is absorbed by or evaporated within clothing. A more typical cooling limit
is 6 mets, 350 W/m?, representing approximately 0.3 g/s of sweating for the average man
(ASHRAE 1997).

The ET" method can be used for hot environments. Another method Required Sweat Rate,
SW,., ISO 7933, 1989) is also based on the heat balance equation (1) and similar equations used
in the ET” method. Based on equation (1) and assuming that the heat storage is equal to 0, the
necessary evaporation from the skin, E,,,, ensuring a heat balance, is calculated as follows:

E,=M-W-C-R-E,-C, (1.4)

The maximum evaporation, E™*, which can be absorbed by the environment, is estimated from
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the equation:

E™* = (psk; - pa)/Re; (1.5)
where: psk, = saturated water vapor pressure at skin;
pa = water vapor pressure in the environment;

Re, = total evaporative resistance of clothing and boundary layer.

Based on the required evaporation and the maximum evaporation it is then possible to estimate
the following factors:

Required skin wetness,

Wieg = E oo/ E™ (1.6)
Sweating efficiency,
r=1-05¢ %0 " (1.7)
Required Sweat Rate,
SW, = E./r (1.8)

These parameters are used to evaluate how stressful a given hot working environment is.
Dependent on the physiological limitations for factors such as sweat rate, total sweat loss, heat
storage and skin wetness, which are listed in the Table 1.1, it is possible to evaluate if a given
environment is acceptable for continuous work. The method also allows to calculate an
acceptable working time. Detailed equations for the calculations can be found in the standard
(ISO 7933, 1989). Similar equations are given in the Chapter 8§ of ASHRAE Fundamentals
(ASHRAE 1993).

The relation between the operative temperature and SW ., for different combinations of activity,
clothing, and ET" is shown in Table 1.2.

1.2.1.5. Cold Environments

Many industrial work places are located in cold environments, like unheated cold storage, meat
packing, work places located outdoors, etc. In cold environments, the clothing is the most
important factor for obtaining an acceptable thermal environment. Based on the heat balance
equation (1), an analytical method has been proposed by ISO, Required Clothing Insulation, I,
(SO/TR 11079, 1993). The method calculates the insulation of the clothing necessary to keep
a heat balance in a given cold environment by knowing the activity level, air- and mean radiant
temperature, air speed and a relative humidity. The relationship between activity level, operative
temperature and I, is shown in Figure 1.2.

The index value may be used to select a clothing ensemble, which will provide the required
insulation. The clothing insulation predicted is a minimum insulation, which does not necessarily
provide comfort, but is enough for a person not to feel cold. If it is not possible to use or select
a clothing ensemble with enough insulation, the method incudes a procedure for calculation of
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a recommended exposure time. The basis for the calculations are the physioio gical requirements
listed in Table 1.3.

In all of the methods presented above, it is seen that the activity and clothing of the occupants
are important parameters for estimation of an acceptable temperature level, influence of humidity
or the cooling effect of an increased air velocity. Information on activity levels for different types
of work and insulation values for work clothing is provided in Chapter 8 of ASHRAE
Fundamentals (ASHRAE 1993), ASHRAE 55-92 (ASHRAE 1992), ISO 9920 (1993) and ISO
8996 (1990).

1.2.1.6. Local discomfort and individual parameters

In the previous sections several methods for evaluation of the combined influence of the thermal
parameters were presented. Even if the combined influence provides a heat balance for the body
as a whole, there may be influences on parts of the body from draft, radiant asymmetry, or
vertical temperature differences which are not acceptable. In the following sections this will be
discussed.

Air Speed

Air speed is often used in industry to provide cooling in warm environments. All of the above
methods are capable of predicting the effect of an increased air speed. Depending on the
conditions, too high of an air speed may cause a draft, which is an unwanted convective cooling
on one or more parts of the body. A draft is probably the most common reason for complaints
in air conditioned spaces with occupants at low activity levels (sedentary, standing).

For the sedentary activity (ISO 7730, ASHRAE 55-92) maximum value of mean air speed in the
occupied zone to avoid draft depends upon air temperature, t,, and turbulence intensity, Tua (ratio
of the standard deviation of the air speed to the mean air speed).

The impact of turbulence intensity (Tu) on sensation of draft has been investigated by Fanger
P.0O., Melikov A.K. and H. Hanzava (1988) for different methods of air distribution. The
turbulence intensity shows the magnitude of the velocity fluctuations in comparison with the
mean velocity.

. \/‘—/_ﬁ (1.9
u =

Vv

V= 1 f “2Vdt - mean velocity
T

T 1

V'- velocity fluctuation.
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Based on the studies of the different air distribution methods, they found that the turbulence
intensity in ventilated spaces depends on the type of ventilation system and varies from 10 to 70
%. For air velocities ranging from 0.05 m/s to 0.40 m/s and air temperatures from 20°C to 26°C
the tests were provided at three levels of the turbulent intensity: low (Tu < 12%), medium ( 20%
< Tu < 35% ) and high (Tu > 55%).

The researchers also found that periodical fluctuation of air flow is more uncomfortable than
nonfluctuating air flow such as displacement ventilation systems at the same mean velocity and
~air temperature. The percentage of people dissatisfied due to draft as a function of air
temperature, t, ,°C, mean velocity V, m/s, and turbulence intensity, Tu, % was given by the
equation:

PD = 3.143(34 - t)(V - 0.05)%622 + 0.3696VTu(34 - t)(V - 0.05)06%23 (1.10)

ASHRAE Standard 55-1992 provides information on acceptable increase in air speed to
compensate for the increase in temperature for sedentary, light and higher levels of human
activity; however, precise relationships are not available from this standard. Air speeds as high
as 1.5 m/s are acceptable if they do not cause problems unrelated to thermal comfort (e.g.
blowing of papers or shield gas at semiautomatic welding).

Using the PMV equation (ISO 7730) the combinations of air temperature and air speed which
will provide a thermal neutrality, i.e. PMV = 0O are presented in Figure 1.3 for different activity
levels. The relationships are shown for heating (winter) period (I = 1.0 clo) and for cooling
(summer) period (I = 0.5 clo).

Optimal and acceptable air temperature, relative humidity and air speed in the occupied zone of
industrial buildings in Russia are restricted by the Building Code 2.04.05-91 (SNiP 1991) and are
presented in Table 1.4. In column 7 and 8 of Table 1.4, temperatures are presented as fractions
with numerator for regions with the design cooling season outdoor air temperature lower than
25°C, and the denominator for regions with the design cooling season outdoor air temperature
higher than 25°C.

For regions with the design cooling season outdoor air temperature of 25°C and higher, the air
temperatures in columns 7 and 8 can be within 4°C higher than the design outdoors cooling
season air temperature, but less than those presented in columns 7 and 8 of the table. For regions
with the design cooling season outdoor air temperature of 18°C and lower, the excessive
temperature equal to 4°C in column 6 of the table can be replaced by 6°C. For regions with the
design cooling season outdoor air temperature equal to t, °C, maximum air speed on the
permanent and the temporarily work places stated in column 9 can be increased as follows by 0.1
nv/s for each °C of the temperature difference (t - 28), but less, than by 0.3 m/s, when

t > 28°C.

Teterevnikov, Kuksinskaya and Pavlukhin (1976) conducted study on thermal comfort in
industrial spaces. Their data on combinations of air temperature and air speed for light activity -
1 (70 W/m?), medium activity - ITa (93 Wt/m2) and IIb (116 W/m2), and high activity - IIT (174
W/m?) are presented in Figure 1.4.
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The above data show that with the activity level increase, people can accept higher air speed
without a sensation of draft.

Radiant Temperature Asymmetry

Both in ASHRAE 55-92 and in ISO 7730 Standard, the limitations for the radiant asymmetry,
< 10°C from cold walls and < 5°C from warm ceilings, are recommended. These data are based
on testing with sedentary persons in 0.6 clo clothing (Fanger et al. 1985). Similar data are
available for warm walls and cold ceilings. In industrial work places it is mainly the radiant
asymmetry from overhead radiant heaters or a hot roof which may cause a problem. The values
established for sedentary persons are too conservative for the higher activity levels and higher
ceilings in industry.

A study by Langkilde et al. (1985) shows that significantly higher radiant asymmetry are
acceptable. Based on criteria similar to the above requirements of less than 5% dissatisfied, the
recommended asymmetry limit is 10 -14°C . In these studies there were no differences between
seated and standing persons. Also the influence of wearing a helmet was insignificant. In the
previous studies simulating the conditions in residential and commercial buildings, the distance
between the heated ceiling and the head of the subjects was only 1 meter. While the distance
between the infrared radiant heaters and the head was 4 meters in the experiments reported by
Langkilde et al. For the same asymmetry level in the two types of experiments the difference in
the radiant temperature level at feet and head height will be much larger when the distance from
the person to the heaters is small (1 m). In industrial work places where the heaters normally are
mounted more than 4 meters from the occupants a larger asymmetry can be accepted before the
temperature difference felt between head and feet causes discomfort. That is also the reason why
no difference was found between seated and standing persons.

In some work places very extreme radiation may occur from production processes (glass oven,
hot metals etc.) and there may be a risk for burns on unprotected skin.In some cold work places
there may also exist radiant asymmetry from cold ceilings. Normally these problems are limited
because the temperature on the cold surfaces are limited by the dew point temperature. Also
people are less sensitive to cold radiation from above than to warm radiation.

Vertical and Horizontal Air Temperature Differences

Another comfort parameter, which is described in ASHRAE 55-92 and ISO 7730, is the
temperature difference between head and feet. The recommended limit is 3°C. The basis for this
value are studies with sedentary persons (Olesen et al. 1979). This can not directly be used in
industries with higher activities. Besides, it is not the air temperature difference alone, causing
discomfort. It is really the combined effect of air temperature, air velocity and radiant
temperature at head level compared to feet level, which are sensed by the occupants. These data
for industrial environments is only available from SNiP (1991), where the vertical temperature
difference in the occupied zone is limited by 4°C and horizontal temperature difference in the
occupied zone can not exceed 4°C at light activity, 5°C at medium activity and 6°C at high
activity.
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1.2.1.7. Contact With Hot or Cold Surfaces

In ASHRAE 55-92 and ISO 7730 it is recommended that the floor temperature should be
between 19°C and 29 €. These values are also based on studies with sedentary or standing
persons (Olesen 1977) using normal indoor footwear and may not be directly used in industrial
environments. Discomfort and accidents may be caused by people touching too hot or too cold
surfaces (machinery or hand tools etc.).

1.2.1.8. Spot Cooling

When the work places are located near the sources of radiant heat, which can not be entirely
controlled by radiation shielding, ASHRAE Applications Handbook (ASHRAE 1995)
recommends spot cooling. The air temperature at the work place is limited to the range of 20
to 30°C depending on the heat load and the air speed as in Table 1.5.

Combinations of air temperatures and air speed in the jet used for spot cooling are recommended
also by SNIP (1991) and are presented in Table 1.6. When the air temperature in the occupied
zone is different (lower/higher) from listed in Table 1.4, air temperature in the jet used for spot
cooling can be increased/decreased, respectively, to compare with the one listed in Table 1.6 on
0.4°C for each degree of the temperature difference. It may not be lower than 16°C.

The temperature of the radiating surface should be averaged during the period of radiation.
When the radiation effect lasts more than 15 min, air temperature in the jet can be 2°C higher or
lower than one listed in Table 1.6.

1.2.1.9. Relation between air distribution and thermal comfort

Studies conducted at Kansas State University has led to the air distribution criteria based on
effective draft temperature equation proposed by Rydberg and Norback (1949), subjective draft
data of Houghten (1938), and modified by H.Straub in discussion of a paper by Koestel and Tuve
(1955):

0= -1z,) - 00UV, - 30) (1.11)

Based on this data, the criteria representing conditions at which 80% of the occupants with a
sedentary or light activity report themselves comfortable was developed and defined as the Air
Diffusion Performance Index (ADPI). ADPI indicates the percentage of locations uniformly
distributed throughout the occupied zone that meet specifications on effective draft temperature
(-3 <0 < 2F) and air velocity (V < 0.35 nw/s). If the ADPI is maximum (approaching 100%), the
most desirable conditions are achieved. ADPI is only a measure in cooling mode conditions and
can not be applied for the heating conditions.

Analogous to ADPI criteria for evaluating Indoor Air Quality and Thermal Comfort - sanitary-
hygienic efficiency index (SHEI), €, suggested by Gunes (1974) is used in Russia;
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e=AJA,, (1.12)

where, A, = area of the part of the occupied zone with acceptable IAQ and Thermal Comfort;
A,, = floor area of the occupied zone.

Current diffuser air jet theory makes it possible to predict maximum values of air temperature
differential, t,, and air velocity at the point of the jet entering the occupied zone. HVAC systems
become bulky and expensive when they are designed to maintain maximum air velocities and
temperature difference in the 100% of the occupied zone within a range, prescribed by the
thermal comfort standards.

Taking in consideration the relatively small area of the jet cross-section with abnormal
parameters, Building Norms and Regulations (SNiP 1991) suggests the following correlation
between the maximum air velocity, V,, the maximum/minimum air temperature, t,, in the jet
entering the occupied zone (or in the reverse flow), normative values of air speed, V,, and
temperatures, t:

V,=NV, (1.13)
For heated air supply; t, =t, + At;; (1.14)
For chilled air supply; t, = t, - At,, (1.15)
where: N, At, and At, are listed in the Tables 1.7 and 1.8.

To better show how these are used, assume you were designing a space for acceptable thermal
conditions with a wall mounted grill air supply where the maximum air speed in the cross-section
of the jet entering the occupied zone permitted can be 1.4 times higher (Table 1.7) for people
located in reverse flow) compared with normative value 0.3 nv/s (60 ft/min). Thus, according to
jet theory, the air supply velocity (assuming same grille size) and the airflow rate can be increased
1.4 times. Such approach to the HVAC system design makes it possible to supply higher airflow
rates in ventilated space with reduced costs, while maintaining air velocities and temperatures in
the most occupied zone area within a required range.

1.2.2. Standards for Indoor Air Contaminant Control

The concentration of harmful gases, vapors and airborne particles in the occupied zone are
limited by prescribed by National Occupational Safety and Health Administrations (OSHA)
Permissible Exposure Levels (PELs) or by Threshold Limit Values (TLV) - the time-weighted
average concentration for normal 8-hour workday and a 40-hour workweek, to which nearly all
workers may be repeatedly exposed, day after day, without adverse effect, or by in-house TLV.
These values (that may vary from country to country) are used for estimating quantity of outdoor
air to be supplied by ventilation systems. It is desirable to set design objectives below statutory
PELs and TLVs because of variation in sensitivity and because acceptable limits can be lowed.
The sample data from the USA/Canada, Germany, Sweden, and Russia are presented in Table
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1.9.

Uneven air distribution within occupied zone and specially in rooms with large obstructions can
cause poorly ventilated zones. Contaminant distribution in the occupied zone also depends upon
the method of air supplied used and the room size and configuration. Zhivov (1983) suggested
that in buildings with sources of harmful contaminants, air velocity in the occupied zone should
exceed 20 ft/min (0.1 m/s) to avoid poorly ventilated zones.

Uneven gas contaminant distribution in the occupied zone can be described by the following
relation between the maximum permissible (target) contaminant concentration C_,™* and the
average contaminant concentration in the occupied zone (Zhivov et al., 1996):

=C > -2c¢ ' (1.16)

oz, 0.2, c

where, 0, = standard deviation of contaminant concentration distribution in the occupied zone.

When the airflow rate supplied into the occupied zone is designed to limit the average
contaminant concentration in the occupied zone by TLV, the maximum contaminant
concentration in the occupied zone will exceed the permissible concentration level by 20,. Thus,
according to Zhivov et al. (1996), the supply airflow rate should be dimensioned based on the
maximum contaminant concentration in the occupied zone rather, than its average value.
However, the information on contaminant distribution within the occupied zone is limited and
thus, further research is needed to study the distribution of contaminants in buildings with
different methods of air distribution and the effects of obstructions.

Table 1.1. Reference Value for the different criteria of thermal stress and strain.

Non-acclimatized subjects Acclimatized subjects
Criteri
riteria Warning Danger Warning Danger
Maximum skin wettedness w_,, |  0.85 0.85 1.0 1.0
Maximum sweat rate
Rest:
M < 65 W/im? SW,_,., Wim? 100 150 200 300
g/h 260 390 520 780
Work:
M > 65 W/m® SW,__,, Wim? 200 250 300 400
g/h 520 650 780 1040
Maximum heat storage
Quae W.h/m? 50 60 50 60
Maximum water loss
D,.... W.b/m? 1000 1250 1500 2000
g 2600 3250 3900 5200
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Table 1.2. Required Sweat Rate index SW,,, W/m’ and wettednes (W) as a function of
clothing, temperature, air speed and humidity at the activity level M equal to 70 W/m?.

Clothing | Relative Operative Air Velocity V, m/s
I, clo humidity, | Temperature
% ,t., °C <0.1 0.2 0.5 1.0 2.0

0.5 20 25 10(.03) 8(.02) 2(.01)
30 37(.13) 36(.12) 33(.09) 29(.06) 24(.04)
35 65(.24) 64(.22) 64(.18) 63(.14) 62(.11)
40 93(.37) 94(.34) 95(.29) 98(.24) | 101(.20)
50 169(.78) | 165(.72) | 165(.62) | 171(.52) | 182(45)
60 *(1.00) *(1.00) *(1.00) '(1.00) *(1.00)
25 10(.04) 8(.03) 2(.01)
30 37(.17) 35(.15) 33(.12) 29(.08) 24(.05)
35 65(.37) 65(.34) 64(.28) 63(.22) 62(.17)
40 102(.74) | 99(.69) 98(.57) 99(47) | 102(.39)
30 37(.26) 36(.23) 33(.18) 29(.12) 24(.08)
35 76(.82) 71(.75) 66(.61) 64(.48) 63(.38)

Table 1.3. Recommended physiological criteria for determination of I.,, DLE and local cooling.

req?

General cooling Minimal L, Neutral I .

Iy "high strain" "low strain"
t,, °C t, =30 t,=35.7-0285M

w (n.d.) 0.06 (E,+E, )RT
W= —————<
Pu."P,

0.25
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Table 1.4. Optimal and acceptable thermal comfort parameters for industrial spaces (SNiP 1991)

Season Activity level Optimum conditions Acceptable conditions
Temperatur | Air speed, | Relative Air speed, Relative
e, °C m/s humidity, Air temperature, °C my/s, less than humidity,
% %, less than
At permanent Atpermanent | At temporarily At permanent and temporarily
and temporarily work places! work places' work places
work places
Cooling Light 4°C higher than
la 23-25 0.1 the design 28/31 30/32 0.2
ib 22 0.2 outdoors 28/31 30/32 0.3
Moderate 40-60 temperature, but 75
Ha 21-23 0.3 less, than those in 27/31 29/31 04
IIb 20-22 03 columns 7 and 8 27/30 29/31 0,5
Heavy - III 18-20 0.4 of this table 26/29 28/30 0.6
Heating and Light
Mild Weather la 22-24 0.1 21-25 18-26 0.1
1b 21-23 0.1 20-24 17-25 0.2
Moderate 40-60 - 75
IIa 18-20 0.2 17-23 15-24 0.3
b 17-19 0.2 15-21 13-23 0.4
Heavy - III 16-18 0.3 13-19 12-20 0.5

1'Values in the numerator are for regions with the design cooling season outdoor air temperature lower than 25°C. Values in the denominator are for

regions with the design cooling season outdoor air temperature higher than 25°C.
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Table 1.5. Acceptable air speed at work place.

Activity level Air speed, m/s

Continuous Exposure
Air Conditioned space 0.25-0.4
Fixed work station, general
ventilation or spot cooling:
Sitting 0.4-0.6
Standing 0.5-1.0

Intermittent exposure, spot cooling or relief stations
Light heat loads and activity 5to 10
Moderate heat loads and activity 10to 15
High heat loads and activity 15 to 20

Table 1.6. Recommended spot cooling air speed and air temperature.

Activity Air velocity in the jet Average air temperature in the jet cross
level averaged on 1 m’ area section, °C, on the work place, at the
of the work place, m/s density of heat flux, W/m?

140-350 | 700 | 1400 | 2100 | 2800

28 24 21 16 -
- 28 26 24 20
- - 28 26 24
- - - 27 25

Moderate - 27 22 - - -
II 2 28 24 21 16 -
- 27 24 21 18
- 28 25 22 19

25 19 16 - -
26 22 20 18 17
- 23 22 20 19
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Table 1.7. Coefficient of transition from normative air speed in the occupied zone to the
maximum air velocity in the jet (SNiP 1991)

N
Comfort
conditions People location light activity | medium and
high activity

Acceptable Within air jet:

- in the core zone 1 1

- in the main zone 1.4 1.8

Outside the jet 1.6 2

In the reverse flow 1.4 1.8
Optimal Within air jet:

- in the core zone 1 1

- in the main zone 1.2 1.2

Qutside the jet or in the reverse flow 1.2 1.2

Table 1.8. Acceptable deviation of air temperature in the air jet from the normative air
temperature in the occupied zone (SNiP 1991)

Acceptable temperature deviation
Comfort conditions Room type heating mode cooling mode
People location
within air | outside | within outside
jet air jet air jet air jet
Residential and
commercial:
Acceptable At 3 35 - -
At, - - 1.5 2
Industrial:
At, 5 6 - -
At, - - 2.0 2.5
Any, except those
with a special
Optimal process demands
At, 1 1.5 - -
At2 - = 1 1
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Table 1.9. Threshold Limit Value (TLV) for some typical fumes, particies and gases (as of
January ‘91)
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ACTIVITY

75

1.0

CLOTHING

Figure 1.1. The optimal operative (corresponding to PMV = 0) as a function of activity and
clothing. The shaded areas indicate the comfort range + At around the optimal temperature
inside which - 0.5 < PMV < + 0.5. The relative air velocity caused by body movement is
estimated to be zero for M < 1 met and V. = 0.3 (M - 1) for M > 1 met. Relative humidity = 50
% (Reproduced from Olesen et al. 1994).
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Figure 1.3. Optimal and acceptable ranges (ISO 1993) of air temperature and air speed in the
occupied zone for different levels of human activity: a - sedentary (70 W/m?); b - light (93 W/m?);
¢ - medium (116 W/m®); d - medium (140 W/m?); and high (174 W/m?). Winter clothing = 1.0
clo. Summer clothing = 0.5 clo (Reproduced from Olesen et al. 1994).
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Figure 1.4. Optimal and acceptable ranges (Teterevnikov et al. 1974) of air temperature and air
speed in the occupied zone for different levels of human activity:

a - light I (heating period);

b - light I (cooling period);

¢ - medium ITa (heating period);

d - medium IIa (cooling period);

e - medium IIb (heating period);

f - medium IIb (cooling period);

g - high IIT (heating period); and

h - high III (cooling period). (Reproduced from Olesen et al. 1994).
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2. AIR DISTRIBUTION DESIGN METHODS IN LARGE
INDUSTRIAL HALLS

2.1. Air Supply Methods

There are different methods of air supply into industrial spaces. To classify these methods we
can initially separate air supply provided by Natural Ventilation and Mechanical Ventilation
systems. Though Natural Ventilation systems driven by buoyancy forces and/or by wind effect,
are still widely used in industrial spaces (especially in hot premises in cold and moderate
climates), they are inefficient in large buildings, may cause drafts and can not solve air pollution
problem. Thus, most of the ventilation systems in industrial spaces are either Mechanical or a
combination of Mechanical supply with Natural exhaust systems.

The most commonly used methods for air supply into industrial spaces can be classified as:

mixing

displacement

unidirectional airflow or “piston” flow
spiral vortex

localized

Mixing -type air distribution. In mixing systems air is normally supplied into the space at
velocities much greater than those acceptable in the occupied zone. Supply air temperature can
be above, below, or equal to the air temperature in the occupied zone, depending on the
heating/cooling load. The supply air diffuser jet mixes with the room air by entrainment, which
reduces air velocities and equalizes the air temperature. The occupied zone is either ventilated
directly by the air jet or by the reverse flow created by the jet. Properly selected and designed
mixing air distribution creates relatively uniform air velocity, temperature, humidity, and air
quality conditions in the occupied zone.

In industrial spaces with mixing type air distribution, air can be supplied with:

® horizontal air jets (attached or not attached to the ceiling) or as termed ‘“‘concentrated
air supply” with the occupied zone ventilation by the reverse air flow (Figure 2.1);

° horizontal attached to the ceiling compact or linear jets supplied through the wall-
mounted grills (Figure 2.2)

° horizontal ("concentrated") air jets assisted with an additional system of vertical and/or
horizontal directing jets (Figure 2.3)

° inclined air jets through the grilles and nozzles installed on walls and/or columns at the

height of 3m to 6m (Figure 2.4) ;

° radial, conical or compact air jets through the ceiling type air diffusers installed in or close
to the ceiling (Figure 2.5a,b,c) or on the vertical duct drops (Figure 2.5d);

L4 radial or linear jets through perforated surfaces of horizontal round or rectangular ducts
(Figure 2.6);

Displacement ventilation systems. Conditioned air with a temperature slightly lower than the
desired room air temperature in the occupied is supplied from air outlets at low air velocities -
0.5 m/s (100 ft/min) or less (Jackman 1991, Skaret 1985, Skistad 1994, Shilkrot and Zhivov
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1996). Under the influence of buoyancy forces cold air spreads along the floor, and floods the
lower zone of the room. The air close to the heat source is heated and rises upward as a
convective airstream. In the upper zone this stream spreads along the ceiling. The lower part
of the convective stream induces the cold air of the lower zone of the room, and the upper part
of the convective airstream induces the heated air of the upper zone of the room. The height of
the lower zone depends on the air volume discharged through the panels into the occupied zone
and on the amounts of convective heat discharged by the sources (Figure 2.7).

Typically the outlets are located at or near the floor level, and the supply air is directly
mtroduced to the occupied zone. In some applications of displacement ventilation (in computer
rooms or in hot industrial buildings) air can be supplied into the occupied zone through a false
floor. In other applications supply air outlets can be located above the occupied zone. Returns
are located at or close to the ceiling/roof through which air is exhausted from the room.

During the past twenty years, displacement ventilation has been common in Scandinavia and is
becoming popular in the other European countries. Displacement ventilation is preferable when
contaminants are released in combination with surplus heat and contaminated air is warmer
and/or lighter than the surrounding air. Displacement ventilation design guidelines and limitations
are described by Skistad (1994), Laurikainen (1995) and Zhivov et al. (1997).

Unidirectional airflow ventilation. Air is either supplied from the ceiling and exhausted through
the floor or vice versa (Figure 2.8a), or supplied through the wall and exhausted through returns
located on the opposite wall (Figure 2.8b). The outlets are uniformly distributed over the ceiling,
floor, or wall to provide a low turbulent “plug” -type flow across the entire room. This type of
system is mainly used for ventilating clean rooms, in which the main objective is to remove
contaminant particles within the room, or in halls with high heat and/or contaminant loads with
double flooring or floor pedestals.

Spiral vortex flow air distribution can be used to localize air contaminants in certain room areas
and to evacuate the polluted air from those areas. A spiral vortex in a space can be formed by
supplying air through the vertical supply ducts located along a closed contour (preferably along
the walls) and thus generating a vertical vortex. An exhaust outlet can be located in the ceiling
near the center of the rotational flow. Such combination of air supply and exhaust systems allows
for concentrating contaminants in the vortex core and to transport them to the exhaust outlet
along the core axis (Figure 2.9). Low pressure in the vortex core allows for collecting
contaminants and for preventing their diffusion to the clean space (Kuz’mina et al., 1986;
Nagasawa et al., 1990)

Localized ventilation. Air is supplied locally for occupied regions or a few permanent working
places (Figure 2.10). Conditioned air is supplied towards the breathing zone of the occupants
to create zones with comfortable conditions and/or to reduce the concentration of pollutants.
These zones may have air 5 to 10 times cleaner than the surrounding air. In local ventilation
systemns air is supplied either (a) through the nozzles or grilles (e.g., for spot cooling); specially
designed low velocity/low turbulence devices (Kristensson et al. 1993) or (b) through perforated
panels suspended on the vertical duct drops and positioned close to the work place (VDI, 1994),
or (c) through combination of vertical perforated supply air panels creating oasis around the
working place and also acting as screens to separate the working place from the rest of the
environment ( Repus, ABB 1990, AIR-IX 1987).
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2.2. Current Design Methods

There are only few documents and papers that guide consulting engineers in their selection of the
method of air supply to be used for their specific applications (ASHRAE 1995, Designers Guide
1992, VDI 1994, AIR-IX 1987, ABB 1990, Zhivov 1992). Among the most important criteria
that are used for selection are:

® room floor area and height;

° technological process and size of process equipment used, space obstruction with this
equipment;

® number and type (permanent or temporarily) of working places, their location;

° type and amount of contaminants released into space, heating/cooling loads, air change
rates;

° type of HVAC system used (Variable Air Volume or Constant Air Volume); and

° the data on ventilation effectiveness characterizing different air supply method.

Some guidelines on air distribution method selection can be found in ASHRAE Handbook,
Applications (1995) and in VDI (1994). Table 2.1 reproduced from ASHRAE (1995) illustrates
the air supply method selection principles.

In spite of variety of air supply methods, that are currently available to consulting engineers, more
that 90% of air is supplied into industrial halls with mixing type ventilation systems. Almost all
current ventilation systems in Russia and in other former USSR republics as well as in the USA
are mixing type.

During the past twenty years, displacement ventilation has been common in Scandmnavia. In
1989, it was estimated that displacement ventilation accounted for 50% of the Scandinavian
market share in industrial applications. Displacement ventilation is becoming more popular in
Germany, United Kingdom, Switzerland and Central European Countries. The analysis of
internationally available technical information on displacement ventilation is available from
(Zhivov et al. 1995). Limitations and design guidelines for displacement ventilation can be found
from Stratos (1986), Skistad (1994), Laurikainen (1995), Zhivov et al. (1997). Other types of
air supply systems have a very limited usage either due to their limited application (e.g.,
unidirectional flow, localized, or because of the limited information on their design procedure.

The following discussion will be limited only to design principles of mixing-type air distribution
methods.

There is a variety of different methods consulting engineers use to design room air diffusion and
to select and size air diffusers.

® Perfect mixing is commonly assumed meaning air distribution is uniform within a room.
This approach can be acceptable in situations with the temporarily occupied places.
However, with this approach there is no assurance, that the fresh air actually reaches the
occupants nor there is a method of predicting thermal and air quality parameters vary
throughout realistic rooms.
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Design methods employing the empirical relations determined through research.

The data for these relations can be obtained in field experiments, reduced and full scale
tests. The air diffusion performance index (ADPI) is one example of this technique. It
utilizes only air velocity and effective draft temperature. Effectively, ADPI is a measure
of cooling conditions with a sedentary or light activity. There exist many more of these
types of indexes outlined for design and analysis of occupied regions; unfortunately,
extrapolation of these techniques beyond their original data sets is questionable.

Computational fluid dynamics (CFD) codes predict temperature, velocity and
contaminant distributions. Boundary descriptions and computational requirements still
limit general acceptance in the design community, although some specialty system
designs have benefitted from CFD simulations. With CFD, it is theoretically possible to
model any configuration assuming that time is not a constraint. However, it is difficult
to efficiently and accurately prescribe the boundary conditions. At this time, CFD has
been recognized as having a great potential but has not evolved into a design tool.
Unique ventilation systems may currently utilize CFD when the design process involves
gaseous or contaminate distributions of materials that have not been considered and
where experimental data is absent. Computational fluid dynamic codes require expertise,
computational availability and boundary conditions.

Air jet theory is a well-practiced technique for analyzing and designing human
environments. Air jet theory differs from the uniform mixing assumption used in the
traditional design technique by dividing the room into a jet region and occupied or mixing
zone as opposed to one region. Design methods based on air jet theory allows for the
prediction of extreme values of air velocities and air temperatures in the occupied zone
of empty spaces. Current air jet theory techniques account for the effects of buoyancy,
confinement, jets interaction.

Air Jet Theory. Most national guidelines such as ASHRAE Fundamentals (1993) [USA],
CIBSE Guide Volume B (1988) [UK], AICVF Aeraulique (1991) [France], Designers Guide
(1992) [Russia], LVIS (1996) [Finland], Taschenbuch fiir Heizung and Klimatechnik (Schramek
1986) [Germany], Skistad (1995) [Norway] utilize air jet theory for room air distribution design.
Numerous theoretical and experimental studies developed a solid base for turbulent air jets theory
were conducted concurrently in different countries from the 1940's through the 1970's.

For many conditions of jet discharge, it is possible to analyze jet performance and determine:

the angle of divergence of the jet boundary;

the velocity patterns along the jet axis;

the velocity profile at any cross section in the zone of maximum engineering importance;
the entrainment ratios in the same zone;

influence of confinement on jet behavior;

the multiple jet interaction.

When the temperature of introduced air is different from the room air temperature, the behavior
of the diffuser air jet is affected by the thermal buoyancy due to air density difference. A non-
isothermal jet behavior is determined by the Archimedes number (Baturin, 1972):
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where: g = the gravitational acceleration rate; L, = the length scale of the diffuser outlet which
is equal to the hydraulic diameter of the outlet, t, = initial temperature of the jet; t; = temperature
of the surrounding air, V = initial air velocity of the jet, T, = room air temperature, K.

If Ar,< 0.1 KK (VA/X)?, the buoyancy forces do not significantly effect the jet behavior: its
trajectory, point of jet's separation from the surface, velocity, etc. Such jet is called slightly
nonisothermal jet (Grimitlyn, 1993).

In air jets with greater Ar, values buoyancy forces cause transformation of velocity and
temperature profiles (Zhivov 1993) that can be neglected for the practical values of supply
velocities and temperatures in mixing type air distribution systems. However, transformation of
supply jet has significant effect on room air distribution at supply air velocities and temperatures
with displacement ventilation systems (V, < 0.25 m/s, At, = 0.5 to 3°C).

The currently available theories for non-isothermal jets allow to predict:

> the velocity patterns along the heated or chilled air jet axis;

> the temperature profile at any cross section in the zone of maximum engineering
importance;

> the jet trajectory;

> the vertically projected or inclined air jet throw;

> the separation point of the jet from the surface.

However, most of the information on ventilation jets is scattered throughout different sources.
The only systematic design procedure based on air jet theory is practically available from Russian
sources (Designers Guide 1992 and a number of guidelines for specific air diffusers selection,
which are available only to Russian consulting companies in blue prints). This design algorithm
for different methods of air supply was utilized (Pozin, 1993) in the computer program
“PRIVOZ” (SUPPLY AIR).

Another computer model based on air jet equations is available from Halton (Livchak, 1993)

Computational Fluid Dynamic Codes. There are only few attempts to utilize computational
fluid dynamic codes for air distribution design in industrial halls (Annex 26). In the
demonstration project performed within IEA program, researchers studied mixing air distribution
in fiber-glass reinforced polyester factory. They have concluded that the complexity of airflow
and space geometry could not allow to make an accurate prediction.

Multizonal models. A number of multizonal models were developed by different researchers
for analytical description of temperature and contaminant concentration distribution along the
room height. The importance of such models is in capability to predict the efficiency of HVAC
systems and to analyze the factors (i.e., method of air supply, location of air exhausts, location
and type of heat and contaminant sources and sinks) that affect ventilation efficiency. For
example, properly designed mixing type air distribution systems create comparatively even




26 Calculation methods for air supply design in industrial facilities

distribution of temperature and gas concentration along the room height. However, when the
momentum of the heated air jet is not enough, warm air razes to the upper zone and the
temperature in the occupied zone remains low, even when enough heat is supplied to the space.
Also, information on ventilation effectiveness can be obtained from field studies, and from
numerical and physical modeling. Discussion on the methods to predict ventilation efficiency in
ventilated space is presented in Chapter 9.
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Table 2.1. Guidelines for Selection of Air Distribution Method (Reproduced from ASHRAE

1995)

Characteristic of Ventilated Space

Height,
m

Air Change
Rate, ACH

Human
Activity
Type

Requirements
to Parameters
Uniformity in
the Occupied
Zone

Obstructions

HVAC
System

Type

Recommended Air Supply Method

> 6-8m

<5

Moderate
and Heavy

None

Insignificant

CAV

Concentrated air supply; air supply by
horizontal concentrated jets and
vertical and/or horizontal directing
jets, air supply with inclined jets, air
supply with vertical compact jets,
displacement air supply; a spiral
vortex air supply.

VAV

Air supply by horizontal concentrated
jets and vertical and/or horizontal
directing jets, air supply with inclined
jets; downward air supply with
compact jets.

>3m

CAV

Air supply by horizontal concentrated
jets and vertical and/or horizontal
directing jets; air supply with inclined
jets; displacement air supply.

VAV

Air supply by horizontal concentrated
jets and vertical and/or horizontal
directing jets; air supply with inclined
jets.

<6-8m

>5

Sedentary
and Light

High Degree of
Uniformity

Insignificant

CAV

Air supply with vertical radial, conical
or compact jets, air supply with
horizontal attached or non-attached
jets; displacement air supply.

VAV

Air supply with vertical radial or
compact jets, air supply with
horizontal attached or non-attached
jets.

>2m

CAV

Air supply with vertical compact jets;
air supply with horizontal attached or
non-attached jets into the ails
between process equipment
displacement air supply;

VAV

Air supply with vertical compact jets;
air supply with horizontal attached or
non-attached jets into the ails
between process equipment.
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Figure 2.1. Concentrated air supply with occupied zone ventilation by reverse flow: a- schematic
of air flow pattern with attached jet, b - schematic of air flow pattern with not attached jet, c -

air supply with not attached jet in the shop ( a,b - reproduced from Zhivov, 1992; ¢ - reproduced
from AIR-IX, 1987).
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Figure 2.2. Air supply with horizontal jets: a - occupied zone ventilated directly by attached to
the ceiling jet; b - occupied zone ventilated directly by attached to the ceiling jet and by reverse
flow (Reproduced from Zhivov 1992).
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Figure 2.3. Concentrated air supply with (a) horizontal and vertical directing jets, (b) withonly
horizontal directing jets (Reproduced from AIR-IX 1987).
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Figure 2.4. Air supply with inclined jets: a - schematic of cooled air supply; b - schematic of
heated air supply; c - inclined air supply in mechanical shop (a and b - reproduced from Zhivov
1992, ¢ - reproduced from AIR-IX, 1987)
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Figure 2.5. Air supply by (a) radial, (b) conical or (c) compact air jets through the ceiling type
air diffusers installed in the ceiling, and (d) by conical jets through diffusers installed on vertical
duct drops (a,b and ¢ - reproduced from Zhivov 1992, d - reproduced from AIR-IX, 1987).
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Figure 2.6. Air supply through (1) perforated ducts, (2) perforated ceilings and (3) perforated
panels: 1 - vertical linear jet (a), horizontal attached linear jet (b), vertical attached linear jet (c);
two unattached horizontal jets (d), radial jets (e) (1la,b,c -reproduced from Designer's Guide,
1992; 1d,e, 2 and 3 - reproduced from AIR-IX 1987).
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Figure 2.7. Displacement Ventilation (Reproduced from Kristensson, et al. 1993).
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Figure 2.8. Unidirectional flow systems with (a) vertical air flow, (b) with horizontal air flow (a -
reproduced from AIR-IX 1989, b - reproduced from LVIS 1996).
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| Figure 2.9. Spiral vortex ventilation system: a - schematic, b - air diffuser (a - reproduced from
Nagasawa et al. 1990; b - reproduced from Kuz'mina et al. 1986).
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Figure 2.10. Localized ventilation systems: a - air showers, b - air oasis with horizontal air
supply, ¢ - air oasis with vertical air supply (a - reproduced from Kristensson, b and ¢ -

reproduced from AIR-IX 1987).
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3. AIR DIFFUSERS AND THEIR PERFORMANCE

There is a wide range of air diffusion devices which can be used with different air distribution
methods. The following is incomplete list of the most typical air diffusers.

Grilles are one of the most universal type of air diffusers (Figure 3.1). They can have one or two
rows of vanes: vertical or horizontal and different aspect ratio and vane ratio. Vanes affect grill
performance if their depth is at least equal to the distance between the vanes.

A grille discharging air uniformly forward (vanes in straight position) has a spread of 14 to 24
deg, depending on the type of diffuser, duct approach, and discharge velocity. Turning the vanes
influences the direction and throw of the discharged airstream. The parallel horizontal vanes
direct the air stream vertically within 45 deg. It should be noted that if the vane ratio is less than
two, the jet inclination will be smaller than the angle of vanes.

Vertical vanes can be used to spread the air horizontally and horizontal vanes can be used to
spread the air vertically. A grille with diverging vanes (vertical vanes with uniformly increasing
angular deflection from the centerline to a maximum at each end of 45 deg) has a spread of about
60 deg and reduces the throw considerably. With increasing divergence, the quantity of air
discharged by a grille for a given upstream total pressure decreases.

A grille with converging vanes (vertical vanes with uniformly decreasing angular deflection from
the centerline) has a slightly higher throw than a grille with straight vanes, but the spread is
approximately the same for both settings. The airstream converges slightly for a short distance
in front of the outlet and then spreads more rapidly than air discharged from a grille with straight
vanes.

Ceiling mounted air diffusers can be round, rectangular and linear and have outlets covered
with grille, perforation, plaque, vanes forming multiple slots or a swirl insert (Figure 3.2). There
are regulated and non-regulated ceiling mounted air diffusers. Depending on their design they
can form attached radial, concentrated or linear jets as well as non-attached conical or
concentrated air jets. Rectangular air diffusers with triangle or four sided grilles form non-
uniform circular flow and can be considered as three or four separate jets.

For VAV application with considerable air volume and initial temperature differential range, air
diffusers with regulated outlet area and/or direction of air supply as well as those with induction
of room air create better performance within the year-round cycle of system operation. For
application in industrial and commercial facilities with high ceilings, these diffusers can be
mounted on duct drops (with installation height 3 m to 5 m) supplying compact conical or non-
attached radial jets. Non-attached radial and conical jets typically collapse into conical or
compact jets under the influence of buoyant forces.

Round, square and rectangular nozzles (Figure 3.3) with an outlet size from 10mm to 1 m are
commonly used for different applications: from small residential rooms to large atriums, sport
balls and industrial buildings. Converging nozzles form air jets with considerably higher throw
and lower noise level compared to other air diffusers. Diverging nozzles are used to supply
compact jets with increased angle of divergence and reduced throw. Typically, the latter type
of jet can be achieved either by placing two or more concentric cones at the supply side of the
air diffuser or by placing a swirl insert inside the straight nozzle.
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Perforated panels (Figure 3.4) are used to supply air directly into the occupied zone for
displacement ventilation systems or vertically downward. They discharge air with low velocities
(0.2-0.5 n/s) and low turbulence. A diffuser panel is much more than a simple perforated plate
or a filter mat. Simple perforated plates usually produce irregular flow of supply air and cannot
be used as supply air devices. Another problem of filter mats is that they are blackened by
particles in the supply air. Recently a new generations of perforate panels were introduced:

(1) with induction chambers which allows to mix supply air with room air inside air

diffuser housing. This design allows to supply air with a greater air temperature difference

without causing discomfort in the occupied zone, and

(2) with internal deflectors to adjust the flow direction. These panels are cable of
decreasing the restricted zone (zone with abnormal velocities) in front of air diffuser.

Perforated ducts (Figure 3.5) round or rectangular with a partially or complete
perforated/slotted walls. Primarily, they are used to supply air in spaces where a high air change
rate is required and air velocities in the occupied zone are limited due to process limitations (e.g.,
to prevent contaminant spillage from local exhausts). The supply surface may be created either
by perforating the duct wall, or by cutting the incomplete wholes in the wall and bending metal
peaks inside/outside the duct (to deflect air jets in the right direction from the duct surface), or
by stamping converging nozzles in the desired areas of the sheet metal bend that is used to form
the spiro duct.

Typical applications for air supply diffusers are summarized in Table 3.1.
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Table 3.1. Typical air diffusers and their applications

Air diffuser type Air diffuser performance Method of air
characteristics distribution Application
K/’ K
Large grills 2-6 1.8-5.1 Fig. 2.1, Fig. 2.3, Large shops
Fig. 2.4
Sidewall grills, 2-6 1.8-5.1 Fig. 2.2 Low rooms (< 20ft)
Grills mounted on duct 2-4 1.8-3.5 Fig. 2.5d Large shops
drops
Circular diffusers 1-3 0.9-3.2 Fig. 2.5a,b,c Low rooms (< 20ft)
Fig. 2.9a Large shops
Square diffusers 1-2.8 1.2-3.2 Fig.2.5ab,c Low rooms (<20ft)
Fig.2.9a Large shops
Linear diffusers 2.5 2 Fig. 2.2 Low, small rooms
Perforated panels (round, Fig. 2.7, Fig. 2.8b Rooms higher than 12ft
half/quater round, flat) Fig. 2.10b with surplus heat or
mounted on or near the combined heat and
floor contaminant emissions
Perforated panels, 2.1 17 Fig. 2.6(3), Shops with surplus heat
mounted on duct drops Fig. 2.10c and a few work places or
shops obstructed by
precess equipment
Low industrial rooms with
Perforated ducts 0.5 12 Fig. 2.6(1) surplus heat, high air
change rate and
requirements for low
velocities in the occupied
zone
Same + special
Perforated ceiling mounted 2.1 1.7 Fig. 2.6(2) applications (e.g., clean
panels or perforated rooms)
panels
Nozzles Large shops
converging 6-6.8 42-4.8 Fig. 2.1, Fig. 2.3 Large shops; air supply
diverging or with 1-25 0.8-2.0 Fig. 2.4, into ails
swirl inserts Fig.2.10a

* Approximate ranges are given for air diffuser characteristics: K, = coefficient of velocity
decay along the jet; K, = coefficient of temperature decay along the jet. For actual values of
these characteristics, consult manufacturers' guides.
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g

Figure 3.1 Air supply grilles: a - schematic of RV grille (Russia), 1 - grille frame, 2 - vanes, 3
- immovable axis, 4 - movable axis; b - VPRV air diffuser with RV grilles (Russia), 1 - round
duct tees, 2 - damper, 3 - grilles; ¢ - DL drum louver (TITUS, U.S.A.); d ventilation grille
(TROX, Germany)
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Figure 3.2 Ceiling mounted air diffusers: a - circular multidiffuser (ANEMOSTAT, U.S.A.), b
- square/rectangular multidiffuser (TROX, Germany), ¢ - linear (ABB, Sweden), d -
rectangular with perforated outlet surface (Lindab, Sweden), e - rectangular with vanes
forming multiple slots (KRUGER, U.S.A.), f - round with a plaque (ABB, Sweden), g -
round with a swirl insert (KRANTZ-TKT, Germany)
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Figure 3.3 Nozles: a - with adjustable direction (TROX, Germany), b - nozzle with a
concentric insert (Halton, Finland), ¢ - small nozzles with flexible ducts for systems with
directing jets (ABB, Sweden)
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Figure 3.4 Perforated panels: a - flat rectangular (Halton, Finland), b - semicircular combined
with rectangular (Repus, Sweden), ¢ - with induction (ABB - Sweden), d - with movable air
deflectors to adjust air spread pattern (Stifab, Sweden)
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Figure 3.5 Perforated ducts (ABB, Finland)




Calculation methods for air supply design in industrial facilities 47

4. AIR JETS THEORY

4.1. Introduction

Air supplied into the room through the various types of outlets (grills, ceiling mounted air
diffusers, perforated panels etc.), is distributed by turbulent air jets. In mixing type air
distribution systems, these air jets are the primary factor affecting room air motion. Numerous
theoretical and experimental studies that developed a solid base for turbulent air jets theory were
conducted concurrently in different countries (Germany, Sweden, Russia, U.K., USA) from the
1930's through the 1980's. Among the most important findings during that early stage are those
made by L. Helander, H. Nottage, G. Tuve, A. Koestel, W. Linke, B. Regenscheit, G.
Abramovich, I. Shepelev, P. Becher, H. Miillejans, V. Taliev, V. Baturin, M. Grimitlyn, P.
Jackman, M. Holmes, P. Nielsen. Most of the current information is also available from
ASHRAE/ASHVE Transactions, ASHRAE data base, proceedings of “ROOMVENT’87",
“ROOMVENT’90" “ROOMVENT’92", “ROOMVENT’94" and “ROOMVENT 96"
conferences. There are many valuable information on air jets, room air distribution and
ventilation effectiveness published in English, German, Russian and Scandinavian languages.
Most of air distribution design guidelines created on the national levels utilize air jet theory (e.g.,
ASHRAE 1997; AICVF 1991; CIBSE 1988; Designer's Guidebook 1992). Theory of air jets and
air distribution design principles are discussed in this chapter.

4.2. Classification

If there is no influence of the walls, ceiling or obstructions on the air jet, it can be considered as
a free jet. If the air jet is attached to a surface, it is called an attached air jet.

Characteristics of the air jet in the room might be influenced by the reverse flows, created by the
same jet entraining the ambient air. This air jet is called a confined jet. If the temperature of the
supplied air is equal to the temperature of the ambient room air, the jet is called isothermal jet.

A jet with an initial temperature different from the temperature of the ambient air is called non-
isothermal jet. The air temperature differential between supplied and ambient room air generates
buoyancy forces in the jet, affecting the trajectory of the jet, the location at which the jet attaches
and separates from the ceiling/floor and the throw of the jet. The significance of such effect
depends on the ration between the thermal buoyancy and inertial forces (characterized by
Archimedes number).

Dependent upon the diffuser type, air jets can be classified as follows (Figure 4.1):

1. Compact air jets are formed by cylindric tubes, nozzles, square or rectangular openings with
small aspect ratio, unshaded or shaded by perforated plates, grills etc. Compact air jets are three
dimensional and axisymmetric at least on some distance from the diffuser opening. The maximum
velocity in the cross-section of the compact jet is on the axis.

2. Linear air jets are jets are those formed by slots or rectangular openings with a large aspect

ratio. The jet flows are approximately two dimensional. Air velocity are symmetric in the plane
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at which air velocities in the cross-section are maximum. At some distance from the diffuser,
linear air jet tend to transform into the compact one.

3. Radial air jet are formed by the ceiling cylindrical air diffusers with flat discs or multi diffusers
to direct the air horizontally in all directions.

4. Conical air jets are formed by the cone-type or regulated multi diffusers ceiling air distribution
devices, have an axis of symmetry. The vectors of air velocities are parallel to the conical surface
(with an angle at the top of the cone equal to 120 deg.), which is also the place of maximum
velocities in the cross-sections perpendicular to the axis.

5. Incomplete radial jets are supplied through the outlets with the grilles having diverging vanes
and have a coerced angle of expansion. At some distance this kind of jet tends to transform into
a compact one.

6. Swirling jets are supplied into the room through air diffusers with vortex-forming devices
creating the rotation motion and have besides the axial component of velocity vectors tangential
and radial ones. Depending upon the type of air diffuser swirling jets can be compact, conical
or radial.

4.3. Isothermal free jet

4.3.1. Zones in a Jet

It was acknowledged, that for different types of free jets and air diffusers there is a similarity in
a resulting flows. Four major zones are recognized along a free jet. These zones, as described
by Tuve (1953), may be roughly defined in terms of the maximum or center core velocity, that
exists at the jet cross-section being considered:

(Figure 4.2a). Zone 1 is a short zone, extending about two to six diffuser diameters (for compact
and radial jets) or slot widths (for linear jets) from the diffuser face. In this zone, the centerline
velocity of the jet remains nearly equal to the original supply velocity throughout its length. Zone
2 is a transition zone, and its length depends upon the diffuser type. For a compact jet a
transition zone typically extends to 8 or 10 diameters. Within this zone, the maximum velocity
may vary inversely as the square root of the distance from the outlet. Some researches
(Abramovich, 1960; Shepelev, 1961; Grimitlyn, 1970)suggest for practical purpose to use
simplified scheme of the jet (Figure 4.2b) with a transition cross-section.

Zone 3 is the zone of fully established turbulent flow. It has a major engineering importance, since
it is usually this zone where the jet enters the occupied region. The length of this zone depends
on the air jet shape, type and size of supply air diffuser, initial velocity and turbulence
characteristics of the ambient air.

Zone 4 is a terminal zone in which the residual velocity decays quickly into large scale turbulence.
Within a few diameters, the maximum velocity subsides to the range below 0.25 m/s. Though
this zone was studied by several researchers (Madison et.al., 1946; Weinhold, 1969), its
characteristics is still not well understood.

In some practical applications of air supply (e.g., multiples jet ceiling diffusers, annular jet
collapsing into a compact, rectangular outlet jets transition into a round or elliptical, or multiple
streams merge when air is supplied through perforated panels) measurements and accurate jet
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description in Zone 1 and Zone 2 may be difficult.
4.3.2. Velocity distribution in a jet cross-section within the Zone 3.

Velocity distribution profiles in Zone 3 of the jet were found to have similarity (Triipel, 1915;
Fortman, 1934; Albertson et al., 1948). They can be computed applying momentum-transfer
theory (Prandl-Tollmein) and the vorticity-transfer theory (Taylor-Goldstein). Modification of
these theories with different assumptions resulted in several equations for jet velocity profiles.
These equation are presented in Table 4.1 and can be divided into two groups:
® profiles with a finite boundaries (Tollmein 1926, Schlichting 1930), with a
zero velocity at the specified distance from the jet axis;
° profiles with an indefinite boundaries (Reichardt 1942, Gortler 1942), with air
velocity decreasing with a distance from the axis asymptotical urging towards
Zero.

Table 4.1. Equations for velocity profiles in free jet

1 - 0.633 %2 + ...

Author V/V,

round jet linear jet
Schlichting A - 5% A - Yyis¥?)?
Tollmein* 0<1/0<3.4: 0<r/d<2.4:

1 - 0.424 52 + .

/6 >34: 0 /0 >24: 0
Reichardt exp{- (1/6)*} exp{- (1/6)?}
Gortler Cosh’? (Cr/d) -

*Equations for velocity profiles in jets supplied from a round and slot nozzles derived by
Tollmein have only numerical solutions. For practical use the resulting data is presented in tables
Table 4.1 presents approximation of Tollmein equations

(e.g., see Abramovich 1984).

reproduced from Kraemer (1971).
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Table 4.2. Jet angle of divergence.

Author

round

linear

radial

pr2
Arctan{(6/X)

o/2
Arctan(d, 5y/X)

B2
[Arctan(8/X)]

of2

of2

Tollmein, 1926

0.151X

0.272X

Reichardt, 1942

0.085X

4.9

(0.112]

6.4

Forthmann, 1934

5.8

Miller, Comings
1957

5.5

Corrsin,1943

4.8

Ermshaus, 1963
(see Kraemer
1971)

5.2

Kraemer, 1971

54

Heskestad, 1966

0.288X

Tuve, 1953

0.185X

10.5

Tuve and Priester
1944

10to 11

11t011.5

Becher (1949)

12

44

16.5

9.2

In Equations listed in Table 4.1, r (Y) is the distance from the point of interest to the jet axis, & is a distance to the jet boundary, that can be
obtained from Equations summarized in Table 4.2.
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It has been demonstrated by Ruden (1933), Albertson et al.(1948), Taylor et al. (1951),
Keagy (1949), Pai (1949), Becher (1949), Forthmann (1934), Nottage et al. (1952),
Shepelev (1961), Grimitlyn (1994) and other researchers, that the Gauss error-function
profile by Reichard is comparable with a data taken in studies of both nozzle jets and
manufactured air diffusers supplying similar jets. This profile is utilized the most by
researchers using analytical (semi-empirical) approach in air jets studies. Table 4.3 lists some
modifications of the Gauss error-function velocity profile equations as they are used for
practical applications.

Schlichting finite boundaries profile is another one that is frequently used (Abramovich 1984).
Utilization of this profile is specifically fruitful to describe velocity distribution on complex
flows, e.g., jet in a cross flow (Gendrikson and Ivanov 1973), jets interaction under the right
angle (Zhivov 1982). In such cases distance from the jet axis r; to the point with an air
velocity V; is substituted by the parameter r;= (S;/%)" , where S, is the area within a contour
with a constant velocity value V;.
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Table 4.3 Practical modifications of the Gauss error-function velocity profile equations

Yosy = X tanag,

Yosv = X tano gy,

Author VIV,
Round jet Linear jet Radial jet
Tuve, 1953 e 0.7(W¥o.50)° e 0.7(V¥p.51)° e 0.7("Yo 50)°

Yosv = X tana,

Regenscheight, 1971

Yosv = X tana

Yosv = X tanay 5,

Yosv = X tana 5y

-4l o[ Y 2 ¢
e mX e 5 \mx _m Yr, Az
2\ hor(t - ryr)
e
m=0.1t00.4" m=0.1to 0.4 Ap=( +ag |1 -4 :a
F
h
xe = —2
mr,
m=0.11t004
Shepelev, 1961 _1( v _1(_},_)2 ) _1_(_}’_
e 2\0.082X e 2\0.41X, e 2\0.1X
Grimitlyn, 1994 o~ 07005 o 075 o 0705

4.3.3. Centerline velocity

Compact jet. Centerline velocity in the Zone 3 of the jet supplied can be calculated from the
equations based on the principe of momentum conservation along the jet (Abramovich, 1948;

'The parameter m value depands upon the type of nozzle used in experiments
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Loitzansky, 1973):

M, = 2ngf"'V2ydy (4.1
]

where:

2
Mo= Y VoAc - initial jet momentum, y* - distance from the axis to the jet boundary.
Application of the Gauss error-function equation for velocity profile in the form proposed by

Shepelev (Table 4.3) in Equation (4.1) results in the following formula for the centerline velocity
in Zone 3 of the compact jet:

4.2
v < 4.2)

1
X JI—T—-C

.

M, 1
P, X

Equation (4.2) can be also presented as follows:

_ 80 Vo/A, “3
X

V.
x \/TTIC

where:

8 = /p/p. = {T./T,

- coefficient of velocities
distribution at the diffuser
outlet.

When outlet velocity distribution is uniform ¢ = 1, V, - average air velocity at the diffuser outlet
(Vo = Q,/ A, ). Complex of coefficients 8¢/ ¢ reflecting conditions of air supply has a
constant value for a given situation and is called (Shepelev 1961) a dynamic characteristic of
diffuser jet. Dynamic characteristic describes the intensity of velocity decay along the air jet axis:

K, = 22 (4.4)

Jre

The above approach for the centerline velocity computation was utilized by different researchers
using other velocity profiles and resulted the following equation
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V,= KV \/A_o (4.5)

o

Theoretical values of characteristic K; depends upon what type of velocity profile equation and
supply conditions were assumed. E.g., according to Shepelev, K; = 6.88; K, = 6.7 (Rydberg
and Norbéck 1949). Shlichting profile results in K; = 7.4 and with Tollmein profile K; =7.76
(Kraemer 1971). According to experimental studies reported by Tuve (1953) the range of K
characteristic for the compact jet discharged from round outlets varies between 5.7 and 7
depending upon supply air velocity and type of the outlet. Analysis of experimental data from
different researchers by Rodi (1982) indicates that the K, is close to 7.

Some researches (e.g. Abramovich 1948; Baturin 1972; Rajaratnam 1976; Nielsen et al. 1988)
consider X to be a distance starting from some point located at some distance X, upstream from
the diffuser face. Equations for the jet boundaries and velocity profile used in the centerline
velocity derivation assume jet is supplied from the point source. Addition of the distance X to
the distance from the outlet corrects the influence of the outlet size on the jet geometry. For
practical reasons some researchers neglect X,

Linear jet. The equations for centerline velocities in a linear diffuser jet can be derived using the
same principles as are applied in case with a compact jet. For linear jet:

H, (4.6)
V, =K V|2
X

where: H, = the height of the slot. Similar to the case with compact air jet supply, theoretical
values of characteristic K, depend upon what type of velocity profile equation and supply
conditions were assumed. E.g., according to Shepelev, K, =2.62. Gortler profile results in K;
= 2.43 and with Tollmein profile K; = 2.51 (Kraemer 1971). Becher (1950) reported K,
characteristic for linear jet to be equal to 2.55. Experimental results by Knystautas (1964),
Heskestad (1965), Miller and Comings (1960), van der Hegge Zijnen (1958), Gutmark and
Wygnanski (1976), and Kotsovinos and List (1977) appear to satisfy K; = 2.43.

Radial jet. Principle of momentum conservation applied by Koestel (1957) to the radial jet result
in the following equation for the centerline velocity (Figure 4.3):

Ve _ (K(H)IR) CosB [K (HJR,) Cos8 + 1]

v, JR(R - R)

R

[+]

4.7)

The value of the numerator of the right-hand side of Equation (4.7) depends on the geometric
configuration of the outlet (Ro, Ho, Cos 0). The denominator represents the dimentionless
distance from the outlet. For a given diffuser or a plaque Equation (4.7) becomes:
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Ve ___CR, (4.8)

R
V. J/R(R-R)

Experimental C values for radial slot and radial nozzle tested by Koestel equal to 1.13 and 1.19
correspondingly. Equation (4.8) is similar to Equation (4.5) if the distance from the outlet is large
enough so that (R - R)) is approximately equal to R. Theoretical value of the characteristic K
in Equation (4.5) applied to a radial jets is equal to 1.05, according to Shepelev (1978).

Similar derivations by Regenscheit (1971) resulted in the following Equation for the radial jet
center line velocity:

V, R [@+RJR “9)

where:

Referring to the data from Baturin (1959), Regenscheight evaluated ¢ equal to 0.377. At
significant distance from the supply outlet (R/R~ 0) Equation (4.9) can be transferred into (4.5).

From equations (4.5) and (4.6) one can see, that air velocity along compact, linear and radial jets
is proportional to the value of K, coefficient. This parameter depends upon (1) jet type; (2)
diffuser type and (3) initial air velocity (ASHRAE, 1997) or Reynolds number (Vulis et al.,1969;
Hanel et al.,1979; Miillejans, 1966).

4.3.4. Universal equations for velocity computation along the jets supplied from outlets
with finite dimensions.

A fruitful approach for velocity computation along first three zones of jet supplied from the outlet
with finite size was developed based on the hypothesis that momentum diffuses with distance
from the source in the same manner as heat energy (Carslaw and Jaeger 1947, Vulis 1960). This
approach developed in the papers by Elrod (1954), Shepelev and Gelman (1966) and Regenscheit
(1981) utilizes the method of superposition of jet momentum from the multiples jet system.
These jets originate from the point sources with supply air velocity equal to the average air
velocity at the outlet of the finite dimensions. This approach utilizes the following principles:

1. Momentum conservation along the jet;
2. Air velocity in each jet cross-section is described using Reichardt Gauss error-
function profile;

3. Constant angle of divergence along the jet.
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This method being applied by Shepelev et al. (1966) to air supply through rectangular outlet with
dimensions 2L x 2B (Figure 4.4) results in the following equation for air velocities U(y,z) in the
jet cross-section located at the distance X from the outlet:

v _ _
sz=-9-J erfL Y+erfL+Y erfB Z+erfB+z
o 2 cX cX cX cX

where: erf = probability integral:

t
erf t =2 fe"?'dt
LA}

From Equation (4.10) the centerline velocity can be calculated by substituting of Y =0 and Z =
O:

V.- v, et x ertB (+11)
X cX

Equations (4.10) and (4.11) describe air velocity in cross-section of the jet located in Zone 1
through Zone 3. The shape of the outlet can be from square (2B x 2B) to infinite slot with a
width 2B (L = « ). In the case of linear jet supplied through the slot, Equations (4.10) and (4.11)
become as follows:

erfB it erf.
cX cX

The solution for a circular jet as presented by Elrod (1954) and Regenscheit (1981) cannot be
evaluated in closed form. The exact solution can be received only for the centerline velocity:

"4 _p2
—= =1 -exp b
v, 4 c2x? (4.14)
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4.3.5. Jet throw

Diffuser jet throw, L - a parameter commonly used in air diffuser sizing, is defined as a distance
from the diffuser face to the jet cross-section where the centerline velocity equals to a terminal
velocity V, (V, is often assumed to be equal to 0.25 m/s). Therefore, the throw (L) can be
determined by velocity decay equations with V, equals the terminal velocity:

v
L= K, \/A-o__‘_/_g (4.15)

X
4.3.6. Entrainment ratio.
Entrainment ratio is another jet characteristic commonly used in air distribution design practice.
Specifically, it is used in analytical multizonal models (see Chapter 9.4) when one needs to
evaluate the total air flow rate transported by the jet to some distance from a diffuser face.

Airflow rate in the jet Q, can be derived by taking integral of air velocity profile within jet
boundaries:

Q, = 2n f"'Vydy (4.16)

Equations for airflow rate computation in compact, linear and radial jets are presented in Table
44.

Table 4.4. Airflow rate through a jet cross-sectional area.

Author Q/Q,
Compact jet Linear jet Radial jet
(per 1m slot length)
Baturin, 1965 X-X
0.275 o X-X N
0.530 530 ((1 - RR,
/A \l : J‘ ) TH,
Regenscheight, -
VA, Jm \ H, R,

Shepelev, 1961

X R
029 = 043/m | X 0.069
7, o JRA
X

Grimitlyn, 1994 5%

2 X
K A, KA\ H,

xIx]
X%
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For a given area of diffuser opening A,, the entrainment ratio is proportional to the distance X
(for compact, radial and conical diffuser jets) or proportional to the square root of the distance
X (for linear jet). For the same type of jet, the entrainment ratio is less with a large K, than with
a small K,;. Radial and conical diffuser jets have smaller entrainment ratio than compact
(incomplete radial) jets with a same K, value. Linear diffuser jets have smaller entrainment ratio
than radial and conical jets.

4.4. Non-isothermal free jets
4.4.1. Temperature profile in a jet

Along with a constant velocity zone (Zone 1) there is a constant temperature zone in the jet.
Heat diffusion in a jet is more intense than momentum, therefore the core of constant
temperatures fades away faster than that of constant velocities and the temperature difference
profile is flatter than the velocity profile. Thus the length of the zone with constant temperatures
(Figure 4.5) is shorter than the length of the constant velocity zone (Zone 1) (Abramovich 1940,
Koestel, 1954, Grimitlyn, 1970).

From the Tolmin's theory and experimental data (e.g., Reichardt 1944) the relation between
velocity profile and temperature profile in the jet cross-section can be expressed using an overall
turbulent Prandl number: Pr = v/e,, where v, is a turbulent momentum exchange coefficient and
¢, is a turbulent heat exchange coefficient:

v _[t-t ]Wr (4.17)

v t -t

where: t,- temperature of supplied air, t.- average air temperature of the surrounding air, t - air
temperature at the point of consideration.

A Prandl number Pr of 0.7 has been suggested for non-isothermal jets by Nottage (1951),
Forstall and Shapiro (1950) and Corrsin and Uberoi (1949), Grimitlyn (1965). Abramovich
(1960) suggested Prand]l number for a compact jet equal to 0.75, and for a linear jet - equal to
0.5.

According to Abramovich (1940), Regenscheight (1959) and Shepelev (1961), the relation
between velocity distribution and temperature distribution in the cross section of non-isothermal
compact, linear or radial jets within Zone 3 can be expressed as follows:

AUAL, = (t - T, - t) = |VIV,. (4.18)

and thus, the Prandl number is equal to 0.5. Table 4.5 lists some temperature profile equations
as they are used for practical applications.
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Table 4.5. Temperature profile equations

t-1
txm - tea
Author
Round jet Linear jet Radial jet
Regenscheight, 1959,
1971 - 24 (—’—)2 - (l vroaz |
e mX e 42\mx _n o Ar
a2\ h,r(1-rjr)
e
m=0.11t00.4 m=0.11t00.4 Ar = (1 +ap),l1 -
+ Qg
h
(xF = _..o_.
mr,
m=0.1t004
Shepelev, 1961
__1_( y 1 ( y . _1.(_.L
e 4210.082X e 42\0.1X e 4210.1X,
Grimitlyn, 1994 ) ) 2
e’ 0.7(1¥o 50} e’ 0.7(Yo. 5007 e 0.701Yo.51)
190y gy 1gay 5y 190y sy
Yoe, = X tana,., = X Yo, = X tanay,, = X —= Y., = X tana,., =
0.5¢ 0.5¢ m 0.5¢ 0.5t ‘/ﬁ' 0.5¢ 0.5t ‘/Ff
Abramovich, 1984
(1 - n5¥2)'4 (1 - YH5%?) i

4.4.2. Centerline temperature differential in a horizontally supplied jet

Compact jet. Centerline temperature differential within a zone of fully established turbulent flow
(Zone 3) of a non-isothermal jet can be derived using equations of momentum (Equation (4.1)]
and excessive heat conservation along the jet (Koestel 1954; Abramovich 1960; Shepelev 1961,
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W, = 2nCp, f Y"V(t-t)ydy
[o]

where:

W, = CPp” Vol t)A, excessive heat in supplied air, C, - specific heat,

Equation for the centerline temperature differential in Zone 3 of the compact jet derived
(Shepelev, 1961) from the Equation (4.19) using the Gauss-error function temperature profile
(Table 4.5) is as follows:

ar < 1ro Wo 1 1 (4.20)
ofic C,P. [Mjo. X

Equation (4.20) also can be presented as follows:

At - (1208 AL /A,
- X

w

o

Cppoao

Complex of coefficients having constant value (14+0)0/2V'med is called (Shepelev, 1961) a
thermal characteristic of diffuser jet, K, , and characterizes the temperature decay along the air
jet. Assuming a perfect mixing in the room (i.e., t,, = t), t, can be substituted for t,,, and
Equation (4.21) can be presented as follows:

tx B to.z - K VAo (4.23)
- 2
X

to - to.z

As in the case of equations for the velocity decay computation, in the equations for the
temperature decay computation, some researches consider X to be a distance starting from some
virtual source located at some distance X, from the diffuser face, others for practical reason
neglect X,.

As in the case of K, characteristic, theoretical values of characteristic K, depends upon supply
conditions. According to Shepelev (1961), in the case of air supply through the nozzle with a
uniform outlet velocity profile K, x K, = (1 + Pr)/( 2% 0.082%). Thus, when K; = 6.88 and Pr
= 0.7, K, = 5.85. Grimitlyn (1994) suggest the following relation between K, and K,
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1+ Pr
2

coefficients: K, = K, . According to Helander's unpublished data (progress Report,

Downward Projection of Heated Air, January 6, 1951 referenced by Koestel 1954), K, = 6.

Linear jet. Derivation of equation for the centerline temperature differential in a linear jet is
based on the same principles that are used in case of a compact jet. For the linear diffuser jet
centerline temperature differential can be computed from the following equation:

tx B to.z - K2 (_’-é (4.24)
to ~ bz X

Centerline temperature differential in the Zone 3 of diffuser jet is proportional to the value of K,
coefficient, which as the K coefficient depends upon jet and diffuser types.

and supply conditions. Theoretical value of K, coefficient according to Shepelev (1961) is 2.49.
Experimental data reported by Grimitlyn (1994) show K, value to be 2.0

Radial jet. Equation for the centerline temperature differential in a radial and in a
conical jets (Figure 4.3) is derived in a same way as for a compact and a linear jets (Shepelev
1961) and is similar to Equation (4.21):

fx'fw:‘ 1+Pr 8 1 (4.25)
t, - L a/me Sina © B X

The complex of parameters 1 1P 81 is a thermal characteristic, K,. In the case
4 1 e Sink @ B

of aradial jet =27, ¢ =90°C. Assuming@=1,¢9=1,¢=0.082and Pr=0.5, K,=1. For
conical jet with ¢ = 60°C (B=2m,0=1, =1, ¢=0.082 and Pr=0.5), K, = 1.07. Table 4.6
lists some equations used for centerline temperature differential computation in horizontal jets.

>

According to Shepelev (1978) the theoretical values of the K,/K, ratio for air supply through the
nozzles with the uniform velocity distribution at the outlet cross-section is 0.9 for the compact
jet and 0.95 for radial, conical and linear jets. Practically for different types of air diffusers this
ratio can vary from 0.7 to 3.0 (see Table 4.7).
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Table 4.6. Centerline temperature differential in horizontal jets

Author

Radial jet

Regenscheight,

1959 i
mX

m=0.1t00.4

Shepelev, 1961 \/A_o
X

K,

Grimitlyn, 1994

Abramovich, 1940

a=0.66 - 0.76 a=0.09-0.12

Weidemann and Hanel, D
1988 4.2—)? @6 <XD<15

5.55-3 - 0.085 @ 6<X/D<15

Koestel, 1954 D
535 —
X

Baturin, 1965
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Table 4.7. Velocity and temperature decay coefficients for generic types of air diffusers
manufactured in Russia (reproduced from Designer's Guide, 1992)"

Type of air diffuser Schematic K, K, H

Grilles PB type .
g8=0 @ 63 51 | 12413
8 = 90° 2 1.7 | 1213
Swirling type BEC or axial fan a4
XVA, = 814 ‘ ? 2.5 2.4 52
XVA, > 14 2.8 2.7 52
Rectungular opening (B,/H, > 10, e

1x>68, : _ 25 2.9 1.8

Ceiling mounted
Multidiffuser type:
PRM, (round)
radial attached jet 1.2 1.0 14
1.0 0.8 14
1.0-3.2 | 0.8-3.3 1.4

conical jet

conical-compact jet

free jets 1.0-1.7 | 132.6 | 13

With a disk BDPM (h, = 0.3 D)
(attached radial jet)
With perforated disk BDPM

12 1.1 2.1

PRM,, (square) @ |
attached jets — 1.82.8 | 2036 | 1.7
B
————--:T

{free radial jet) = 1.5 32 1.5
iy,
Swirling type BTs -1 0.7 1.0 2.5

J
1

Perforated duct (downward jet):

rectungular

2.1 1.7 24

round 0.5 1.5 2.4

(HE

'K, and K, are diffuser jet coefficients characterizing respectively velocity and temperature decay
along the jet axis; € is the diffuser pressure loss coefficient.
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4.4.3. Universal equations for temperature difference computation along the jets
supplied from outlets with finite dimensions.

Shepelev and Gelman (1966) and Regenscheight (1981) computed air temperature along the first
three zones of jet supplied from the outlet with finite size using the method of superposition of
the multiples jet system. These jets originate from the point sources with supply air velocity
equal to the average air velocity at the outlet of the finite dimensions.

Along with principles described in Section 4.3.4., this approach utilizes the following equations
describing temperature distribution in a compact jet and a heat flux at a given point (X,Y,Z):

_ P
t-t _ 1+ Pr \/A-o e zr(ooszx)2
t,-t 2x0082,/mn X

(4.26)

Vt-1)  1+Pr fﬁe
V,(t,-t) 2m0.0822 X2

The heat flux through the finite element dA of the jet cross-section at the distance X from the
outlet can be calculated as:

av(t-t)] _ _1+Pr dA,
V,(t,-1) 2n0.0822 X?

Double integral of Equation (4.28) across the outlet area 2A x 2B results in the following
Equation for a heat flux through a given point of a jet supplied through a rectangular outlet:

Vvz (o — 1) _ ( 1+PrY tA o l1+PrY A)
A t) 0.082 X 0.082 X (4.29)
\1+Pr Z+B _ ‘1+Pr z- B]
0.082 X 0.082 X

Joint solution of Equations (4.19) and (4.29) results in the following equation for temperature
differential along the jet axis:

1+ Pr A < erf
2 0.082 X

JerfL erf i

0.082 X 0.082 X

In the case when air is supplied through the slot with a width 2B (A = =), Equation (4.30) can
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be converted into the following:

1+Pr B
L \_ 2 0082 X (4.31)

t -1
° erf—B_
0.082 X

4.4.4. Velocities and temperatures in vertical non-isothermal jet

Studies by Helander et al. (1948,1953,1954,1957), Knaak (1957), Koestel (1954), Shepelev
(1961), Regenscheit (1970), Grimitlyn (1970) resulted in equations for downward and upward
projected diffuser jets.

For the circular jet Regenscheit (1970) obtained the following empirical equation for the
maximum velocity in the downward and upward vertical jets of heated and cooled air:
For compact (round) jet:

_g.{ = mT‘//TO + \] .ﬂ 1 + In .i (432)
: n| A
where m = parameter characterizing diffuser jet: m from 0.1 to 0.3.
For linear jet: ’
\%4 H Ar
ooy |Zopss | X o (4.33)
Vv, X 0.2 H,

Based on the theoretical analyses Koestel (1954), Shepelev (1961) and Grimitlyn (1970)
developed equations for velocities and temperatures in vertical heated and chilled air jets. The
assumptions used by these authors are similar and the method used is described in (Koestel,
1954). The assumptions used in the analysis can be summarized as follows:

1. The jet of warm or cooled air is projected into an unbounded atmosphere of still air of uniform
temperature;

2. The only force opposing the downward flow of the heated air or upward flow of the cooled
air is a buoyancy force. In their analysis, Hellander et al. (1948) also suggested to account for
inertial forces due to the entrainment of room air. However, this suggestion is not in an
agreement with a principle of momentum conservation used in most of the existing models for
isothermal jets;

3. The air entrained by the jet has a room air temperature.

4. A velocity profile and a temperature-difference profile have shapes that can be approximated
by an error-function type curve.

For practical use the influence of buoyancy forces on temperature and velocity decay in vertical
non-isothermal jet, as proposed by Grimitlyn (1982), can be considered by the coefficient K of
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non-isothermality.

For compact jets:

where K for a compact jet can be computed using as:

2
K= 2|1z25%2a (X
VA,

1(12

For linear jets:

The throw of downward projected heated jets or upward projected chilled air jets one can derive
from the equations (4.34) and (4.37) considering K, equal to some value, e.g. 0.1. Helander and
his associates (1948), in their work on heated jets projected downward, have called attention to
some of the differences between the actual conditions and those assumed for analysis. One of
these is the radial escape of warm air in the terminal zone of a hot stream projected downward.
This escaping warm air then rises and causes a change in ambient conditions for the upper part
of the jet. The terminal zone and also the edge of the jet are zones of marked instability, with
definite surges and fluctuations, so that the jet envelope is very difficult to define or to determine
experimentally. In the closure to the paper presented by Knaak (1957), Dr. Helander suggested
that from the point of view of practical application, the distance to the beginning of the unstable,
terminal zone of the jet is about 80% of the jet throw (see summary in Table 4.8).
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Table 4.8. Maximum downward/upward travel of heated/cooled jet
Author Equation Comments
Baturin and
pT,-T
Shepelev, 1935 zZo 2| 1| Toom Ar, = gvz e
D  34006Ar T, 0 room
Helander, 1953 2
z—:x— >8 Z, =1668)2x10% g .Y _ Toom
(4
gb To - Troam
me
5 <8 Zp, = 0388, £ 10%
Koestel, 1954 172
zrx Ve Toom 285
D, gb To - Traam
Regenscheit
s V4 1 1 D To B Troam
for a compact jet —= =1,63|— Ar,= S— ————
1959 "'P I D m Aro (4 Vz T,oom
T,-T,
Z - g o [ room
for a linjer jef: —* -1 3 LI Ar, = — T
Ho m Arf V" room
m=0.1t00.4
Shepelev,
1961 for a compact jet: Zrex _ .53 M M- K VoA,  Teom
Ao JK; Kz g9 To - Troom
... Z H 213
for a linier jet: l_”’:" =06 H, - (_Igf_ Vi VH,  Troom
'g g TO TfOOm
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Turner, 1973

for a compact jet

7,

Seban, et al.,
1978 for a compact jet:

Sato et al.,

1981 for a compact jet: 1

= 1.98

Zmax
D

Z 0.63
for a compact jet X = K
b K ar,

Z o K"
=067 ———
0 (K2 Aro)z"‘

for a linier jet.

Mizuchina,
1982 for a compact jet:

Weidemann z.
and Hanel, for a compact jet: D" = 1.59

1988 r

1

4.4.5. Trajectory of a horizontal and inclined jet

Buoyancy forces influence the trajectory of horizontally projected air jets or air jets supplied
under some angle to the horizontal plane (Figure 4.6). Most non-isothermal air jets studies were
devoted to horizon-tally projected compact air jets. Based on the analytical studies (Abramovich,
1960; Shepelev, 1978; Nosovitsky and Posokhin, 1966; Omelchuk, 1966, Filney and Nosovitsky,
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1967; Fleischhacker and Schneider, 1980), the trajectory axis of inclined jets can be described
by a polynomial function as follows:

Z oy ep (X (4.40)
K|2

VA, VA

The same type of equations were also suggested by experimental studies (Stein, 1953; Koestel,
1955; Grimitlyn, 1969). In some papers, authors suggest to determine the trajectory axis from
equations of another kind, parabola for example (Lyakhovsky and Syrkin, 1939; Frean and
Billington, 1955).

In some studies on inclined air jets, the equation for the trajectory differ from (4.40) by the
additional term as follows:

_g_z__)igqoiwﬁz/qro(if

Aom TR TR,

Taliev (1969) and Schneider (1975) received the equations for the trajectories by numerical
methods. Experimental data for the trajectory of the inclined jet (¢, # 0) were obtained only by
Fleishbacker and Schneider (1975).

(4.41)

As it was shown by Zhivov (1993) the main difference in most of the equations for the jet
trajectory is the value of the coefficient ¥ (Table 4.9). The difference in experimental data
obtained by different authors are mainly due to the difficulties in the measurements of non-
isothermal air jets supplied with low initial velocities (2 - 10 m/s). There is also a different
understanding of the term "air jet trajectory”. Some authors mean the geometrical place of the
points with maximum velocities values, while others mean geometrical place of the centers of
gravity of the cross sections of the jet.

Analytical method of jets trajectory study developed by Shepelev (1961) allows to receive several
other useful features and is worth-while to be described. On the schematic of non-isothermal jet
supplied under some angle ¢, to the horizon (Figure 4.7), S is the jet's axis, X - horizontal axis
and Z - vertical axis. Ordinate of the trajectory of this jet can be described as Z = X tga + AZ,
where AZ is jets raise due to buoyancy forces. To evaluate AZ the elementary volume dW with
a mass equal to dm = pdV on the jets trajectory was considered. The buoyancy force
influencing this volume can be described as dP = g ( g,, - @, ). Vertical acceleration of the volume
under the consideration is j = dP/dm = g(p.. - 0,)/0, = g (T, - T)/T,. Vertical acceleration can
be presented with a help of the vertical velocity component j = dV, /dt, where time interval dt
can be described as dS/V,. Based on these equations vertical component of air velocity can be
presented as

v,- 4 e lolgs 442)

T.Jo V,

Ratio of local temperature difference and velocity on the jet's axis in (4.42) can be substituted by
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T.-T. K g T,-T.

s - _=2 Y _0©
v, K T. V,
resulting in the following:
v, = Kkogl-Tg (4.43)
K 1. VY,

Considering that V,=dZ/dt, V/V,=dZ/dS and V, =K,V VAS , the equation for calculating
AZ can be rewritten as

AZ =28 (4.44)

or
_ Kg(T,-T)
3 KT,V /A,

AZ

S3 (4.45)

Substituting S by XCose, and complex of parameters by Ar, the resulting equation for the
trajectory can be as follows:

7= xigo, « 102 Ao _X ) (4.46)
°T 3K2 A, | Cosa,

‘When chilled air jet is supplied at the angle &, upwards it will cross the level of the supply outlet
at the distance of X,. This distance can be calculated by substitution Z = 0 in (4.46)

X V3 K, A, Cosa, \/Sina, (4.47)
0 =
VK Ar,

The abscissa and ordinate of the jet vortex in the case of inclined cold air jet supply upwards or
inclined warm air supply downwards was derived from the equation (4.41) are described by
equations (4.48) and (4.49), respectively:

X, K, Cosa, /Sina, (4.48)

/A,

EI
>

——_\/ﬁ-o_ (4.49)
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The ratio ordinate X, to Z, depends only on tge, : Z/X, = 2/3 tge,, and the ratio of X/X, has
a constant value equal to 0.578.

To clarify the trajectory equation of inclined jets for the cases of air supply through different
types of nozzles and grilles a series of experiments were conducted (Zhivov, 1993). The
trajectory coordinates were defined as the geometrical places of the points where the mean values
of the temperatures and velocities reached their maximum in the vertical cross sections of the jet.
Values of coefficient P received in these experiments, together with data of other authors, are
presented in Table 4.10.

It is important to mention that, in such experiments, one meets with a number of problems such
as deformation of temperature and velocity profiles and fluctuation of the air jet trajectory, which
reduces the accuracy in the results of measurements (Zhivov, 1993). The mean value of the
coefficient ¥ obtained from experimental data (Figure 4.7) is 0.47 £ 0.06. Thus the trajectory
of the non-isothermal jet supplied through different types of the outlets can be calculated from
the equation

K,
———tgao_047———Ar( X )2

JA, /A, K? cosa, /A, (4.50)

The accuracy of this value is sufficient (Figure 4.8) to be used in designing the trajectory of
inclined ventilation jets at an angle &< +45°. Considering experimental value of the coefficient
the equation for the vortex abscissa X, can presented as follows

_ cosa, /[ sina,| /A,

. {3x 0.47 (K/K?) Ar, @D

However, this clarification does not effect the ordinate to abscissa ratio, which remains equal to
0.578.

For the non-isothermal linear air jet trajectory equation derived by Shepelev (1961) is as follows:

5
—é—ltgu + 0.4 KZA,—D[ X]z (4.52)
HO HO ’(1 Ho




Table 4.9. Compact Air Jet Trajectory Equations

Author Equations for Axisymmetric Non-isothermal Jet
- Comments
Original Transformed
Baturin, 1965 C 0K =€ e
aturin ~ g DAL ( x\° Z o K, p X \3 d, = 0K, = 6.6;
5 " 0.052 — o — =052 — Ar, K, = 4.9;nozzle.
(] VO T°° o JA__O ’(1 \/'4_0
Shepelev, 1961 3
Z = Xtga, * E—H;KC—“;— J_z—— = —\/)_f—_tgao * 0.336%Aro ‘/____5_ 3 H - 545V K, “/A,
os°a,, A, A, K; A, Cosa - ’
° JK, At
T, =293 K.
Nosovitsky and 3
2 X Z X X 3 4
; Z-Xiga, x = = -Z_tga, + 0.67 Ar 545V K, % /A
Posokhin, 1966 °* 3 H2Cos’a, /A, A, ° 0 [ /A, cosao] g = o 1 \/—;
JK, At
T, =293 K, nozzle.
Grimitlyn, 1969 s o, =0.
Z _062% 4 _’S) Z _oar 22 ar, [ XY
b, K; D, VA, ki VA
Baturin, 1965
T 2 z X K, X_)
Z X ygas002 ar, | 1o [ X — - tg(xo:tO.32K Ar, = Z‘:~1 - K=6.6,
r, r, T, |\ r,Cosa, o 0 1 ,Cosa T K=49
” nozzle.
Lyakhovsky and 2 3 o, = 0K, =6.6;
Syrkin, 1939 Z . 035 Ar, (—’X—) £ - 278 % Ar, X K, = 4.9;nozzle.
D, D, R W s




Omelchuk, 1966

K,=6.6
3 1 >
Z X T, x ) £ . ith( + O.SEAr X ] T K.=4.9
£ -2 19 +0.064 Ar l—- — X 0 o Iy =4.9,
D, D, o AT, ( DOCosao) VA, A, K /A, Cosa, T L nozzle.
Filney and 3 K,=6.6,
NOSOVitSky, 1967 i = 0.0565 Al'o _1-_2 8—1.5 _X_ 3 ___z_. = 0.46 'ﬁz Aro (i] Iﬂ~1 K2=4.9,
/A, T, JAs VA, ki VA T. ' nozzle.
Stein, 1953 3 2 a, = 0K, =6.5K, =
Z _ 0.056 Ar, X Z _ 042 —% Ar, X 5.0;nozzle.
D [ D [4 \/A_o K1 \/Z_c;
Koestel, 1955 3 a,=0;K,=6.5;
—Z__ o046 Ar, [ X Z _oa9 %o p[ X)? K, = 5.0;n0zzle,
/A, /A, /A, ki /A,
Frean and o, =0:;K, =7.5;
.4 X 25 2.5 (] ] ’
Billington, 1955 — = 0.238 Ar, (-——] Z - 22 ﬁz Ar, X ] K, = 6.1; square opening
\/‘To ‘/:4-0 */A—o Ki A, in sheet metal.
Fleischhacker and K, =6.5;K, =5.1; round
X 3 3 1 BLY) ;
Schneider, 1980 Z - X tga, = 0.00a04r, ———) i=itgo((,:tO."-%752-2-/‘\&, X tube.
IR JA,osa, A A K| fAGos,
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Table 4.10. Data from jet trajectory experimental studies

—
Reference Data Outlet D,a,x b, VA, K, K, o,y At,, Vo Ar, P
Type (m) (m) (deg) | (PO) | (mfs)
Grimitlyn, 1 grill 0.05 x 0.05 0.05 1.8 1.7 0 87.8 3.6 0.0113 0.46
Zhivov and 2 grill 0.05 % 0.05 0.05 1.8 1.7 0 63.5 49 0.0044 042
Kelina, 3 grill 0.05 x 0.05 0.05 1.8 17 0 63.3 6.0 0.0029 0.36
1988 4 grill 0.05 x 0.05 0.05 1.8 1.7 0 584 6.9 0.0021 0.40
5 grill 0.05 x 0.05 0.05 1.8 1.7 -30 50.0 42 0.0047 0.45
6 grill 0.05 x 0.05 0.05 1.8 1.7 -30 464 6.5 0.0018 046
7 grill 0.05 % 0.05 0.05 1.8 1.7 45 66.3 39 0.0073 0.57
8 grill 0.05 x 0.05 0.05 18 1.7 45 63.3 49 0.0044 0.39
9 grill 0.05 x 0.05 0.05 1.8 1.7 45 55.7 6.1 0.0025 0.44
10 grill 0.05 x 0.05 0.05 6.3 1.7 -45 55.4 6.5 0.0022 0.47
11 nozzle 0.02 0.018 6.3 50 0 69.8 79 0.0007 0.42
12 nozzle 0.02 0.018 6.3 50 =30 57.2 91 0.0005 045
13 nozzle 0.02 0.018 6.3 5.0 -30 60.8 11.6 0.0003 0.53
14 nozzle 0.02 0.018 6.3 5.0 45 779 103 0.0005 0.54
15 nozzle 0.04 0.035 6.3 5.0 0 79.2 6.4 0.0026 0.56
16 nozzle 0.04 0.035 6.3 50 <30 495 4.1 0.0039 0.39
17 nozzle 0.04 0.035 6.3 5.0 <30 485 4.6 0.0031 0.49
18 nozzle 0.04 0.035 6.3 50 -30 46.5 5.0 0.0025 0.54
19 nozzie 0.04 0.035 6.3 5.0 -30 62.5 6.3 0.0021 0.57
20 nozzle 0.04 0.035 5.0 -45 79.5 6.3 0.0027 0.51
Frean and 21 rectang. 0.102 x 0.102 0.102 53 34 0 222 25 0.0118 0.58
Billington, tube
1955
Lyakhovsky 22 nozzle 0.05 0.044 6.6 49 0 136 6.4 0.0049 0.27
and Syrkin, 23 nozzle 0.1 0.089 6.6 49 0 133 54 0.0134 0.50
1939 24 nozzle 0.1 0.089 6.6 49 0 155 3.9 0.0293 053
25 nozzle 0.2 0.177 6.6 49 4] 119 2.3 0.1307 0.64
Fleischhack 26 nozzle 0.032 0.028 6.5 5.1 -30 75.6 36 0.0055 0.44
er 27 nozze 0.032 0.028 6.5 5.1 40 75.6 36 0.0055 0.43
and 28 nozzle 0.032 0.028 6.5 5.1 20 756 36 0.0055 0.46
Schneider, 29 nozzle 0.032 0.028 6.5 5.1 0 756 3.6 0.0055 041
1980 30 nozzle 0.032 0.028 6.5 5.1 +30 75.6 3.6 0.0055 0.41
Stein, 1953 31 nozzle 0.047 0.042 6.5 5.1 0 45.5 5.9 0.0020 0.45
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4.4.6. Jet attachment

Jet discharging close to the plane of the ceiling or the wall is a common case in ventilation
practice. The presence of adjacent surface restricts air entrainment from the side of this surface.
This results in a pressure difference across the jet, which curves towards the surface. The
curvature of the jet increases until it attaches to the surface. This phenomenon is usually referred
to as a "Coanda" effect. The attached jet or as it is commonly called a wall jet, can resuit from
air supply through the outlet with one edge coincided with a plane of the wall or the ceiling
(Figure 4.9). Jet supplied at some distance from the surface or at some angle to this surface also
can become attached (Figure 4.10).

The results of studies of jets supplied through rectangular outlets by Kerka (Tuve 1953) with and
without adjacent surface indicate the increase from 1.27 to 1.45 times of the  velocity decay
coefficient for wall jets compared with those obtained for the same outlets discharging into a
free-open space. The angle of divergence of the wall jet in the direction perpendicular to wall
was slightly less than one half of a free jet, while the angle of spread of the jet along the wall was
greater, than the divergence of a free jet.

The results of experimental studies of compact wall jets by Mitkalinny (1961), Abdushev,
Baharev and Fedorov, on linear wall jets by Kerka and Sakipov, and on radial wall jets by
Gelman, are summarized by Grimitlyn (1994) and are presented in Figure 4.11). These data
indicate, that the parameter K** = K,**¥/K, reflecting the influence of the wall on the velocity
decay along the jet increases from 1 to 1.4 with a distance from the outlet. E.g., for a compact
jet K* =1 when X < 5d,; for a linear jet K** reaches its maximum value equal to 1.4 only at
X < 20b,, where b, is an outlet width.

Studies of wall jets (e.g., Baturin 1965, Launder and Rodi 1983) show, that they have two layers:
a turbulent boundary layer close to the wall and a outer shear layer. The thickness of the
boundary wall layer can be neglected for the practical reason.  Accordingly, to compute the
maximum velocity in the wall jet researchers (Regenscheight 1959,Shepelev 1978, Etherindge
and Sandberg 1996 ) apply the method of images by treating the wall jet as one half of a free jet.
Application of this method gives a relationship between characteristics of a wall jet and a free jet
which results in the value for a correction factor equal to v2. This approach has some inaccuracy
even with a linear and radial jets. For a three dimensional wall jet the procedure is even more
approximate. Discussion by Etherindge and Sandberg (1996) of some previous studies of
attached jets indicates some loss of momentum in an attached jet due to the friction against the
surface. The authors compiled an information from previous studies which with some edition is
summarized in Table 4.11. According to Equations presented in Table 4.11, the maximum
velocity in a wall jet is inverse proportional to the distance from the outlet in a different power
compared to the case with a free jet.
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Table 4.11. Maximum velocity deacy in a wall jets

Jet type Decay of the maximum Reference
velocity
Linear wall jet ~ X035 Schwartz and Cosart (1960)
~ X037 Regenscheight (1959)
Radial wall jet ~ X112 Bakke (1957)
~ X5 Waschke (1974)
Rectangular wall jet H /L=0.025 ~ X1 Sforza and Herbst (1970)
H/L =0.05 ~ X108
H/L =0.01 ~ X115
H/L=10 ~ X1
Compact wall jet ~ X1 Nielsen (1987)

It is not uncommon to supply air into the room with jets attached both to the ceiling and to the
wall surfaces (Nielsen 1981, Grimitlyn 1994). Air jets can be parallel to both surfaces or be
directed at some angle to one or both surfaces (Figure 4.10). Studies of compact wall jets
supplied parallel to both surfaces reported by Grimitlyn (1994) show that the correction factor
value is in the range from 1.6 to 1.7, which means that restriction of entrainment from two sides
reduces velocity decay by 20% to 30% compared to the case with a wall jet.

When a jet is supplied at some distance from the surface, the attachment occurs when the
distance between the outlet and the surface is below a critical distance, otherwise the jet will
propagate as a free jet (Awbi 1991). If the jet attaches to the surface the flow downstream of
the attached point is similar to that of a wall jet. For a compact isothermal jet the critical distance
for jet attachment to the surface is L, = 6A,” (Farquharson 1952). For L, < 6A. " the
velocity decay coefficient K, becomes greater, than it would be in the case of free jet, and should
be corrected using correction factor F (see Figure 4.12) to compensate for surface proximity.

The length of the recirculation zone, X, for a linear jet (the distance to the point of jet attachment
to the surface) was studied by Sawyer (1963), Miller and Commings (1960), and Bourque and
Newman (1960). The results of these studies summarized in (Awbi 1991) show that the length
of recirculation zone (Figure 4.13) is proportional to the distance from the outlet to the surface
and can be described as:

X,/H =073 (D/H) - 23 (4.53)

where H,, is a width of the outlet.

Sandberg et al. (1992) conducted similar tests with a heated linear jet so, that the buoyancy
forces opposed the forces due to the lower pressure in the circulation zone (bubble). Based on
the results of these tests, it was concluded, that heating the jet does not change the location of
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the attachment point. Between 5 <D/H, < 13 the length of the circulation zone followed the
relation:

X, IH,, = 1.175 (D /H,)) + 6.25 (4.54)

Calculation of X /H, using Equations (4.53) and (4.54) results in significantly different results.
For D/H, = 8: X, /H, = 3.54 according to Equation (4.53), and X,/H, = 15.65 according to
Equation (4.54).

The length of the circulation zone (bubble), L,, created when the linear jet supplied at the angle,
« to the surface was studied experimentally by Bourque and Newman (1960) and theoretically
by Sawyer (1963). The effect of the angle between the jet axis at the outlet and the surface on
the length of the circulation bubble is shown in Figure 4.14, reproduced from Awbi (1991). The
data presented in the Figure 4.14 show, that at sufficiently high Reynolds number the length of
the circulation zone is independent of the Reynolds number.

Linear jet attachment to the plane not parallel to the supply direction was studied by Katz (1973).
The critical angle, 6., of the plane to the jet supply direction as indicated in Figure 4.15, was
found to be dependent on the supply velocity (Reynolds number). It also depends on the distance
of the plane edge from the supply outlet (see Figure 4.16).

Baturin (1965) studied air jets supplied from the rectangular nozzle at some angle to the plane
with an edge of the nozzle coincided with a plane. The results of his studies indicate, that the
critical value of the angle of the jet supply direction to the plane is 45 deg. It was also shown,
that the jet supplied through a rectangular outlet with a nozzle located at some distance from the
plane does not attach to the surface.

4.4.7. Jet separation

When the temperature of the attached air jet is lower than the temperature of the ambient air,
this jet will remain attached to the ceiling until the downward buoyancy force becomes
greater than the upward static pressure ("Coanda" force). At this point the jet separates from
the ceiling and begins downward curving trajectory (Miller, 1991). Studies of non-isothermal
jets conducted by Grimitlyn (1970), Schwenke (1976), Nielsen and Moller (1987), Miller
(1991), Anderson et al. (1991), Kirkpatrick et. al.(1991) showed that the distance to the point
of jet's separation can be computed using the following equation:

Xep _ _a (4.55)

‘/ZE ) (Ar)?

For linear diffuser jets (Rodahl, 1977) a = 2.5H_ and b = 2/3. For the compact diffuser jet a =
1.6 A" and b = 0.5 (Anderson, 1991; Kirkpatrick, 1991). According to theoretical analysis and
experimental data collected by Grimitlyn (1970), the separation distance of jets could be
expressed by the equations similar to (4.55) considering diffuser characteristics K; and K.
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For compact and incomplete radial jets:

x o 055 KiyA, (4.56)
’ KAr,
For linear jets:
X = 0.4 K14/3 H, 4.57)
s (KzAro)zs
For radial jets:
x - 045 KA, (4.58)

S
KA,
4.4.8. Criteria for non-isothermal jets

In their review of experimental data on turbulent buoyant jets Chen and Rodi (1980) classify
buoyant flows as:

. "buoyant jet" when the buoyancy force acts in direction of the jet supply velocity at
the origin: upward projected heated air jet or downward projected cooled air jet;

. "negative buoyant jet" when buoyancy force acts in the opposite direction: downward
projected heated air jet or upward projected cooled air jet;

. "non-buoyant jet' when the effect of buoyancy is negligible;

. plume when the buoyancy force completely dominate the flow: flow generated with a

heat source.

In the general case, a buoyant jet has an initial momentum. In the region close to discharge,
momentum forces dominate the flow so it behaves like a non-buoyant jet. there is an
intermediate region where the influence of the initial momentum forces becomes smaller and
smaller. In the final region, the buoyancy forces completely dominate the flow and it behaves like
a plume. When the jet is supplied at an angle to the vertical direction, it is turned upwards by the
buoyancy forces and behaves virtually like a vertical buoyant jet in a far field. A negative buoyant
jet continuously loses momentum due the opposite direction of buoyancy forces to the supply air
momentum and eventually tunes downward.

Between the non-buoyant jet region with its characteristic similarity behavior and the plume
region with a different similarity behavior lies an intermediate region in which the flow changes
from the former to the later (Chen and Rodi 1980). The axial location of the beginning of this
intermediate region depends primarily on the exit Froude number:
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F = Vo L. 4.59
gD, T, - T (4.59)

The data
from Harris (1967) and Kotsovinos (1977) for the linear jet that cover all three regions and from
Rouse et al. (1952) are plotted in Figure 4.17 and Figure 4.18, reproduced from Chen and Rodi
(1980). Figure 4.17 presents a dimensionless plot of centerline velocities and Figure 4.18
presents a dimentionless plot of centerline density (temperature difference). The data in Figures
4.17 and 4.18 also include as limiting curves the data of van der Hegge Zijnen (1958a and
1958b) for the non-buoyant jet (F = «) and of Rouse et al. (1952) for the plume ( F = 0).

According to the data presented in Figures 4.17 and 4.18 the beginning of the transition zone in
the linear jet is at approximately:

-18
Xieg _ o5 pon (LJ
H

(4.60)
o o
and the end at approximately:
-1/3
Xend _ g pon (LJ (4.61)
HO [+

Using the relation between the Froude number and the Archimedes number: Ar, = 1/F,
the length of the linear jet zone, X, where the buoyancy forces are negligibly small can be
calculate as follows:

-1
X _ 05 [T,,) (4.62)
Ho Al‘;’3

To characterize the relation between the buoyancy forces and momentum flux in different cross-
sections of a non-isothermal jet at some distance X Grimitlyn (1982) proposed a local
Archimedes number:

g XAt
Vi T.

Ar

X

(4.63)

where: g is acceleration due to buoyancy.

Equations for the local Archimedes number can be derived by substituting the expressions for
axial velocity V, and temperature differential At, into (4.63):
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for compact and radial jets
2
A - 2 g, ( _X-) 4.64)
kA
for linear jet

(4.65)

g

where: Ar, = ‘/'TO % - Archimedes number at the outlet, characterizing the ratio of
r

v:ooT
buoyancy and inertial forces at the jet discharge from the outlet. When calculating Ar, for linear
jet, VA, is substituted by the width of the slot H,,

Introduction of the local Archimedes criterion helped to clarify non-isothermal jet design
procedure. Grimitlyn suggested critical local Archimedes number values, Ar,”™, below which
a jet can be considered unaffected by buoyancy forces (moderate non-isothermal jet): Ar, < 0.1
for a compact jet; Ar, < 0.15 for a linear jet. Similar limitation for a linear jet resulted from
Equation (4.62) @ K, =2.5,K,=2.0,T,=293 Cand T, =313°Cis: Ar, < 0.14. By applying
the Ar, criterion, equations (4.36) and (4.39) can be transformed into following:

K, = %1=xadAr,

(4.66)

where a = 2.5 for axially symmetric and incomplete radial jets and a = 1.8 for linear jet. The plus
sign in Equation (4.66) corresponds to the situation when the directions of buoyancy and inertia
forces coincide, whereas the minus sign corresponds to their counteraction. This equation can
be used for vertical non-isothermal jets at Ar,< 0.25.
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Figure 4.1. Types of diffuser jets: a - compact; b - linear; c - radial;
d - incomplete radial; e - conical (Reproduced from Grimitlyn, 1994)
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Figure 4.2. Turbulent jet: a - schematic with four zones; b - simplified jet
schematic
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Figure 4.3. Schematic of radial jet: (a) general case: 6 > 0 ; (b) air
supplied through diffuser with a plaque: 8 = 0. Reproduced from Koestel (1957).
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Figure 4.4. Schematic of the jet supplied through a rectangular outlet..
Reproduced from Shepelev et al. (1966).
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Figure 4.5. Scheme of a jet: A - from an open outlet; B - from a louvered (perforated)
outlet. Reproduced from Grimitlyn (1982).
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Figure 4.6. Schematic of inclined jet
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Figure 4.7. Experimental evaluation of the coefficient y. For experimental data
references see Table 4.11. Reproduced from (Zhivov 1993).
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Figure 4.8. Trajectory of a non-isothermal jet supplied at an angle: (a) -a, =0
and (b) - o, = 30 deg., 1 - equation (4.49). Reproduced from (Zhivov 1993).
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Figure 4.9. The three-dimentional wall jet. Reproduced from Etheridge and
Sandberg (1996)




90

Calculation methods for air supply design in industrial facilities

— e ———————

v

| |
BRTIA
W‘r\

| |
™

Figure 4.10. Jet attachement with air supply through outle;ts located at some
distance from the surface: (A) multipal jets; (B) long slot jet; (C) rectar}gular jet;
(D) rectangular conner jet; (E) general schematic. Reproduced from Nielsen
(1981).




Calculation methods for air supply design in industrial facilities 91

£, I 1
"q ° ods» o > Ol 9 q
el® |o 9 ¢
, . 0: ! o T— 2
0 10 20 Jo ¥0 50 60 20
x/d’
§)
1Y
L
” .
1.¥ T r X e =
i N xf x| 4
s X ®—~1 |x =2
0 . 20 %0 &0 &0 1100 120 %0
x/b
8) ’
k, —
ty v < Lo 9
s ol F b
v| v
1
[ ¥ g 2 16 20
z/d

o

Figure 4.11. Correction parameter K* reflecting the influence of the wall: (a)
compact jets - experimental data from V. Mitkalinny, A. Abdushev, V.Baharev and
L.Fedorov; (b) finear jets - experimental data from W. Kerka and Z. Sakipov; (c)
radial jets - experimental data from N. Gelman. Reporduced from Grimitlyn
(1982).
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Figure 4.12. Correction factor F for surface proximity. Reproduced from
Farquharson (1952).
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Figure 4.13. Effect of supply distancé from surface on the attachment distance
for a linear jet. Reproduced from Awbi (1991).
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Figure 4.14. Effect of supply jet angle on recirculation buble length.
Experimental data and theoretical curve from Sawyer (1960). Reproduced from

Awbi (1991).
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Figure 4.15. Critical angle. Wallis located close
to supply outlet. Reproduced from Katz (1973).
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Figure 4.16. Critical angle. Wall is located at different
distances from the air supply outlet. Reproduced from Katz
(1973).
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Figure 4.17. Decay of center-line velocity in a linear buoyant je
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Figure 4.18. Decay of center-line density (temperature difference) in a plane jet. Reporduced from Chen and Rodi
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5. JETS INTERACTION

Diffuser jets interaction is a common case when air is supplied into ventilated rooms through
multiple air diffusers (e.g., side-wall mounted grilles or ceiling mounted air diffusers) or using
speciality air distribution systems. Interacting jets can be supplied:

® parallel to each other;

o in the opposite direction toward each other (e.g., from the outlets located on the
opposite walls);

L co-axial; and

o at an angle to each other.

The studies of some common cases of jet interaction are discussed in this section.

5.1. Interaction of parallel jets

Interaction of the parallel air jets is the most common case. It was thoroughly studied by Baturin
(1951), Koestel et al.(1956), Grimitlyn (1960, 1982), Bashus and Kocheva (1963), Posokhin
(1966), Nosovitskiy (1968), Kuzmina (1968), Vasilyeva (1969), Shepelev (1978). Researches
developed equations describing velocities and temperatures in two or more interacting jets
assuming that momentum and heat content of the flow through the elementary area in the cross-
section of the resulting jet is equal to the sum of momentums and heat contents through the same
area of the separate interacting jets. It was also assumed that separate jets do not influence each
other. Derivation of velocities based on these assumptions described by Shepelev (1978) is
presented below.

Air velocity Vy at any point (X,Y,Z) of the flow created by interaction of two parallel jets
supplied from the outlets located at a distance 2a from each other (Figure 5.1) can be described
by equation:

5.1
Ve =V V; G-
where
_1(y-a2+2?
V. = Kl vo\/’To e 2 (eX%)? (5'2)
= 210
X
K, V, /A, RY
V, = __1% e 2 (ex? 5.3)

Air velocity in the resulting flow in the plane of interacting jets axis (Z = 0) derived from (5.1)
-(5.3):

R

V _KIVOJZ;
ST T x
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Air velocity on the axis of one of interacting jets (Y=aor Y = ?a) is:

KV, /A, [1 . e—(%ﬂ%
X

V.

x1

If A= (V, - V)/ V, is relative increase of axial air velocity in one the interacting jets due to the
influence of the other, then the length of the jet X, within which the influence of the interacting
jet would be less than e.g. 10% ( A = 0.1) can be obtained from the equation:

X =22 1 ~ 2442 _ 5644 (5.6)

Which means that axial velocity of the interacting jet is influenced by another jet only beginning
with X. exceeding 13.2 of the distance between the outlets.

Velocity along the axis of symmetry between the interacting jets can be calculated assuming Y
=0 (5.4)

X

vy, = ﬂ)?z_/‘o e(ﬁ)z (5.7)

Air velocity along the jet supplied from the outlet with opening area equal to 2A,

L K Ve 24,

(5.8)
X X

If A =(V, - V) V,is relative difference between axial air velocity in the jet with double opening
area and air velocity along the axis of symmetry of the interacting jets, then the length of the jet
X.. within which this ratio would be less than e.g. 10% ( A = 0.1) can be obtained from the
equation:

__a 1 . 8.62
" J2c /(AN {In(1-N

= 26.5a (3.9

This approach can be used for interacted jets supplied from the outlets with different area of
discharge with different initial air velocities. In this case the equation for air velocity in the flow
of interacting jets will be as follows:

Vi = _’)f(l[v; A, e =T, v, A, v (5.10)

Comparison of the calculations according (5.4) with experimental data collected by Vasilyeva
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(1969) at V;=38.1 m/s, V,=36.6 m/s, Dy;=0.03 m, D,=0.04 m, a = 0.05 m is presented on the
Figure 5.1 from Shepelev (1978).

Jets interaction should not be taken in account when they are closely adjacent to each other, and
are propagated in confined conditions and entrainment of the ambient air is restricted. This may
be the case of concentrated air supply when air diffusers are uniformly positioned across the wall
and the jets are replenished by the reverse flow, which does not increase but decrease the jet
velocity. This effect should be taken into consideration using the confinement coefficient K,
discussed in Section 6. By the same reason jets interaction should not be taken into consideration
when air is supplied through the ceiling mounted air diffusers and they are uniformly distributed
across the ceiling (Grimitlyn 1982).

For the most common practical situation when air is supplied by parallel jets from several
diffusers placed in one plane and having the same outlet area A, and discharge velocity V, the
resulting velocity on the axis of the coalesced flow Vs can be found from the equations
(Grimitlyn, 1982):

for compact and incomplete radial jets

%oy @1
1 X int
[¢]
| for linear jet
Ve H (5.12)
7 = K, 70 Kint

o]

The above relations can also be used as a first approximation to find temperature drop in
interacting jets by substituting Aty ,At, and K, for Vy, V, and K, respectively. The values of
interaction coefficient K, for the even and odd number of outlets are given in Figure 5.2
reproduced from (Grimitlyn, 1982).

5.2. Interaction of jets supplied from opposite directions

There are few studies related to interaction of jets supplied from the opposite walls (Figure 5.3).
For practical applications related to ventilation and air-conditioning interactions of similar jets
with equal size and initial momentum were studied by Roeder (1967), Conrad (1973), Urbach
(1971), Regenscheight (1974), Smirnova (Grimitlyn 1994).

Conrad (1973) compared impingement of two attached to the ceiling opposite linear jets with a
linear jet changing its direction after impingement with a wall. For the attached jet maximum air
velocity along the jet can be described by the following equation:
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Vm i [ ho ]0.375

v, (mXxL (5.13)

(o]

where, m is a supply outlet characteristic, which can be in the range from 0.1 through 0.4
(Regenscheight 1959), X is the distance from the slot to the point of interest. After changing the
jet direction, velocity in the vertical jet can be obtained from the equation:

V . K ho 0.375 L g
= T-v (5.14)

_m
Vv, m L

where, Y = vertical distance from the ceiling to the point of interest, L = length of jet travel along
the ceiling; K =1, g = 0.2 when jet travels vertically along the wall; K = 0.65, q = 1 in the case
of two jet interaction. In discussion of the data obtained by Conrad and by Roeder, Regenscheit
(1974) suggested, that the values K and q also depend upon the relative distances L/h, and Y/h,
and the characteristic m. Based on the data by Urbach (1971), Regenscheight concluded, that
K and q parameters also depend upon ratios L/H and h/H. Research data also allow to
conclude, that air velocities in the combined vertical jet are lower, than in the jet after its
interaction with a wall.

The above data as well as studies of compact and radial jets interaction conducted by
G.Smirnova, T. Avdeeeva and 1.Gunes were summarized by Grimitlyn (1994). Grimitlyn
suggested to describe air velocity in the jet resulting from impingement of two similar opposite
directed jets with the following equation:

Vs = Kit V. (5.15)

int X

where K, ,°F can be evaluated from the graph in Figure 5.4. The graph shows, that smaller
relative distance between jet supply outlets and the point of jets interaction, a/b, (for linear jets)
or a/VA, (for radial and compact jets), result in smaller air velocities in the combined jet.

5.3. Interaction of coaxial jets

During the last two decades a new generation of HVAC systems with concentrated air supply
assisted by directing jets was introduced in several European countries (Flakt 1977, Wasiluk
1980). In one common modification, the main streams of ventilating air (heated or chilled), are
supplied through a small number of air openings (grills) at low initial velocities and distributed
within the space by horizontal (coaxial with main streams) and vertical (supplied perpendicular
to the main streams) or only horizontal directing jets (Figure 5.5). These jets are discharged at
high velocities from nozzles having small outlet diameters. The air is delivered to these nozzles
from a separate air handling unit. The same principle is utilized by the "air piston system"
(Wasiluk 1980), where horizontal directing jets are created by axial or radial fans located along
the main streams.
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Analytical and experimental studies on interaction of main streams of supplied air and horizontal
directing jets in laboratories and in field conducted by Zhivov (1982, 1985, 1994) laid the ground
for the design method of such systems (TsNIIPZ 1984).

Interaction of the free isothermal main stream and horizontal directing jets. The
characteristic feature of the main stream and horizontal directing jets interaction is that the
directing jets are supplied through the nozzles located at some distance from each other and from
the outlet supplying the main stream (Figure 5.5).

Experimental studies with propane as a tracer gas, introduced into the main stream showed that
directing jets make the main stream narrower (Zhivov 1985). Measurements of the velocity
profiles Vi in the cross section of the resulting stream (created by the main stream and directing
jets) like that created by two linear coaxial jets studied by Stark (1950) and Landis and Shapiro
(1951) can be described by the formula derived, assuming the resulting stream momentum is
equal to the sum of interacting jets initial momentums. For maximum velocity in the resulting
air flow in the cross section of the (N - 1) nozzle this equation is as follows:

_ v Yo | o[ K 2N
Vs = VozT\l— ,_<; M ki 2 (5.16)

i 102

where, K;;, K;, - coefficients of velocity decay in the main stream and directing jets,
respectively, Vg, - horizontal directing jet supply air velocity, I, and I, - main stream and
horizontal directing jet momentum, respectively, d,, - horizontal directing jet nozzle diameter.

To derive the equation for the jet boundary resulted from the interaction of coaxial main flow and
a directing jet supplied at the distance of 1, from the main outlet, this interaction was presented
(Zhivov 1985) as the interaction of the main jet with a sink distributed along its axis (Figure 5.6).
Considering the influence of the directing jet on the main flow boundary as AY, the half width
of the resulting flow can be presented as:

Y, =AX-AY 5.17
where,

X
Ay = (4BY) 4x
daX (5.18)

The A is the coefficient characterizing the angle y of the main flow divergence (Figure 5.6)
without directing jets influence. The following relationship was derived for the resulting flow
boundary:

(5.19)

o | —
Y, = AX - — 20X

Kiz o
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where, 0 is an experimental coefficient and
X 2

oX) = f| 1+ L X X-
2
° \JwKﬁ_i]
X-1

In the case of several directing jets interacting with a main stream, the above approach was used
assuming that each following directing jet interacts with a resulting flow created by the main flow
and the previous directing jets. The equation for the resulting flow boundary differs from
Equation (5.19) only by the expression for @(X) function.

X
IO

(5.20)

Interaction of the confined isothermal main and horizontal directing jets. The experimental
studies (Zhivov 1985) show that the resulting jet length in the confined space can be divided into
three zones (Figure 5.7). In the first zone, there is an expansion of the resulting jet boundaries.
The length of this zone (X;) depends upon the relative momentum (X,/Iy;) value and the relative
distance (I/VA,) between the directing nozzles, where A, is the room vertical cross section area
(b, x h)). The distance (X;) increases when the relative momentum (I (/I ) increases and the
relative distance (I/VA,) decreases. In the second zone, the resulting jet width stays relatively
constant. It expands up to the last nozzle, and its length is equal to (Xy; - X)) and depends on the
number of directing nozzles and the distance between them.

In the third zone, there is a significant decrease in resulting jet width. The cross section where
the jet flow degradates is considered to be the end of the third zone. The length of the third zone
Xy - X is practically equal to the length of the jet's degradation zone developing in the
confined space without directing jets, which is 2VA_. Within the studied range of parameters, the
resulting jet throw (Xy) reached 10VA,.

Beyond the third jet zone, there is a "stagnant" zone where the velocity values are relatively
uniform and have an unstable direction. There is a reverse flow in zones I through III which is
located between the jets boundaries and the cylinder walls. The maximum value of the velocity
in the reverse flow is in the cross section at the end of zone I at the distance of X;. The following
equation was derived to calculate the length of the first zone X;:

0.755 0 o, 4w
X=—Y + — =[O
N AKRE by X (5:21)

The average experimental value of the coefficient @ is 1.7 with a standard deviation (a) of 0.05.
Equation (5.22) allows one to calculate the momentum ratio (Iy/Iy,) required to extend the
length of the Zone I to the value equal to X|, given the distance between the directing nozzles
equal to k. Nomogram presented in the Figure 5.8 is plotted according to Equation (5.22) for
K,; and K, equal to 6.2.

The maximum value of reverse flow velocity (V,) was found to be in the cross section at X
equal to X; :
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A
V"™ = 0.73V,, J ;1 (1 + S Iy, /hy) (522)

r

where A, is the main stream supply air diffuser area, S is the number of horizontal directing jets
in the Zone 1.

Interaction of nonisothermal main stream and horizontal directing jets. Studies of
nonisothermal main stream and horizontal directing jets interaction were conducted to evaluate
maximum heat load which can be effectively supplied by such HVAC systems. To summarize
experimental data received both in a free and confined conditions, it was suggested that the above
Iimiting condition is achieved when the current Archimedes number Ar, (ratio of the buoyancy
forces over inertia forces along the resulting jet axis) does not exceed some value p

r, = gX tne = b u (5.23)
sz 273 + 1,
For the interaction of the main stream with N directing nozzles, the resulting expression for the
Ar, can be presented as follows:

2
ArX = ﬁ ArO .___)_(_. l
Kz d,| f (5.24)
where,
2
1 L ke [Ke) [ Xx)T 51 (5.25)
N2 Ior \ Kiq ) = 2

The current Archimedes number for the resulting jet grows along the jet as it does in any
nonisothermal jet. However, the consequent momentum additions by directing jets increases the
inertial forces in the resulting jet and thus, at certain cross-section the current Archimedes
number falls. The number of directing jets after which the Ar, reaches the peak can be calculated
using the following equation:

1

e (K} (o0 -5 1 (20
Iy \ K =1

Based on the experimental data received for the free resulting jet, the p value in Equation (5.23)
is equal to 0.075. Tests in field showed that the influence of the reverse flow and confining
surfaces increase the value of p to 0.2. Based on Equation (5.23) and experimental p values the
maximum initial air temperature supplied by the main stream is limited by:

N =

*

2 2
K Vid,

2
1 [

t -t <a

o r

f (5.27)
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where, a is a coefficient equal to 2.65 for a free jet, and 7.07 for a confined jet.

5.4. Interaction of jets supplied at an angle to each other

There are only few studies of air jets supplied at some angle & ( 0 < & <90 deg) toward each
other. To predict characteristics (trajectory, velocity decay, etc.) of the flow resulted from
interaction of two jets supplied at some angle toward each other, Hudenko (1966) suggested to
sum momentums of interacting jets as in the case with a parallel jets. He has estimated that the
error of prediction will be smaller at a smaller:

[ interaction angle;

® distance between the supply nozzles;
o difference in the nozzle sizes, and

° supply air velocity values.

Meshalin (1974) conducted experimental studies of two equal jets supplied at the angle of 15

deg, 30 deg and 45 deg toward each other. Based on the results of his studies, the author

concluded that:

® The turbulent mass transfer in the flow resulted from the two jets interaction is more
intensive, than in a single jet at the same supply conditions. The intensity of mass
transfer in the flow in the plane of interacting jets axis is lower, than in the plane of
syminetry;

° The intensity of mass transfer in the resulting flow increases with the angle of
interaction increase.

Numerous studies of jet supplied into a uniform and nonuniform cross flow were conducted in
application to such areas as air pollution control, burning processes, etc. Detailed discussion of
these studies are beyond the current review. However, some results of these studies will be
mentioned as needed in the following section.

Interaction of free isothermal main stream and directing jets supplied at the right angle to
the main stream. As in the case with the interaction of coaxial directing jets, the interaction of
main streams with directing jets supplied at a right angle was studied (Zhivov 1982, 1983) to
develop a design method for air distribution with horizontal and vertical directing jets.

The discussion on interaction of air jets supplied an some angle toward each other shows, that
application of the method that suggests to superimpose the interacting jets momentums and
surplus heat to predict velocity and temperatures in the combined flow results in inaccuracy when
two unequal jets are supplied under the right angle. Different approach was undertaken in the
studies of interaction of the main stream with vertical directing jets (Zhivov 1982, 1983).

Visualization studies of the resulted flow showed that the directing jet due to its interaction with
a main stream changes its initial direction. The interaction results in two separate flows; the first
is a continuation of the main stream and the second is a continuation of the directing jet. The
specific feature of this interaction is that vertical directing nozzles are located within a main
stream (Figure 5.10). The median diameter of the directing jet is significantly (by several times)
smaller than the main stream diameter within a zone of their interaction. Thus, the interaction
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of the main stream and the vertical directing jet can be seen as an interaction of the axisymmentric
(directing) jet with a infinite cross draft with a nonuniform velocity profile.

An analytical solution of interaction in the case of isothermal main and directing jets, assume that
the main stream (Figure 5.10) supplied with initial velocity (V) through the nozzle which has
internal diameter (dy;) is developing within a zone (-lg, 0) as a free jet. The momentum (1) of
the jet within the zone (-l + 1, 0) remains equal to the initial momentum (Iy;), and the velocity
distribution in the cross section of interaction in the plane XY remains the same within the zone
(0, X,). The axisymmetric main stream within the zone (0, X,) is substituted by the linear flow
with velocity profile which can be described by the formula:

{=)
V,=V e %/ Xelo, X], c=0.082 (5.28)

The directing jet is supplied at a right angle to the main stream axis with an initial velocity of Vg,
from the nozzle with an inner diameter (d,;) located at the distance (l,) from the plain of main
stream supply and at the distance of Y, from its geometrical axis. The momentum vector
component along the Y axis remains constant and equal to the initial momentum (Figure 5.10):

I, CosB = [ (5.29)
where, [} is angle between the Y axis and the tangent to the directing jet trajectory;
2
2 Ty
hs = Pos Vos 7 (5.30)

The aerodynamic force (P) of the main stream and the momentum of the injected air (L,;) change
the X component of the directing jet. The X component of the directing jet can be calculated as
follows:

ly SinB = P+ I, (5.31)

Experimental studies (Zhivov 1983) have shown that velocity distribution in the cross section of
the directing jet can be described by the same equation as those in the axisymmetric jet in a cross

draft
. [i)ms
R,

where, r; = VS/T, R, = b/2; S, is a cross sectional area limited by the constant velocity line. The
joint solution of Equations (5.29), (5.31) and (5.32) resuits in the following expression for the
maximum velocity along the directing jet:

2
V, o
—2 Cos (Vg n) =

m3

(5.32)

Vos %o 63
Vo Y

where,
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X, = —— (534
1+ _a_k v Cos
q

When B < 25°, VCosp = 1.

The differential equation for the directing jet trajectory was received by the joint solution of
Equations (19) and (21) assuming vCosf = 1:

ay 3 X, s (5.35)

Y-Y
rf ol + erf| XL
cl, cl,
The equation for the directing jet trajectory was received by the integration of the Equation (25)
aaX=0,Y=0:

where,

(5.36)

2
x-S mi
3 X, ks (5.37)
where, .
YO
-1 ° I i
B =(Y-Y) e(%) + Vo 19 - cly/T erf Y, + erf -E +
° cl, | c, 2 cl, cl,
| rv.)?
+ Y e Clo + ﬁ( Y— Yo) e Y— Yo
[o]
c, cl, (5.38)

Based on the Equations (5.36) and (5.38) one can conclude (Figure 5.10) that beyond the
boundary of the main stream directing jet has a straight trajectory.

Visualization studies of the directing jet showed that after interacting with a main stream the
directing jet has a straight trajectory when [ is less than 50°. At a greater value of B (tgf >1.2),
the directing jet trajectory is significantly curved.

In the case of nonisothermal directing jet, the above assumptions are true except the momentum
vector component along the Y axis changes due to the buoyancy force:

-+ d
dlys = = dG (5.39)




Calculation methods for air supply design in industrial facilities 107

The amount of heat W along the directing jets remains constant.

Experimental studies have shown (Zhivov 1983) that temperature distribution in the cross section
of the directing jets can be described as follows:

tst, _ 1 Ak

t st R, (5.40)
Based on the above assumptions the following equation was received to calculate the velocity
an ternperature decay along the nonisothermal directing jet:

v q
me -y, % |12 18 Ary/Cos lff’é (5.41)
03 er

Y
where,
Ar:lgdos N RAN
X VR 273+t | dy) (5.42)
P
yCosB ‘/;
te — L (5.43)
= Xt ——
fos t o
+ 1.8 Ar, y/Cosp | =2
where,
n
X, = 3 (5.44)
a
1+ —
gk

In the case when there is no main stream (V,; = 0, q = « and B = 0), Equations (5.41) to (5.44)
transfer into those for free jets.

Joint solution of Equations (5.31) and (5.39) allows one to calculate the maximum heat amount
supplied by directing jet with an assumption that the jet reaches the occupied zone (V3 > 0.1
nv/s) and (tgP, -tgP)/tgP less than 0.2 at the point where it enters the occupied zone. The
maximum initial temperature difference of the air supplied by vertical directing jet is:

V& ¢
(o = "= = 32 — 2% :

(hos = ho)° 12037 | % (5.45)
+23. —
IO

Based on the experimental results, the following values of coefficients were received: a =9.5,
k=0.25k;=3.3at0°< P <25° and ky=2.4 at 25° < § < 50°.
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Figure 5.1. Interaction of two parallel compact jets.
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Figure 5.3. Interaction of two jets supplied from the opposite walls.
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Figure 5.4. Coefficient K,,,°® of opposite jets interaction. Reproduced from
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Figure 5.5. Concentrated air supply with directing jets: a - with horizontal
directing jets; b - with vertical directing jets; 1 - main stream; 2 - main stream air
diffuser; 3 - horizontal directing jet; 4 - horizontal directing jet nozzle; vertical

directing jet; 6 - vertical directing jet nozzle.
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Figure 5.6. Schematic of free isothermal main stream and horizontal directing jet
interaction: 1 - main stream (Dg4, Vg1s lo1s do1s Ky4); 2 - directing jet (Pg,, Vozr oz Ao
K,.). Reproduced from Zhivov, 1983.
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Figure 5.7. Schematic of confined main and horizontal directing jets interaction:
1 - main flow; 2 - directing jet. Reproduced from Zhivov (1994).
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Figure 5.8. Nomogram for parameter i evaluation (K,, = K,, = 6.2). Reproduced
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Figure 5.9. Schematic of free isothermal main stream and vertical directing jet
interaction: 1 - main stream (P,,, Vos, los, dos» Kys); 2 - directing jet (Pos: Voas loa deas
K,s). Reproduced from Zhivov, 1983.
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Figure 5.10. Trajectory of the vertical directing jet: 1 - Equation (5.37).
Reproduced from Zhivov 1983.
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6. JETS IN CONFINED SPACES

6.1. General description of confined flow

Current mixing type air distribution methods typically consider occupied zone ventilation with
jets intercepting its upper boundary. These methods include air supply with vertical jet through
ceiling mounted air duffusers, and air supply with inclined jets. They also include air supply with
vertical upward directed jet or horizontal jet along one of the room surfaces. In the later case
jet reaches the opposite wall/ceiling and follows room surfaces until it reaches the occupied zone
(Figure 6.1). If the combination of room sizes (height, length and width) allows such airflow
pattern, this room is considered to be "short" (Etheridge and Sandberg, 1996). The room where
air jet dissolves before it reaches the opposite wall is considered to be "long". In such rooms
occupied zone is ventilated by "reverse” flow. Initially studies of jets in confined spaces were
carried out for mining, chemical and mechanical engineering applications (Abramovich, 1963,
Rajaratnam 1976, Lyakhovskiy and Syrkin, 1939). In the current chapter three methods of air
supply in confined spaces are discussed:

. horizontal jet supply;

. inclined jet supply;

. horizontal jet supply with directing jets;
. vertical jets.

6.2. Experimental studies of isothermal horizontal jet in confined spaces:
airflow pattern, throw, velocities

First experimental data on confined air jets used for ventilation date back to 1939 when Baturin
and Hanzhonkov studied air supply method with the occupied zone ventilation by "reverse" flow.
Later, this method was called concentrated air jet supply. Baturin and Hanzhonkov concluded
that the air flow pattern in the ventilated space depends on the location of air supply outlets and
practically does not depend upon location of air exhausts.

Studies by Nelson and Stewart (1938), Bromley (1946), and Gunes (1948) allowed to receive
experimental data on air velocities and temperatures distribution for this method of air supply at
different room configurations, locations of air supply outlets, velocities and temperatures of air

supply.

The effect of the room length, position and shape of the air supply outlets was studied by Linke
(1957, 1966). These studies show there is a maximum room length, that can be effectively
ventilated by the supply air jet (Figure 6.2a). For the linear (2-D) attached to the ceiling air jet
supplied at the Reynolds number in the range from 1825 through 12000, the maximum room
length does not exceed three room width. The rest of the room downstream is poorly ventilated.
When the air supply slot is symmetrical (located at the 1/2H) the effectively ventilated room
length increases to 4 room width. Air supply through a round nozzle with a non-attached jet
allows to increase the effectively ventilated room length up to five transversal cross-section sizes,
(B x H)'?, of the room.
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The airflow pattern in rooms ventilated by linear attached jets with L/H ratio greater than that
for effectively ventilated rooms was studied by Schwenke (1976) and Miiller (1977). The results
of their air velocity measurements and visualization studies indicate that there are secondary
vortexes, that are formed downstream the room and in the room corners. The number of the
downstream vortexes and their size depend upon the room length (Figure 6.2b). Mass transfer
between the primary vortex and the secondary vortex depends upon the difference in
characteristic air velocities in the corresponding flows U, -U, and can be described using the
Stanton number, St (Miiller 1977):

u, + U 1

St = 2 timds (6.1)
U1 - Uz 40 \/ﬁ
where
o = 1
U, - 4, (6.2)
2 |X*C*x —m=
U, + U,

x and ¢ are empirical coefficients. For the jet spreading along the wall (U,= 0) Stanton number
is equal to 0.01. This approach was used to predict mass transfer between the primary and
secondary vortexes and the characteristic air velocities in the secondary vortexes. These
predictions were compared with experimental data. Though experimental data deviates from
predicted air velocities, the proposed model allows one to understand the mechanism of mass
transfer between different room zone. Average rotation velocity and mass transfer decreases
from the primary vortexes to the secondary and the subsequent vortexes.

Influence of room transversal cross-section configuration on airflow pattern created by air jet
supplied through the round nozzle in proximity of the ceiling was studied by Baharev and
Troyanovsky (1958) and P.Nielsen (1981), see Figure 6.3. Based on experimental data they
concluded that when the room width B < 3.5H the jet attaches to the ceiling and spread filling
the whole width of the room in a manner of a linear jet. The reverse flow develops under the jet.
When B > 4H, the reverse flow also develops along the jet sides. Baharev and Troyanovsky
(1958) indicated that air temperature and velocity distribution in the occupied zone is more
uniform when the jet develops in the upper zone and the occupied zone is ventilated by the
reverse flow. Thus, they proposed to limit room width to 3~3.5H..

Detailed experimental data was received by Sadovskaya (1950, 1955) on physical model in
isothermal conditions. She has found that the confined air jet has two critical cross-sections
Figure 6.4). The first cross-section where the ratio of jet cross-sectional area to the area of
ventilated space equals to 0.24. Till this cross-section jet develops as free one. Between the first
and the second critical cross-section, where the jet occupies 40% of the room cross-sectional area
is the zone of confined jet. Beyond the second critical cross-section is the zone of jet
degradation. Sadovskaya has found that the length of all three zones depend upon the coefficient
of turbulent structure a of the jet at the air supply and received empirical equations for the length
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of each zone and air velocities in the air jet and in the reverse flow:

x, = 91 yBH vBH (6.3)
a
X, - 0.71yBH (6.4)
3.4 a

In these studies nozzles with a = 0.07 were used. For the values of parameter (BH/A )" used
in the studies from 2.44 through 71.5, maximum jet throw is in the following range:

X,ax = (from 4.07 through 5.1) yBH (6.5)

Based on experimental data received by Sadovskaya (1950,1955) and Rozenberg (1949) as well
their own experimental results Baharev and Troyanovsky (1958) derived empirical equations to
design air distribution with horizontally supplied confined jets.

Experimental studies conducted by Grimitlyn (1978) allowed to generalize equations (6.3) and
(6.4) for air diffusers with different velocity decay characteristics K ;:

for compact jets

X, = 0.22 K, yBH (6.6)
X, = 0.31 K, yBH (6.7)
X = 0.62 K, yBH (6.8)
for linear jets
X, = 0.1 Kt H. (6.9)
X, = 0.15 K2 H, (6.10)
X_. =03 K /BH (6.11)

To avoid high velocities in the occupied zone due to direct effect from the supply air jet and to
increase the zone length effectively ventilated zone by a single jet in rooms with a height, H, from
4m to 10m, Baharev and Troyanovsky (1958) proposed to supply air from the height h, =
0.6~0.7H.. .

Effect of jet proximity to the ceiling. Studies Sawyer (1960), Bourque and Newman (1960)
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and Regenscheit (1962) showed (Figure 6.5), that the two dimensional jet supplied from the slot
with a width h, at the distance Z from the ceiling surface will become attached to this surface at
the distance X, that can be evaluated from the following equation:

0.8
X 02 +27|Z (6.12)
h h

o o

Research reported by Jackman (1970) showed, that the effect of proximity of air supply to the
ceiling is also important when air is supplied with compact jets. The non-uniform entrainment
to either side of the jet resulted in a force deflecting the jet towards the ceiling. The attraction
of the jet towards the surface is greater the closer the air supply is to the ceiling and the higher
its aspect ratio (grill width over grill height).

Effect of ceiling beams/obstructions in the jet zone. Ceiling beam will not affects jet
attachment to the ceiling if it is located further than 1.6X, from the air supply outlet
(Regenscheight 1975). If it is located closer, the impingement of the jet with this beam will
change the jet direction.

Effect of ceiling beams and light fittings on ventilation jets was also studied by Holmes and
Sachariewicz (1973). Their studies were limited to two-dimensional case: air supply through
linear slot and two dimensional barrier (Figure 6.6). The results of these studies show, that the
ceiling jet can take one of three courses when encounters an obstruction:

1. Separate from the surface and take up a flow angle approximately equal to the
angle between the upstream face of the obstruction and the surface;

2. Separate from the surface and re-attach some distance downstream from the
barrier;

3. Almost ignore the existence of the barrier.

The jet will separate from the surface if the axial distance between the slot and the obstruction,
X, is less than a specified critical distance X, (Figure 6.7). The values of X, given in Figure 6.7
are only for an obstruction of transverse dimensions w equal to or less than the slot span s.

In the second course, the flow downstream of the barrier can be adequately represented by a
determination of (a) the maximum separation of the line of maximum velocity from the surface
(Figure 6.8) and (b) the velocity decay after the barrier:

V 12
max _ oo (1 - 0.7851") (b
%4 s

o

12 (6.13)
°X - X,

where: X, is a distance of obstruction to the slot, 0.5 <w/s < 1.

Obstruction does not affect the jet if the obstruction is further than about eight critical distances
(X)) from the slot. In this case the velocity decay of the jet may be obtained from the following
equation:
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1/2 :
Vi _ 2.2[ b, J (6.14)

v, X- X,

where b, is an effective slot width and X, the virtual origin of the jet.

Although the tests were conducted only for two-dimensional cases, authors suggest, that their
results can be extended to three dimensional cases as follows:

. If the obstruction span is less than half the slot span the effect of obstructions
can be ignored provided X, > X;
. The value of X, for a short barrier will be less than for a long one and it will be
safe to use the values obtained in the studies;
. The velocity decay downstream of a short barrier may be represented by the
equation:
172 12
Yn _ oo ( 1-0.785 l"] %
v, s X - X, (6.15)

where 0.5 < sfw < 1.

. If the barrier is longer than the slot the flow will be deflected at right angles to
the normal jet trajectory, causing a possible thinning of the jet at the barrier
and increasing the critical barrier distance. It is not possible to estimate
accurately the extend of such an increase from the studies on two dimensional
situation. Authors consider that such an increase will not exceed 100%.

Graphical interpretation of the factors influencing the critical distance X, from air supply to the
linear obstacle with a height d, for air supply through the slot diffuser with a height h, and for
air supply through a round nozzle with outlet diameter d, (Nielsen 1995) are presented in Figure
6.9. Non-isothermal flow has an influence on the critical distance and Archimedes number Ar
is an important parameter together with the geometrical relations (Nielsen 1995). Ventilation
with cooled air increases the effect of obstacle and warm air supply decreases this effect (S6llner
and Klinkenberg 1972, Nielsen 1980).

Air can be supplied in rooms by one or several jets. Air supply openings can be located along
one wall - parallel air jet supply (Figure 6.10a) and/or on the opposite walls - contrary directed
jets supply (Figure 6.10b). In special cases air can be supplied in a fan-type manner (Figure
6.10c).

Air circulation with a parallel jet supply is illustrated on the Figure 6.11. Jets are located at the
distance t from each other and each jet forms return flow similar to that induced by a single jet
in the room with a width B =t. Thus, in the case of N parallel jets supply, the room should be
considered as divided into several zones with a width B = B /N separated from each other by
airtight walls.
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6.3. Analytical studies

Abramovich (1960) was the first to study axisymmetric confined jet analytically. He suggested
the method based on utilizing of the equations of continuity and momentum conservation. He
also assumed that the width of the layer of jet mixing with a counterflow equals to the width of
a free jet with a velocity distribution according to Shlihting formula:

2
V-V, - Y 312
V-V b

X rev

where b = 0.22 X - half of the free jet width.
Analytical methods suggested by Shepelev and Tarnopolsky (1965), Grimitlyn and Pozin (1974)
and Sychev and Volov (1981) differ from the one described above only by the way the authors

described velocity distribution in the mixing layer :

- _;_( Y)2 - Shepelev and Tarnopolsky
= e 6.17)

- Grimitlym and Pozin (6.18)

uﬂ =1 -6 — - Sychev and Volov (6.19)
vV, -V,

rev

It is assumed in above mentioned methods that the influence of confined space on the supplied
jet can be described by the reduction of axial velocity component on the value V,,, like for jet
development in the counterflow. The value of V_,, is assumed to be the same throughout each
cross-section but variable along the jet length. The value of V., can be found from the continuity
equation which in the case of jet distribution in a space of cylindrical shape can be presented as

2 ( “Vrdr+V_(R?-r%) =0 (6.20)
(o]

for air supply and air exhaust located in the same wall and for air supply and air exhaust located
in the opposite walls.

According to Shepelev and Tarnopolsky (1965) air velocity on the axis of the jet at the distance
X from the outlet for air supply and exhaust located on the same wall can be calculated from the
equation
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i
1 - exp—l(ﬂ-
2\ cX

(3

(6.21)

V.=V -

%
>
Dl

o
R e
and the maximum (in the cross-section) velocity in the reverse flow-- from the equation

2
1 - exp~—1— A
Io 2\ cX

1{ B2 (6.22)
V., = V {K—exp-—| —| | - =2 }
rev ] p[ 2( CX) R l ﬂ
2 cX
Velocity in the reverse flow reaches maximum value at X, = 4.88 R equal to
M
max _ 0
V. = 0.656 =" (6.23)

Equations presented above can be applied to spaces of rectangular shape by replacing R? for
BH.

Similar approach was used by Zhivov (1983, 1994) in his studies of the system of coaxial jets in
confined space. The distance X from the air diffuser to the cross-section with a maximum
velocity in the reverse flow for the case without coaxial jets was found to be equal to 1.9 (BH)*®
at K, = 6.2 and 1.4 (BH)*® at K, =4.5. For a non-isothermal jet also it was found (Zhivov,
1994) that the reverse flow and confining surfaces increase the upper limit of the cold or heated
supply air temperature At,, which insures a horizonal jet projection.

The results of different analytical and experimental studies of the confined horizontal jet described
above are presented in the Table 6.1. The main reason in difference of analytical results is
different approximations of reverse flow velocity profiles.

Influence of the reverse flow on the centerline velocities V,, was proposed (Grimitlyn, 1994) to
be expressed by the coefficient K,
Ve = Vi K (6.24)

Xc X C

which as it was shown above can be derived analytically. The value of K, depends up

on the ratio of the cross-section area of the free jet and the corresponding cross-section of the
room. The graphs for evaluating K. for compact, radial and linear air jets are presented in
Figure 6.12.
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6.3. Experimental studies of horizontal heated and cooled air supply in
confined spaces

Gobza (1947, 1965) studied air supply with concentrated jets on physical models and in field and
concluded that temperature stratification along the room height may occur if improper supply air
temperature difference and air exchange rate are selected. Among the field cases reported by
Gobza are industrial halls as long as 150 m (at width equal to 50 m and height - 12-15 m).

The effect of supply air temperature on jet behavior in confined spaces was studied by Miillejans
(1966). Studies of cooled air jets were conducted in rooms with a size from 1.0 m x 1.0m x 1.6m
to 2.27m x 3.33m x 5.31m and an air supply through the slot (b = B,) or rectangular opening (b
<< B,). Numerous smoke photographs were taken reflecting supply situations with different Re
and Ar numbers. Archimedes number was defined by Miillejans as follows:

AI’ — g Dh(tw B to)
V2 (T, + T)2 (6.25)
4 B H, o
where: V = Q/BH); D, = —————— - hydraulic diameter; t,, (T,,), t,(T,) - wall and
2(B, + H)

supply air temperature,’C(K); g - acceleration due to gravity.

Miillejans has reported, that with air supply through rectangular openings, the jet behaves more
or less as an isothermal flow when Ar < 10°,

To establish a criterion for any size of room and outlet Ar number was adjusted using a
geometrical factor. The modified Ar* was defined as:
Arx = Ar &—,-7-‘3 (6.26)
D,

With a common value of b,h,/D,Z = 1/250, the airflow pattern will be similar to isothermal with
a modified Ar* number limited to 40.

In the case of room ventilated by a linear jet, this jet deflects towards the ceiling immediately after
entering the room. Maximum Ar values depend upon the L/H ratio and are as follows:

L/H 4.7 3.0 2.0 1.0

Ar 2000 3000 10000 11000

max

Experimental studies conducted by Grimitlyn (1978) on heated and chilled confined jets allowed
to determine that air flow pattern remains the same as for isothermal air supply when Ar, < 0.2
at X = 0.22 K, V(BH), in rooms with H/B ratio from 0.3 to 1.0, where
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a2 e 9VA DL (X)) (6.27)
Tk VT, (A

The above limitation on the local Archimedes number results in the following equation
for maximum temperature difference of supplied air:

VZ/A
At = 122 E"% (6.28)

Similar studies were provided by Troyanovsky (1969), who concluded that to maintain air flow
pattern in the room with warm or cooled air supply as in isothermal conditions, it is necessary
that the raise of the horizontally supplied jet does not exceed AY = 0.1BH at the distance from
the outlet X = 0.15 K, V(BH). From this assumption the following equation for the maximum
air temperature difference was derived

V2 /A
At, = 1300 AN

K KBH (6.29)

Comparing Equations (6.31) and (6.32) one can see that the value of the maximum temperature
difference computed using Equation (6.32) is higher than that using Equation (6.31). Results of
experimental studies on physical model (Grimitlyn, 1994) indicate that when H/B > 1, the
limitation on supply air temperature difference should be even more constraint.
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Table 6.1. Results of experimental and analytical studies of the compact confined jet

Reference Throw Throw definition Zone 1 +Zone 2 Maximum velocity in
the reverse flow
Baharev and (4.7-5.4)Y(BH) V..=(0.05- 2.0 V(BH) 0.78 V, V(A/BH)
Troyanovsky (1958) 0.1)V V(A/BH)
Abramovich (1960) 3.5 V(BH) 2.4/(BH) 0.88 V, V(A/BH)
V,=(0.05-0.1)V,
Shepelev and
Tarnopolsky (1965) 5 V(BH) 2.75V(BH) 0.66 V, V(A/BH)
V,_=0.07V /(A/BH)
Grimitlyn and Pozin 0.7K,v(BH) 0.31 K, V(BH) 0.78 V, V(A/BH)
(1974) -
Gnatyuk et al.(1977) 4.3V(BH) - - -
3.3v(A/BH) V, = (0.07 -0.1)V,
Sychev and Volov
(1981) 5.5V(BH) 32V(BH) 0.7V, V(A/BH)
V,=0
Schwenke (1976) 5.0V(BH) - compact jet - -
3H - linear non-attached jet V=02 m/s or
Vo =0.5 mfs
5.0v(BH) - compact jet
Nielsen (1981,1987) | 4H - linear attached jet - 3V(BH) 0.95V_V(A,/BH) round attached jet
39Y(BH), K,=62
Zhivov (1983, 1994) 34VBH), K, =45 Cross-section 1.9v(BH), K,=6.2 |0.73 V, V(A/BH)
velocities are 1.4V(BH), K,=4.5
uniform with an
unstable direction

6.5. The effect of confinement on inclined air jet

There are only few publications where air supply with inclined jets in confined spaces is
discussed. Numerous studies on horizontal and inclined air jet trajectory, velocity and
temperature decay under buoyancy were carried out. However, these studies were conducted
with free (non-confined) jets and were discussed in previous chapter. Though, there is no direct
mentioning of inclined jet supply, discussion by Regenscheight (1970) can be related to this topic.
This paper describes the results of studies of horizontal cooled air supply from linear and
rectangular openings. Graphs in Figure 6.13. show how the relative distance X /L from the
supply opening to the point of jet impingement with the floor surface is influenced by the
modified Archimedes number Ar:

g AT, 4 (BH)®
T,, Q% 2(B+ H)

Ar =

(6.30)

Experimental and analytical studies of non-isothermal inclined jet in confined spaces were carried
out by Zhivov (1993). Experimental studies were conducted on the physical model. The ratio
of the model dimensions L x B x H was changed so that the value H/B was from 0.3 to 3.0 and
L/NBxH)=24-49.

Visualization of airflow in room with a smoke and silk threads allowed to describe airflow pattern
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in room with inclined jet supply. Airflow created by inclined jet impinging the floor surface can
be divided conditionally into three zones (Figure 6.14): free or confined jet (1), impingement
zone (2) and flow along the floor (3). The width of the jet depends upon the supply
characteristics, which can be primarily described the velocity decay characteristic K, . Some air
diffusers (e.g., ventilation grilles) can create jets with coerced angle of deflection only in one
direction. (Zhivov 1993).

The first zone of the jet can be described using equations for velocity and temperature decay as
well as jet trajectory with a coefficient K, accounting for jet confinement. The impingement
zone can be characterized by a significant change of the static pressure and great curvature of the
air current lines. After the impingement, the radial flow is formed as if it is supplied from the side
surface of the truncated cylinder with a uniform initial velocity of U,,". In the basement of the
cylinder, there is particular line, that crosses the quasisorce of the radial flow. Equations
provided in the paper allow to evaluate velocities along the branches with a maximum airflow,
minimum airflow and along the particular line.

When the width of the jet (calculated for free conditions) is less than the width of the room, air
flow after jet impingement with a floor is similar to that in non-confined conditions. When the
side directed flow (along the particular line) reaches the wall, it is divided into two branches: one
following direction of the branch with a maximum airflow and another flowing in the opposite
direction.

When the air directed backwards reaches the back wall of the room, it flows upwards to be
induced by the jet within its first zone (Figure 6.15).

Circulation zone is created above the branch with a maximum airflow spreading along the floor.
The reverse flow also is induced by the inclined jet within its first zone.

If the width of the jet (calculated for free conditions) at the point of its intercept with the
occupied zone exceeds the room width, side walls transform this jet to the flow as if it was
formed by the linear jet impingement with a floor.

In design of air distribution with inclined cooled air jets, the following parameters should be
considered: air velocity and temperature at the point of jet intercept with the occupied zone - for
practical purpose this cross-section can be considered as the border between the first and the
second zone of impinging jet; and velocities along jet branches - maximum airflow branch,
minimum airflow branch and the branch along the particular line.

The latter information is important to evaluate the size of occupied zone, that can be effectively
ventilated by inclined jet. It was proposed (Zhivov 1993), that the occupied zone of rooms is
well ventilated by inclined jet (particularly in industrial rooms with contaminant release) if air
velocity in the occupied zone exceeds 0.1 m/s.

The influence of confinement on air velocity U, in the flow along the floor can be accounted for
with the coefficient K :
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Ur =K, U, (6.31)

The value of this coefficient depends on the relative height of the flow along the floor
h ;/ H,( calculated in the free conditions), where:

K.=1, when h, < 1.1, K,=1.79 - 0.72 h, /H, when h;>1.1 (6.32)

6.6. Air supply with directing jets

Air supply with directing jets is one of modifications of concentrated air supply designed to
increase the throw of primary flows in confined spaces. In one common modification of such
system, the main streams of heated or cooled air are supplied through a small number of air
outlets (grills) at low initial velocity V,, and distributed within the space by horizontal (coaxial
with main streams) and vertical (supplied perpendicular to the main streams) or only horizontal
directing jets (Figure 5.5). These jets are discharged at high velocities (V, for horizontal
directing jets and V,, for vertical directing jets) from nozzles having small outlet diameters (d,,
and dy; for horizontal and vertical directing nozzles, respectively).

The momentum of horizontal directing jets increases the length of area ventilated by the main
stream and allows the initial temperature differential of air supplied by the main streams to
increase, relative to conventional systems. Vertical directing jets supplied at right angles to main
streams inject fresh air (and excessive heat or cold contained in these streams) and deliver it to
the workplaces, which may be located in the aisles between the process equipment.

Studies have shown (Zhivov 1994) that the air circulation within the space is caused primarily
by the energy of the directing jets which are an order of magnitude greater than the energy of the
main stream. This is why the variations in the air flow, supplied by the main stream, does not
effect the circulation pattern. Interaction of the main stream with horizontal and vertical directing
jets is discussed in Sections 5.3 and 5.4.

6.7. Air supply with vertical jets

Air supplied in confined space by downward vertical jets create similar flow pattern as in the
case of air supply by horizontal non-attached jets. With vertical air supply occupied zone is
ventilated directly by air jets. Grimitlyn (1993) suggests that the area of occupied zone ventilated
by one jet is sized based on the jet's cross-section area at the point of its entering the occupied
zone. The jet cross-section area and configuration depend upon the height of air supply, type
of air jet and diffuser characteristics (K; and K,). More discussion about the occupied zone size
selection with air supply by vertical jets is in Section 8.
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t,

Figure 6.1. Jet flow in a room: a - "short"” room, b - "long" room. Reproduced from Etherdge
and Sandberg (1996).
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Figure 6.2. Flow patterns in rooms of different lengths with various types of air  supply and
exhaust: a - reproduced from Linke (1966), b - reproduced from  Miiller (1977), 1 - L/H, =
3;2-LJ/H,=4;3-LJ/H, = 6; 4 - schematic of primary,  secondary and tertiary vortexes in
the room with L/H_ = 6.
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]

Figure 6.3. Influence of room configuration on airflow pattern: a - B/H < 3.5;,
b - B/H > 4. Reproduced from Nielsen (1981).
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Xmax

Figure 6.4. Schematic of air jet in confined space proposed by
N.N. Sadovskaya. Reproduced from Grimitlyn (1970).
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Figure 6.9. Critical height of an obstacle d, vs. distance from supply slot witha  height h,
(a), and supply nozzle with diameter d, (b). Reproduced from Nielsen (1995).
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Figure 6.10. Schemes of room ventilation with parallel jet supplied from the same wall (a),
from opposite walls (b), and in a fan-type manner (c) Reproduced from Baharev and
Troyanovsky (1958).
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Figure 6.11. Room ventilation by parallel jets. Reproduced from Regenscheit
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Figure 6.12. Coefficient of confinement: a - compact jet, A, = B * H; b - linear jet;
¢ - radial jet, A, =B * L.
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Figure 6.13. Non-isothermal jet trajectory in room.

Reproduced from Regenscheight (1970)
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Figure 6.14. Scheme of inclined jet impingement with a floor surface. Reproduce from
Zhivov (1993).
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Figure 6.15. Airflow patter in room with inlined jet supply. Reproduced from Zhivov
(1993).
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7. INFLUENCE OF OBSTRUCTIONS ON ROOM AIR
DISTRIBUTION

The results of most of analytical and experimental studies on different methods of air distribution
were received from empty rooms and do not reflect the influence of the obstructions on the air
distribution and ventilation (heat/contaminant removal) efficiency. Meanwhile in halls of some
industrial buildings, process equipment may occupy a significant part of the floor area (Figure
7.1a), or the space height (Figure 7.1b and Figure 7.2). Workplaces can be located either within
2 m of the floor level or at different heights for operating and servicing of process equipment or
to assemble workpieces (Figure 7.3). Thus, the requirements to the occupied zone thermal
conditions and air quality should be extended also to those locations.

Information on the influence of obstructions on room air distribution is limited. The analysis of
results of some field and laboratory studies based on the published technical information made
by Zhivov (1983) show that big size obstructions effect air flow pattern and reduce ventilation
efficiency. To evaluate the influence of process equipment Zhivov (1983) proposed to use the
following parameters:

- ratio of the cross sectional area of the obstructions to the cross sectional area of the
room G ;

- ratio of the floor area, occupied by obstructions to the area of occupied zone G,;

- ratio of volume of the technological equipment to the room volume 0.

Analysis of blueprints and field measurements in numerous industrial buildings indicates that the
above ratios can reach correspondingly the following values: 6, = 0.7, 6, = 0.6 and 05 = 0.4.

Graphs in Figure 7.4 illustrate some conventional methods of air supply currently used in spaces
with large size process equipment:

a. concentrated air supply with horizontal jets (attached or not attached to the ceiling)
above obstructions: e.g., auto manufacturing plants, ship building yards, mechanical
shops, welding shops, etc. (Shwenke 1975, Regenscheight 1964, Curilev and
Pechatnikov 1966, 1967; Timofeeva and Veksler 1972, Cole, 1995);

b. concentrated air supply with horizontal jets into the corridors between obstructions: e.g.,
telephone exchange stations, warehouses with multistory racks, welding shops, assembly
plants (Curilev and Pechatnikov 1966, 1967; Zhivov 1983) ;

c. with inclined jets supplied from the upper zone (above 6 m): auto manufacturing plants
welding shops, machinery shops (VNIIOT 1981, Cole 1995);
d. through air supply panels with low velocity toward workplaces located at different

heights: e.g., ship building/repair stocks, process tower stands in chemical plants
(VNIIOT 1981),

e. vertical upward air supply through spiral, slotted or perforated air diffusers in the floor:
in halls with double flooring: e.g., in chemical plants, non-ferrous metallurgy plants (VDI
1994, Angel and Rudman 1974);

f. by inclined jets supplied close to workplaces on different heights: e.g., hangars, ship

building yards, paper mills, chemical plants (Zhivov 1983);

by inclined jets supplied close to workplaces from the height of 3 to Sm above the floor
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level: e.g., mechanical shops, assembly shops (Gunes 1974, VDI 1994, Cole 1995);
vertical downward with compact jets into the corridors between obstructions: e.g., halls
of textile plants, warehouses with multistory material racks (Sorokin 1965, Didenko
1972a,b; Uspenskaya 1975, Stroder 1991),

with horizontal jets into the occupied zone: e.g., plastic production plants, halls of textile
plants (Grimitlyn et al. 1983).

Air distribution in rooms is influenced the most by obstruction of the occupied zone when
concentrated air supply and air supply with inclined jets from a height greater, than 4 m above
the floor level, are used (Zhivov 1983).

Curilev and Pechatnikov (1966, 1967) conducted experimental studies of concentrated air supply
in significantly obstructed spaces. Their data shows, that obstruction of the room vertical cross-
section area results in increased confinement of the supply air jets and thus reduces their throw.
Curilev and Pechatnikov (1966) suggested modifying the equations for calculation of the jet
throw (X) and the maximum air velocity in the reverse flow (V,,), derived by Baharev and
Troyanovsky (1958), to account for the influence of obstructions in the occupied zone:

X = (4.7 to 5.4)/BH{ - o, 7.1)

[o]

BH (1 - 0,,)

AO
Vv, =078V

The data by Curilev and Pechatnikov is in agreement with those published by Regescheit (1964)
and Schwenke (1975).

Also, the results of field studies by Gunes (1970) indicate an increase in the reverse airflow
velocity with concentrated air supply in obstructed spaces compared to the case of air supply into
empty rooms.

Studies of air distribution with concentrated air jets at textile processing plants by Sorokin (1965)
showed that when air is supplied into the corridors between the process equipment with a height
greater than 3m, stagnant (poorly ventilated) zones occur behind this equipment. Air supply
above the process equipment results in poor ventilation of the corridors between this equipment
as well.

Timofeeva and Veksler (1972) studied air distribution with concentrated jets in the

spaces of shipbuilding industry. The field tests of temperature gradient in the work areas on small
parts of the ships (6; = 0.1) and in the hall with an assembled ship (o, = 0.4) showed, that in
latter case temperature gradient increased 2.5 times compared with a former one.

Based on experimental studies of air supply with inclined jets into spaces with a significant
confinement (e.g., corridors between obstructions), Zhivov (1993) considered confinement for
the calculation of maximum velocities in the near floor air flow (see Chapter 6). Space
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obstruction by process equipment also decreases an inclined jet throw when air is supplied from
the upper zone or into the corridors between the equipment.

Data received by Gunes (1974) on small scale physical models of workshops with a process
equipment 3 m high that occupies 55% of the room floor area, show the influence of this
equipment on the distribution of temperatures and velocities in the occupied zone. This data
show, as well, the decrease of air distribution efficiency when air is supplied by inclined jets.

Review of technical literature and analysis of numerous HVAC systems designs (Zhivov 1983)
show, that distributed methods of air supply (e.g., shown in Figures 7.41,g,h, and 1) are the most
commonly used in obstructed industrial spaces.

However, according to the data received by Sorokin (1965), Didenko (1972) and Uspenskaya
et al. (1975), obstructions with a height over 2m reduce air distribution efficiency when air is
supplied with radial or conical jets through ceiling mounted diffusers. The effect of obstructions
on jet throw, air velocity in the occupied zone and ventilation efficiency based on above cited
research is illustrated by graphs in Figures 7.5 and 7.6.

The above discussion shows, that neglecting the influence of the obstructions on the room air
distribution may cause a dramatic overestimation of air distribution efficiency.

In recent years, a new generation of HVAC systems supplying air into the halls of industrial
buildings with directing jets and displacement ventilation systems were introduced in European
countries. Studies have shown (Zhivov 1982, 1985, 1994) that in rooms with large size
obstructions in the occupied zone horizontal directing jets increase the main streams throw.
Vertical directing jets inject the clean and tempered air of the main streams and deliver it to
workplaces, located in the aisles between the process equipment or distract the unwanted
temperature gradient, when heated air is supplied. Air distribution system with directing jets is
discussed in detail in Section 6. Also, numerous industrial applications of Displacement
ventilation do not indicate there are any problems related to occupied zone obstruction by the
process equipment. Unless, process equipment is installed within an air diffuser near zone, that
can result in increased air velocities in the occupied zone.
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Figure 7.1. Chemical industry halls with a large size process equipment:
a - an occupied zone is significantly obstructed by process equipment,
b - workplaces for servicing process equipment are located at different heights.
(Reproduced from Zhivov 1983)
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Figure 7.2. Machine shop with a significant occupied zone obstruction by process equipment
(Courtesy of Caterpillar Corp.)

Figure 7.3. Assembly hall with workplaces located at different heights for process equipment
servicing (Courtesy of Caterpillar Corp.).
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Figure 7.4. Examples of conventional air supply methods into obstructed spaces of industrial
buildings (Reproduced from Zhivov 1983):

a- concentrated jets above obstructions;

b - concentrated jets into the corridors between obstructions;

¢ - inclined jets into the upper zone;

d - through panels on different levels of the occupied zone;

e - through the false floor;

fand g - by inclined jets close to the work places; h - vertical downward projected jets

into the corridors; i - horizontal jets directly into the occupied zone.
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Figure 7.5. Influence of obstructions on jet throw:

a- jet throw in the empty room;
b - jet throw in the room with obstructions (Rey = VH/v, where V = Q, /B*H - average

supply air velocity, Q, - supply airflow rate; 1 - H/L = 0.24; 2 - H/L = 0.28; H/L =0.33
(Reproduced from Regenscheit 1964)




154

Calculation methods for air supply design in industrial facilities

V.. -
7 1l x

N
/

1.3 —
P 0.9
AN
< "
11 /‘//’ 0.8 \
o~
0.9 = NN 0.7 3
N

N 0.6 — ——|\
0.5

0.5
0.0 0.1 0.2 0.3 04 05 o, 0.0 0.1 0.2 0.3 0.4 0.5 0,(cy)

Figure 7.6. Influence of obstructions on air distribution in rooms (Reproduced from Zhivov

1983)

a:l1-V_, o)V, (0,=0.1);2-X=X(0)/X(0,=0.1); - concentrated air jet spy
(based on the data from Curilev and Pechatnikov (1966, 1967) and Baharev and
Troyanovsky,1958); - - - - inclined air jet supply (based on the data by TsNIIPZ 1978);

b: 1 - X (0, /K (0,=0.1) for concentrated air supply (based on the data by Timofeeva
and Veksler (1972); 2 - K,(0, YK, (0,=0.1) - air supply by inclined jets from the height
of 4m (based on the data by Gunes 1974); 3 - K (0, )/K, (0, =0.1) distributed air jet
supply with horizontal jets into the occupied (based on the data from TsNIIPZ 1978).
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8. PROBABILISTIC APPROACH TO THE OCCUPIED ZONE
COMFORT AND CONTAMINANT DISTRIBUTION

Air velocity and temperature in the occupied zone have been measured by numerous researchers.
Jackman (1970, 1971, 1973) studied air movement with side-wall mounted grilles, circular and
linear diffusers. For all these methods of air supply, he found the correlation between momentum
Jo of the supply air and the average velocity V,, in the occupied zone. Fissore et al. (1991)
studied air velocity distribution in a space ventilated by slot-type diffusers and found that the
velocity distribution matched well with the Gaussian assumption:

c,=03V 8.1)

v 0.Z.

with the variation coefficient

K, = —~ = 0.0053 (8.2)

where, V_ is an average air velocity in the occupied zone, o, is standard deviation of velocity.

Grimitlyn (1994) describes studies conducted on the physical model of industrial space with air
jets supplied directly into the occupied zone, with inclined jets supplied through swirl type
diffusers and grilles and with concentrated horizontal jets into the upper zone.. One of the most
variable in those experiments was the ratio of the occupied zone area ventilated by one air

diffuser /A to the size of the supply duct , d,, as a characteristic size of the air diffuser.

The experimental data received for the case of air supply directly into the occupied zone
(horizontal air jets supply through diffusers located within the occupied zone), show that the
relative average air velocity in the occupied zone V,,/V, significantly increase (e.g., from 0.03
to 0.05) with a relative occupied zone area /A /d, change from 25 to 10. The velocity variance
coefficient K = o,/ —\C decreases accordingly with the relative occupied zone area
decrease. Studies were conducted with a small size equipment which was distributed uniformly
across the floor area. The temperature variance coefficient m X, = o, / E; , as defined by the
author, was equal to 0.15 and thus, o, = 0.15 At,. Similar experiments with inclined jets air

supply through swirl type air diffusers resulted in the values of the velocity variance coefficient
K, = o,/ V__ in the range from 0.3 through 0.4.

In the studies described by Grimitlyn (1994) of the concentrated air supply above the occupied
zone, the average velocity in the occupied zone was found to be dependant upon the relative

length of the ventilated room L//A, = According to Grimitlyn, the average velocity value can
be calculated using the equation:

V.. = (from 05 t0 0.6) Vo (8.3)
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The highest uniformity of velocity distribution in the occupied is when the parameter L//A, is
from 3.5 to 4.

Experimental studies of the cold air supply through ceiling mounted air diffusers (Grimitlyn,
1994) showed, that the velocity and the temperature variance coefficients depend upon the ratio
of the area of air jet cross-section A,,, when it enters the occupied zone to the area of the
occupied zone A, ventilated by this jet, A;/A,. The value of the velocity variance coefficient
decreases with the increase of the A, /A, ratio until A, /A, =0.5. (Figure 8.1). Further A, /A,
ration increase practically does not effect the velocity variance value. The opposite effect has the
A;/A, ratio on the temperature variance coefficient. The uniformity of temperature distribution
in the occupied zone has the lowest value with A, /A < 0.5. The temperature variance
coefficient significantly increases when A, /A >0.5. The graph illustrating this phenomenon
for compact, radial and linear jets is presented in Figure 8.2. The following equations to calculate
A, /A, were derived by Grimitlyn from the jet theory:

Compact air jet:

f L x|
=

Radial jet:

Linear jet

Grimitlyn (1994) suggests that the highest velocity and temperature uniformity in the occupied
zone can be achieved at in the range from 0.3 to 0.5 for the compact and linear jets and in the
range from 0.5 to 1.0 for radial jets. The ratio A,/A, Is calculated using equations (8.4)
through (8.6) for free jets. However, due to the effect of confinement, actual jet cross-section
area will be smaller.

Extensive experimental studies of room air distribution in room ventilation simulator were
conducted in All-Union Research Institute for Hydro technique and Sanitary Technique
(Gunes, 1977; Uspenskaya et al. 1970,1975). Researchers studied the influences of different
factors (heating/cooling loads, room configuration and size, equipment size and number of pieces,
air change rate, air diffuser installation height, etc. on velocity and temperature distribution
uniformity in the occupied zone and on ventilation effectiveness. They used the approach when
special experiment matrixes were developed to cover practical ranges of factors that they
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considered important. The collected data was used for the regression analysis allowing to select
significant influences and disregard other. These studies resulted in equations that can be used
by consulting engineers to specify air duiffusers.

The results of air distribution study with ceiling mounted air diffusers supplying compact and
radial jets are reported by Gunes et al. (1977). The data presented in Figure 8.3 for compact
vertical jets show, that the height of air diffuser installation above the occupied zone significantly

effect the uniformity of temperature distribution: with X//4A_ increase from 0.5 to 2.0, the

complex %x_d\@ decreases from 1.2 to 0.3.

[ 0

The conclusions made based on the data presented in Figure 8.3 are in conflict with those made
by Grimitlyn (1994) (see Figure 8.2). Figure 8.4 illustrates the influence of At, on temperature

uniformity in the occupied zone characterized by o, for different X//A  ratios based on

experimental data from Gunes et al. (1977).

From this data it is clear, that the increase in the temperature difference At, results in the increase
of the standard deviation ©,, and the value of o, decreases with the increase of the ratio X//A_ .
Thus, the uniformity of temperature distribution is a function of At and X/ /A, . According to
the data received by Gunes (1977), for air supply with radial jets, o, /Az, =0.12. The data on
velocity distribution, received by Gunes for air distribution with conical jets reflects the decrease
in the velocity variance number (increase in velocity uniformity) with an increase of the relative
jet length x/ /A (Figure 8.5).

Experimental studies of air distribution in the occupied zone of the machinery building plants
(concentrated air supply into the upper zone) and through ceiling air diffusers into the upper zone
of the textile industry spaces were conducted by Uspenskaya et al. (1970, 1975). These
experimental studies resulted in the following equation for the maximum temperature difference
in the occupied zone: :

At =™ —t =Ao0, 8.7

0.2. 0z, 0z. t

where A is an experimental coefficient, and o, is a standard deviation, that can be calculated
from the following equation:

Wq
ACH™

o, =B K (8.8)

ACH is an air change rate; B, m and K are experimental coefficients reflecting the influence of
process equipment location, relative area of the occupied zone covered by the process equipment,
uniformity of heat sources distribution across the occupied zone, etc.

The influence of cooling load W and ACH on At,and o, values based on the experimental data
from Uspenskaya et al. (1970, 1975) is presented in Figure 8.6. Based on these data the graphs
reflecting the relationships of o, and K, are plotted in Figure 8.7. These graphs show that the
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increase in At, due to decrease in ACH at W = constant, result in the increase of o,.

Studies of air distribution in rooms with air supply through ceiling mounted diffusers and sidewall
grilles were conducted at the All-Union Research Institute for Labor Protection in Leningrad
(Grimitlyn et al. 1982, 1986). Experimental data was collected on the physical model and from
10 field tests of air distribution in rooms of commercial and industrial buildings.

The laboratory studies of air distribution by radial jets in room with heat sources distributed
throughout the room showed that the extreme velocities and temperature in the occupied zone
can be described by the following relationships:

M _p =220, L_-t™=140, ™-1"=360, (8.9)

0Z. [ 0.Z. 0.2z,

vV -V =180,

0.2 0.2

e~ Vor =170, VI -VI=350, (8.10)

where t ," and t  ,™" are maximum and minimum air temperatures in the occupied zone;
V. ™ and V ,™ are maximum and minimum air velocities in the occupied zone.

Similar equation were received in studies of air distribution by air jets supplied into the room
through side-wall mounted grilles:

L -t™ =220, -1 =400, (8.11)

0.Z. 0.zZ.

(8.12)

V. _ -Vi=130, V-V =4lc

0.2 o.z. v

Based on the data resulted from the literature review, and numerous experiments conducted on
scaled physical model and in full-scale field facilities, Grimitlyn, et al., (1986) developed
guidelines for air distribution design in spaces with special requirements to thermal parameters
in the occupied zone of room when air is supplied through grilles and ceiling mounted diffusers.

When air is supplied through the wall mounted grilles with jets attached to the ceiling, to achieve
the most uniform temperatures and velocities in the occupied zone, the length L of the room per
one grille is recommended (Grimitlyn et al. 1986) to be calculated from the following expression:

H-h,<L<045KyBH . (8.13)

The width of the room, B, served by one grill should be within the limit of

L+ H -h
B=Q7~4) — 0
1
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In the case of cooling the separation of the jet from the ceiling surface is allowed at a distance
exceeding 0.5 L.

The most uniform distribution of temperatures and velocities in the occupied zone when
ventilated by one jet supplied through the ceiling mounted diffuser is achieved, when the ratio
Aja/A, between 0.55 and 0.6 for radial jets, between 0.3 and 0.6 for conical jets, and between 0.3
and 0.5 for compact jets. Graphic interpretation of these conditions is shown in Figure 8.8. It
was suggested (Grimitlyn et al. 1986) that the velocities and temperatures in the occupied zone
can be described by evaluating the air jet maximum velocity V, and temperature difference At,
at the point within the room where the jet enters the occupied zone. In the case of velocities, the
deviations created from the influence of obstructions are incorporated into the jet analysis as
follows:

Vie. =V, -20, (@ or V;')=V,-40, (b (8.15)

0.2.

Thus, the resulting range of velocities in the occupied zone is based on the maximum velocity in
the jet entering the occupied zone determined from the air jet theory. Using two (a) or four (b)
times the experimental deviation will provide a confidence that 95% of the averaged occupied
zone velocities will be within the predicted range.

A temperature equation for the occupied zone is organized in the same way. Grimitlyn et al.
(1986) recommended using four times the experimental deviation of the temperature o,. This
results in a 95% confidence interval for both the maximum t,,™" and minimum t,, ™®
temperature. The occupied zone temperature difference is calculated as follows:

tmax

min
0.Z. t -

oz. = 4 0, (8.16)

By introducing an artificial temperature deviation variable, the equation for the temperature
range in the occupied zone can be reorganized as the function of the diffuser conditions as
follows:

(8.17)

0.2, 0.z =

: A
T _ g - 4 K K, At ——-‘/;

where, K, = ¢,/ At, is a temperature variance related to the point where the jet enters the
occupied zone, K, is an air jet temperature decay coefficient, A, is a characteristic size of the
air diffuser, and X is a distance along the jet to the point of its entering the occupied zone.

Maximum initial temperature differential At, which doesn't cause temperature differences in the
occupied zone more than desired can be found from the equation
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max min
At - tO.Z - ZO.Z Kn KC L + Hr - hO.Z.

° 4K K, K /A, ’ (8.18)

int

where, K, = ¢, /At, is a temperature variance related to the point where the jet enters the
occupied zone, K, is an air jet temperature decay coefficient, A, is a characteristic size of the air
diffuser, and X is a distance along the jet to the point of its entering the occupied zone. The
experimental data that laid the groundwork for K, coefficient evaluation are presented in Figures
8.9, 8.10 and 8.11. The values of the coefficients K, K, K, and the variation coefficient K,
of air temperature distribution within occupied zone are presented in the Table 8.1.

Based on Equation (8.18), one can evaluate the maximum initial temperature differential At,
which results in the occupied zone air temperature within the required range as follows:

- K, K, x
At, = 8.19
4 Kt Kz Kint ‘/A_o (8.19)

Table 8.1. Coefficients for Side-Wall and Ceiling Mounted Diffuser Air Jets

Type of jet Kee | K | K K,

Compact
(ceiling diffuser) 09 | 08 3\]

1225 % 4 (B oz}’
£25 -2 47,

i VAo

Conical
(ceiling diffuser)

Radial
(ceiling diffuser)

Compact or
incomplete radial
(side-wall grilles)
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SUMMARY

Generalized statistical data obtained from the previous laboratory, field and numerical
experiments, should be complimented with additional studies in obstructed rooms different
configurations and with different air supply methods. These data can extend predictions from
extreme parameters to the rest of the occupied zone. Through this technique, the designer can
determine if velocity, temperature (contaminant concentration) distribution are within an
acceptable range. If they are not, a different diffuser velocity and temperature and/or diffuser
type will need to be selected. Obstructions influence the uniformity of velocity, temperature and
contaminant concentrations distributions. The influence of obstructions height and the floor area
occupied as well as the impact of different methods of air supply and room configurations should
be accounted for by corresponding values of deviation variables.
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Figure 8.1. Relationship between the velocity variance coefficient K, and the ratio of the air jet
cross-section area, A,,,, over the occupied zone area, A,, ventilated by this jet. Air was supplied
vertically through ceiling mounted air diffusers: 1 - compact jet, 2 - radial jet (Grimitlyn,
1973)

0.0 0.2 0.4 06 2.8

Figure 8.2. Relationship between the temperature variance coefficient K, and the ratio of the
jet cross-section area A, over the occupied zone area A, ventilated by this jet. Air was supplied
vertically with a compact jet through ceiling mounted air diffusers (Grimitlyn, 1973)
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Figure 8.3. Relationship between the ratio o, /At, x /A /D, and the relative distance of the

o

jet travel X 4fA, to the occupied zone (Gunes, 1977).
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Figure 8.4. Relationship between the standard deviation of air temperature in the occupied zone
0, and supply air temperature difference At, with air supply through ceiling mounted air diffusers
(Gunes et al., 1977).
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Figure 8.5. Relationship between the velocity variance coefficient X, = —= and the relative
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distance X /‘/A—o of the jet travel to the occupied zone: 1 - conical jets, 2 - compact jets, 3 -

radial jets (Gunes, 1977).
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Figure 8.6. Relationship between the standard deviation of air temperature in the occupied zone
O, and the temperature difference 7. - z,, (Uspenskaya, 1980):

0.2,

- air supply directly into occupied zone,

- - -~ - air supply through ceiling mounted air diffusers with radial attached jets,
—— - air supply through ceiling mounted diffusers with swirl conical jets.
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Figure 8.7. Influence of air change rate X, 1/h, and cooling load g, W/m’ on
standard deviation o, of temperature distribution in the occupied zone
(Uspenskaya, 1980).
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Figure 8.8. Graphs for evaluation of the occupied zone area A, o?%, ventilated by air jet supplied
from the height H,, m through a ceiling mounted air diffuser: A - radial jet. B - conical jet, C -
compact jet.
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At,

Figure 8.9. Relationship between the temperature variance coefficient X, = o, Az, - ¢,,) and
the supply air temperature difference At, for air supply through wall mounted grilles:

O - laboratory studies (VNIIOT, 1982);

A - field studies (VNIIOT, 1982);

X - laboratory studies (VNIIOT, 1970).

$ 79

At
Figure 8.10. Relationship between the temperature variance coefficient K, = o, /1, - z,,) and
the supply air temperature difference At, for air supply through ceiling mounted air diffusers with
compact jets:

O - laboratory studies (VNIIOT, 1982);

A - field studies (VNIIOT, 1982);

X - laboratory studies (VNIIOT, 1970).
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Figure 8.11. Relationship between the temperature variance coefficient X, = o, /¢, - 7,,) and

the supply air temperature difference At, for air supply through ceiling mounted air diffusers with
radial jets:

O - laboratory studies (VNIIOT, 1982);
A - field studies (VNIIOT, 1982);

X - (Gunes et al. 1977),

O - laboratory studies (VNIIOT, 1970).
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9. VENTILATION EFFICIENCY

9.1. INTRODUCTION

Effective air distribution in ventilated rooms and proper quantity of conditioned air is essential
for creating comfortable conditions, removing contaminants and reducing initial and operating
costs of air conditioning and ventilation systems. The degree to which a ventilation system fulfills
ventilation requirements is described in the literature in terms of "ventilation effectiveness”,
"ventilation efficiency”, " ventilation performance”, etc. Liddament (1991) in his review of
technical information related to ventilation effectiveness stated, that "the subject of ventilation
effectiveness is made unnecessarily complex by the lack of uniformity in terminology. Frequently,

terms are interchanged or different terms are used to describe the same concepts".

Sandberg and Skaret (1985) differentiate between the terms "air change efficiency” and
"contaminant removal effectiveness”. Air change efficiency is "a measure of how effectively the
air present in a room is replaced by fresh air from ventilation system" whereas "contaminant
removal effectiveness, €°" is "a measure of how quickly an air-borne contaminant is removed
from the room". Another similar criteria, that is used is a ""contaminant removal efficiency,
Nn°"". The value of this criteria can be derived from the "contarninant removal effectiveness™:

n° =( = ) ©.1)
1+ &°

In the current review, the term "effectiveness' of air distribution will be used to describe the
ratio of the occupied zone area (where thermal comfort and contaminant concentration are within
ranges required by standards and codes) to the total occupied zone area. This a hygienic
criteria, that allows one to judge how well the HVAC system fulfills its main task - creating
thermal comfort conditions and controlling contaminants in the occupied zone.

The level of uniformity of temperatures, velocities and contaminant concentrations depends upon
the method of room air distribution used, room sizes, geometry and sizes of obstructions, etc.
Different criteria are used to describe air distribution/ ventilation "effectiveness'. Among the
commonly used criteria is the Air Distribution Performance Index (ADPI) (ASHRAE 1997), that
is defined as the percentage of locations where a combination of air temperature and air velocity
meets comfort requirements. This criteria is based on experimental results of air diffuser
performance for specifically tested room configurations. The data on the ADPI is available only
for sedentary activity.

The outdoor airflow rate and amount of heating and cooling capacity used to ventilate and
conditioned the space depends upon the ratio of temperatures and contaminant concentration in
the exhaust air to the occupied zone air, that is primarily influenced by the method of air supply
used. Temperature, relative humidity and contaminant concentration stratification in
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mechanically and naturally ventilated and air conditioned spaces can be characterized by the
coefficients of ventilation efficiency: K,, K,,, and K, for heat removal, water vapor removal,
and gaseous/particulates contaminant removal, respectively:

K = fexn ~ 1o _ We - W, _ Cexh - C, (9.2)

H K L
v to.z. - to i Wo.z. - Wo Co.z. - co

where: t.q, t, and t,, = temperatures of exhaust, supplied and occupied zone air;

W Woand W, = humidity ratio of exhaust, supplied and occupied zone air;

Cew C,and C,, = contaminant concentration in exhaust, supplied and occupied zone air. K,,
K,,, and K, values are used to calculate loads on HVAC systems and to select the best system
design.

These definitions of heat/moisture/contaminant removal efficiency correspond with the definition
of "contaminant removal effectiveness”, given in "A Guide to contaminant removal effectiveness”
(Brouns and Waters, 1991), considering that the later is also taken as the level above the value
in the supply duct. In some instances it is useful to apply the parameters reflecting the
heat/moisture/contaminant removal efficiency to the average conditions in the heated/cooled and
ventilated space [ie., C,, - Com"© in Equation (9.2)] or to the average parameters in the
occupied zone air (ie., C,, - C,,™ ) or to a specific locality within the occupied zone (e.g., the
operator breathing zone). In the industrial shop the size of operator(s) location could be confined
to the relatively small part of the shop volume. Sandberg (1981) emphasizes, the importance to
consider ventilation effectiveness in both the "steady state" and in the "transient" phases. In
industrial buildings where a sudden release of toxic gas or smoke is possible, special emergency
ventilation systems should be used and ventilation efficiency in the short period is an important
design parameter.

The knowledge of parameters K,, K,,, and K, values allows the calculation of the amount of
air to be supplied in the ventilated space to remove excessive heat, water vapor and impurities.
Than the maximum from those values is compared with the amount of air evacuated by local
exhausts and process equipment as well as that the amount of air supply based on other
considerations (e.g., to keep a positive pressure in the building) to be used for HVAC system
and ventilation equipment sizing.

According to Designers Guide (1992) and ASHRAE Handbook (ASHRAE 1995), air flow rates
to be supplied into the space for heat/water vapor and contaminant removal can be calculated
from the following equations:

w - cp P Qo.z (to.z_to)
C,p K, (,, - 1)

+

+ Mw - P Qo.z. (Wo.z— Wo)
P Kvap (Wo.z - Wo)
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0 -q,+ 570 % G C) 9.5)
- p Kt (Co.z - co)

where: Q, - amount of air supplied in the room, m’/h
Q.. - amount of air exhausted from the occupied zone, m*h
p - air density, kg/m’
W - excess heat, produced by internal sources (heat gains minus heat losses),W
M - amount of water vapor released into the space, kg/h
G - rate of contaminant release into the space, kg/h
t, and t,, - temperatures of the supplied air and air in the occupied zone,’C
W, and W, - humidity ratio, kg of water per kg of dry air in the supplied air and in the
occupied zone air.
C, and C,, - contaminant concentration in the supplied air and in the occupied zone
air, kg/kg.
C, - specific heat of air, Jkg K .

The values of K, K,,, and K, depend on the method of air distribution, characteristics of the
ventilated space, and activities within the space.

Mixing type air distribution systems create comparatively even distribution of temperature and
gas concentration throughout the ventilating space. For the mixing type systems K,, and K, have
a value close to 1. This corresponds with the theoretical value in the Guide (Brouns and Waters,
1991) and the data in Table 9.1. In the system with a horizontal "piston flow" (also known as
a "plug flow") the theoretical value of K, parameter is 2 (Brouns and Waters, 1991). In the
spaces with strong heat sources there is a tendency to the temperature stratification along the
height. Displacement ventilation systems designed for stabilizing this stratification can be
characterized by higher value of K|, coefficient, which can be as high as 2.5 and even higher
(Shilkrot and Zhivov, 1992).

In the case when there is a shortcircuiting and the supply air is intercepted by the exhaust system
without reaching the occupied locations K,, K,,,and K, coefficient values are be below 1.

Analysis provided by Rymkevich (1990) showed that uneven temperature distribution along the
height of ventilated space influence ventilation efficiency as well as heat and cold consumption.
When K, > 1, the consumption of heat increases in the heating period, and the consumption of
cold increases in the cooling period. When K, < 1, the consumption of heat decreases in the
heating period and consumption of cold increases in the cooling period. Rymkevich has also
showed the influence of unevenness of temperatures in the occupied zone on the energy
consumption of HVAC systems and their elements.

Heat, moisture vapor and contaminant removal efficiency coefficients K, K,,, and K, values
can be determined by laboratory and field tests. In some cases, K,, and K, values can be
obtained analytically or using Computational Fluid Dynamic (CFD) codes.

Measurements on scale models may provide one specific values, but this approach is restricted
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to specialist laboratories and would not provide the designer with a readily accessible tool
(Liddament 1993).

Ventilation effectiveness field measurement techniques are too complex for routine use in
buildings under normal conditions of operation. Also, results are building specific and are
difficult to apply to naturally ventilated and leaky structures. The fundamental draw back of field
measurements is that they can only be made in existing structures. Very little information can be
used to provide guidance for other situations or alternative ventilation strategies.

These shortcomings can be overcomed by using numerical calculation models. In theory, CFD
methods have the potential to replicate measurement methods and therefore ventilation efficiency
may be evaluated as a part of design process. However, as it is stated in (Liddament 1993)
numerical calculation models can be seen as a long term goal, since much more development is
needed before they can be regarded as sufficient robust and accurate to simulate the complexities
of fully furnished, occupied spaces. Review of CFD methods is presented by Liddament (1991).

Analytical models require the knowledge of airflow pattern in rooms applies the information
resulted from air jet theory. These models are based on the system of zone-by-zone heat and
mass balances, as well as the turbulent exchange between the zones. The above mentioned
approaches to evaluate ventilation effectiveness and some results of their application are
discussed in the following Sections.

9.2. EXPERIMENTAL STUDIES ON TEMPERATURE AND
CONTAMINANT STRATIFICATION IN ROOMS

Originally, studies on temperature stratification were conducted for spaces with natural
ventilation. Reitschil (1930) and Franchuk (1949) studied temperature gradients along the height
of the space experimentally. Butakov (1962), Maksimov and Der'ugin (1972) found the
experimental method of the temperature stratification evaluation to be not very reliable, due to
influences from specific experimental conditions. Later Skaret (1986) shared similar experiences
from his practice. He found that the temperature stratification observed in tests conducted in
models is greater than in the field, which he explains by the larger air exchange between the
upper and lower zones, due to more disturbances in real facilities. Cold convective downdrafts
along walls, and air disturbances from the activity and process equipment in real plants are not
accounted for in physical simulation and could be among the other reasons.

Seliverstov (1932) described heat flows in naturally ventilated spaces and stated that convective
flows created by heat sources do not influence the temperature of the occupied zone directly. The
air of the occupied zone is heated due to the secondary heat sources influenced by the radiant
heat from the primary heat sources. Seliverstov (1934) provided detailed qualitative analyses of
the convective flows in the hot spaces with natural ventilation and found, that when the
convective flows created by heat sources are not drawn completely out of the ventilated space,
a "hot sack” under the ceiling is created.

Kudryavtsev (1948, 1950) studied convective flows in confined spaces. He found that a heat
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source placed in the gas or liquid media creates temperature stratification with a dividing line
located at the height of the low level of this source. The temperature of liquid or gas below this
level is constant and it is not involved in the convective flow. Above this level there is a
temperature gradient along the space height resulting in the "heat cushion". A temperature
difference of 5-10°C between the upper and lower fluid layers is enough to make this
stratification stable. It remains stable even when the lower zone is ventilated.

There were fewer studies done on temperature stratification in mechanically ventilated spaces.
Baturin (1972) experimentally studied temperature stratification in glass manufacturing shops
with mechanical heating and ventilating systems. Experimental work on the turbulent heat and
mass exchange among the upper and lower zones in computer rooms with conditioned air supply
through a false floor was done by Melik -Arakelyan (1978).

Experimental studies of air supply with inclined jets in a physical model room (Zhivov and Kelina
1989) have shown that the value of K, in the case of air supply in the rooms with insignificant
heat gains ( <23 W/m’), are approximately 1.0 and 1.1 for warm air supply and chilled air supply
respectively (Table 9.2). This corresponds with the results of some other laboratory and field
studies presented in Table 9.3. Approximate values of heat and vapor removal efficiency
coefficients K,, and K,,, for other typical methods of air supply in industrial spaces are listed in
Table 9.1, reproduced from (ASHRAE 1995).

Table 9.1. Coefficients of heat (K,) and vapor (K,,,) removal efficiency for mechanically
ventilated spaces with insignificant (less than 23 W/m?) heat load.

KK,
Air Supply Method .
PPY Air change rates, ach
3 5 10 >15

Concentrated air jets 0.95/1.1 1.0/1.05 1.0/1.0 1.0/1.0
Concentrated air jeis and vertical and/or 1.0/1.0 1.0/1.0 1.0/1.0 1.0/1.0
horizontal directing jets
Inclined air jets from a height

greater than 4m 1.011.2 1.0/1.1 1.0/1.05 1.0/10

less than 4m 1.15/1.4 1.1/1.2 1.011.1 1.0/1.0
Through ceiling mounted air diffusers
with

radial attached jets 0.95/1.1 1.0/1.05 1.0/1.0 1.0/1.0

conical (compact) jets 1.05/1.1 1.0/1.05 1.0/1.0 1.0/1.0

linear (attached) jets 1.1/12 1.05/1.1 1.0/1.05 1.0/1.0
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Table 9.2. Laboratory tests data on ventilation efficiency for air supply with inclined jets through grills into the space
36 mx 16.4 m x 16.4 m (Zhivov et al. 1989)

Air supply Jet intercept Heat load, W/m?
Grill size, K, with occupied Airflow rate, At Air change K,
) A, m height, direction,&. | zone, X JL m’/s oC occupied zone upper zone total rate, 1/h
hothe o deg ,
1.2 3.1 0.67 39 0.3 3.80 3.6 6.9 13.8 20.7 14 1.06
1.2 3.1 0.67 39 0.3 5.36 39 10.5 21.1 31.6 2.0 1.07
12 3.1 0.67 39 03 551 39 10.8 21.7 325 2.0 1.08
12 3.1 0.33 18 03 538 37 10.0 20.1 30.1 2.0 1.18
1.2 31 0.33 18 0.3 5.37 3.6 9.7 19.5 29.2 2.0 1.17
12 3.1 0.33 23 0.3 6.34 3.6 11.5 23.0 345 23 1.15
0.6 3.1 0.67 25 0.6 14.66 4.8 354 709 106.3 5.4 1.05
1.2 31 0.67 22 0.6 10.80 4.1 223 44.6 66.9 4.0 1.08
1.2 3.1 0.67 22 0.6 10.81 42 229 457 68.6 4.0 1.09
1.2 3.1 0.33 9 0.6 10.85 43 235 470 70.5 4.0 1.11
0.84 3.1 0.33 12 0.6 14.93 4.6 458 91.6 1374 5.5 1.01
0.6 42 0.67 43 0.3 3.12 37 5.8 11.6 17.4 1.2 1.09
1.2 42 0.67 39 0.3 5.37 4.1 11.1 222 333 2.0 1.03
12 42 0.33 18 03 3.81 3.6 6.9 13.8 20.7 14 1.13
084 4.2 0.33 23 03 337 37 6.3 12.5 18.8 1.2 1.09
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Table 9.3. Experimental data on ventilation efficiency for air supply with inclined jets based on
field and laboratory studies (Reproduced from Zhivov et al. 1989)

Ventilated space Air supply
characteristics Ventilation
Air Jet type Year ) Room efficiency Reference
diffuser period | Heating/ | Airflow | size, m* | direction | height, | coefficient,

cooling rate, o, deg m K,

load, m*/m*h

Wim?
VSP-4 compact heating 130.8 52.3 48x 17 25~30 15 0.96 Gl?ggg“
VSP-4 compact heating 130.8 523 48x 17 25~30 15 0.94 Gl; 191;1; v,
VSP-4 compact heating 139 58 30x60 10~15 13.6 0.94 GPII;;};V
VSP-4 compact heating 139 58 30x 60 10~15 136 0.97 Gfilgggv,
VPES-10 | swirl heating 232 15.5 24 x 60 20 8 0.92 Gl; 191;1; v,
VPES-14 | swirl heating 69.3 23.1 26x18 30 10 0.92 GI;IS’EI;V,
VPES-14 | swirl heating 69.3 23.1 26x18 30 10 0.94 Tsi‘ggzs
NRV incomplete | cooling 92.8 45 12x12 0 4 1.15 TsNIIPZ,

fan-type 1985
NRV incomplete | cooling 1392 60 12x 12 ] 4 1.15 Tsi‘gél;z’
fan-type

VES swirl cooling 69.6 70 12x12 33 12 1.04 Tsi‘ggzv
VGK compact heating 89.8 27.6 24x12 20 4 1.04 Tsflgléls’z,
VGK compact heating 2.6 8.4 24x12 20 4 1.04 Tsf;%ls’z’

9.3. ZONAL MODELS USING COMPUTATIONAL FLUID DYNAMICS

CODES

Zonal models are used to calculate temperature and/or contaminant concentration in different
zones of the building or a separate room. In a multizonal model approach one makes an
idealization in the sense that a room or a building is subdivided into a number of zones (Etheridge
and Sanberg, 1996). In each zone temperature and contaminant concentration is assumed to be
uniform. Equations that constitute the multizonal model express the conservation of energy and
mass (both air and contaminant). Subdivision of room into a number of zones depends on several
factors and requires considerable experience (Etheridge and Sanberg 1996; Shilkrot 1993). The
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accuracy of prediction increase with a number of zones. When number of zones is greater than
three one normally has to rely on numerical methods. Ventilation effectiveness indices can be
derived using one and two dimensional analysis (Brouns and Waters 1991). However, a more
detailed analysis of the room air flow can be obtained by solving relevant fluid flow equations in
three dimensions. Commercially available software for such computation include programs
"PHOENIX" (UK), "FLUENT" (UK) and "FLOWVISION" (Russia). Boundary descriptions
complexities and computational requirements limit general acceptance in the design community,
although speciality designs have benefitted from CFD simulations. Commercial and residential
buildings constitute the majority of multizonal model applications (Lebrun 1978, Laret 1980,
Howarth 1980, Inard 1988, 1996; Chen 1990, Togari et. al. 1993, Takemasa et al. 1996).
Different multizonal models in application to large spaces (e.g., atriums) are discussed in the final
report of the Annex 26 (Heselberg et al. 1996).

9.4. ZONAL MODELS BASED ON ANALYTICAL APPROACH

Temperature and contaminant stratification along room height also can be computed using the
analytical method of zone-by-zone balances. This method is used in designing radiant/convective
heating (Lebrun 1978, Bogoslovsky 1982), natural ventilation (Shepelev, 1962; Shilkrot, 1976),
mechanical ventilation with different air supply schemes (Pozin 1983, Shilkrot 1993, Shilkrot et
al. 1992, 1996a, 1996b, Bach et al. 1992, Dittes 1994). With this method the room is divided
into separate zones, and within each of this zones the temperature and contaminant concentration
values are assumed to be equal and can be calculated from a joint solution of mass and thermal
balance equations for each zone.

A review of simplified one, two and four zonal models for idealized isothermal situations
including cases of "complete mixing" "short-circuiting flow" and a "piston flow" and different
locations of contaminant injection is presented in "A Guide to Contaminant Removal
Effectiveness" (Brouns and Waters). Calculation of contaminant removal efficiency requires the
knowledge of supplied and exhausted airflow rates for each zone, amounts of contaminants
released into each zone and the, so-called, "recirculation factor, § ", which is the measure of
the degree of internal mixing between each pair of zones. Graphs presented in the "Guide"
resulted from calculations based on these simplified zonal models show, that the contaminant
removal efficiency is significantly influenced by the recirculation factor value. However,
contaminant removal efficiency value for all the presented cases is within 10% of that for the
complete mixing case (K, = 1) when B > 5.

The process of dividing a room into zones and determining heat and contaminant exchange
coefficients between them cannot be formalized. To divide a room into zones, one should define
a physical pattern of air and heat flow propagation, using common considerations from
aerodynamic and thermal physics laws and experimental data. Conductive, radiant and convective
heat exchanges between zones are accounted for. In a general case the number of zones (and the
numbers of heat balance equations) can be rather great.

Convective heat exchange can take place both on the air-to-surface boundary, and on the air-to-
air boundary. Air-to-air heat exchange can be related to the mass transfer (air jets, thermal
plumes or cold convective downdrafts crossing the boundary, air entrainment to the jet, etc.) or




Calculation methods for air supply design in industrial facilities : 177

without it (turbulent heat exchange, when the resulting mass flow is equal to zero). The
reliability of calculations using this method depends significantly on the proper choice of zones
and exchange coefficients.

In mechanically ventilated rooms, one can consider three classes of zones: (1) surfaces of the
building envelope and heat sources; (2) passive volumes: air in occupied zone and upper zone;
and (3) active volumes; i.e. air jets and convective plumes.

Analytical method developed by Pozin (1975) of K,, determination is discussed in (Pozin 1980,
1983, 1984, 1993). The system of equations considers all heat flows within the room as well as
in and out of the room, and air flows within the room. The model also includes equations based
on diffuser jet theory (Grimitlyn 1993).

The model considers such parameters as indoor thermal conditions, total heat load, W, heat loads
from the internal sources located in the occupied zone, W, ,, heat losses, heat, W, and mass, Q,,
transported by the convective flows, air flow rate through the cross-section of the diffuser jet,
Q;. and jets cross-sectional area at the point of its entering the occupied zone, A, air flow rate
at the critical cross-section of the confined jet (end of the Zone 2), Q,;,share of the inclined jet
entering the occupied zone, 6, air flow rate evacuated by local exhausts, Q, ., heat gains due to
hot water heating systems, infiltration and exfiltration and air flows from adjacent rooms.

This method determines the temperature of the evacuated air and air in the occupied zone, and,
thus, the value of the K,, coefficient. In general, determination of K ,requires the use of
computer (Pozin 1984). For the practical purposes the method can result in the following
simplified equations for different methods of air supply:

- For air supply directly to the occupied zone (Figure 9.1a):

o2, e W]
-1 {- + —a
o, o\ w QLQ Q

ST SEET

(2]

Quif Q. 002_1] w,

9.6)

w o

x

where: ¢ = max{Q/Q,, 1 - Q,./Q.}; Q, = supply air flow rate; Q,,. = air flow rate into the
occupied zone from adjacent rooms.

- For air supply by vertical downward projected jets (Figure 9.1b):

LA of 4 A,. aoz w, ou Q
0( —_ —
OL w a,Q,
w = oW ( A 9.7
o —L+—2% 1- 1— - ——5 ——’-
Q, wi A, Q,
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- For air supply through the ceiling mounted air diffusers by attached jets (Figure 9.1c):
Q Wo.z Qo.z( A ]

- S |

/]
Q, W aq, k A,:
Q, { Qj_oo.z) _[ 1- Qo.z] {1 _ W...

Q-q, Q Q

[] [+]

- For air supply by inclined jets (Figure 9.1d):

- Concentrated air supply by non attached jets - occupied zone is ventilated by the reverse flow
(Figure 9.1e):

- Concentrated air supply by attached air jets (Figure 9.1f):
Q

K,=1--22

Q,

In Equation (9.11) Q, = Q. if the jet length exceeds the distance from to the second critical
cross-section (1> X,,;).

From Equation (9.3), the greater is K, less air flow Q, is needed to be supplied into the
ventilated space and more efficiently it is used.

Analysis of equations from (9.6) through (9.11) shows that the most effective method of air
supply is directly into the occupied zone (K,, is from 1 to 3). When air is supplied by vertical
jets, the value of K, is also greater than 1 though less then when air is supplied into the occupied
zone. The value of K, is affected mostly by such factors as a diffuser jet ejection capability
(Q;/Q,) and the characteristics of the convective flows (Q., W,).

When diffuser jet is attached to the ceiling or the wall, the air exhausts located in the jet region
evacuate part of the fresh air supplied by the jet, which results in the lower value of K,, (K, <
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1). If air exhaust still has to be along the jet trajectory, Equation (9.8) can help to specify the
distance to the location of the air exhaust, so that the K,, value would not be less than designed.
In most of cases, K, depends on the relative air flow through the jet cross-section (Q{Q,) in
place of the exhaust location.

For air supply with inclined jets the K, value will change in a wide range depending on the air
flow pattern used, which reduces limitations on HVAC system control. The parameters which
influence K, value at air supply by inclined jets are 8 and Q/Q,.

‘When air is supplied with concentrated air jets, the K, value (Equations 9.10 and 9.11) in most
cases is less than 1 and depends, mostly, on the relative air flow rate Q..;/Q, at the critical cross-
section.

Similar model to calculate heat and contaminant loads on HVAC system was developed at the
Stuttgart University (Bach et al. 1992, Dittes 1994). This model accounts for degree of
heat/contaminant capture by local exhausts and a load factor that significantly depends upon the
method of air supply. Researchers applied their model to air supply by inclined and vertical jets,
displacement air supply, and air supply through openings in the floor. They emphasize an
importance of considering impact of both convective and radiant components of heat produced
by sources on the system load.

The model developed by Shilkrot (1993) considers not only conductive, radiant and convective
heat exchanges between zones but turbulent exchange as well. The turbulent air exchange
between the upper and occupied zones depends upon the energy introduced to the space by
supply air jets, convective flows, human activity and process equipment operation (in industrial
applications). A stable temperature separation in rooms with mechanical ventilation is observed
with a displacement air supply into the occupied zone. When needed, the stable temperature
separation can be achieved by additional heating of the upper zone by 1-3°C as compared to the
occupied zone air temperature (Shilkrot, 1993).

Shilkrot (1993) examined the influence of the turbulent exchange in the room on the temperature
separation stability and stated that the heat flux density due to turbulent exchange, can be
determined by the formula:

ot

Qurp = Aturbcp g pgz' (9.12)

where, 0t/8z is air temperature gradient in the separation zone.

To calculate the turbulent exchange coefficient, A, for the separation zone he used the
V.H.Munk and E.R.Anderson relationship (Merrit et al., 1973), which is in a good agreement
with empirical data:

A, <A, (1+33Ri)¥"

turb (9.13)
The exchange coefficient, A,,, has been evaluated experimentally (as a turbulent exchange

coefficient in a convective flow above the heat release source at the separation level) and
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following the method proposed by Elterman (1980). According to Elterman, the turbulent
exchange coefficient is proportional to the total energy of incoming (E,,,) and convective (E
jets attenuating in the room and the energy introduced by moving objects (E,, , ):

conv)

Eroom = zEjet + zE¢:onv * zEm.a. (9'14)
where:
2
Ejet = ACH = ?o (9.15)
VV;OHV
e == o T.B-H?Z 9.16)
3 T
Ema = Vmo. * Ao, * P * 3600 (9.17)

L, B and H = room dimensions; W, = convective component of the heat produced by the
source; V.. = velocity of the moving object; A, ,= cross-sectional area of the moving object;
T = portion of a time per hour (sec) when the object is moving with a speed of V_, :

The energy supplied and/or produced in the space can be evaluated using criteria K introduced
by Elterman (1980):

Vi« C,xp*xL*xBxH (9.18)
Bxg=xW * |

conv

K =

This criteria characterize the airflow in the stratified space and is a ratio of kinetic energy
dissipating in the ventilated space to the energy used to suppress the buoyancy forces. The
criteria K is similar to Archimedes number introduced in 1930 by Baturin and Shepelev
(Elterman, 1980) to characterize air jets influenced by buoyancy or to the Richardson criteria
used in meteorology to characterize the ratio of the turbulence suppression by the buoyancy
forces over the turbulence generation by the Reynolds tension (Munk, 1948; Merrit et al., 1973).
In the case of displacement ventilation, the Richardson criteria can be defined (Shilkrot et al.,
1992) by the relationship :

Ri-9 otz = g AtAz

(9.19)

TRVB2? T, (AVIAZ)?
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where dV/dz is the room's velocity gradient in the separation zone.

The following section is based on the studies conducted jointly by Shilkrot (1996) and at the
University of Illinois (Zhivov, 1997) and illustrates application of the multizonal model to heat
and contaminant removal efficiency evaluation for mixing type air distribution with air supply
through ceiling mounted air diffusers.

9.5. APPLICATION OF MULTIZONAL MODELS TO PREDICT HEAT
AND CONTAMINANT REMOVAL EFFICIENCY WITH AIR SUPPLY
THROUGH CEILING MOUNTED AIR DIFFUSERS

9.5.1. Heat removal efficiency

The analysis of air circulation patterns in rooms with a mixing type air distribution allows to
consider five typical zones: the air of the upper zone and the occupied zones of the room (under
and above the upper level, h,, = 1.8 m, of the occupied zone, respectively, surfaces of the
envelope (walls and ceiling) in those zones, and the air jet region, and to write heat balance
equations for each of them. The total heat load introduced by each source:

w,=W + W ,=w W + (1 -uyW, (9.20)

conv

The total radian component of the heat load introduced by each source:

Wrad = wrad row T rad up = (P(1 - L]J)Wo + (1 - (P)(1 - W)Wo (9-21)

The total convective component of the heat load introduced by each source:

w =W + W = ByW, = (1 - Blyw, (9.22)

conv conv low conv up

where: Vs, ¢, and (3 are dimensionless coefficients reflecting for each heat source the portion of
the convective component of the total heat load released into the space, the portion of the radiant
component of the total radiant heat load in the low zone, and the portion of the convective
component of the total convective heat load in the low zone, respectively.

Heat balance for the upper zone surfaces:

w

rad up

+ W

rad low-up = aup A

wp (Tup ~ t,o) (9.23)

Heat balance for the low zone surfaces:

Woad iow * Wrad up-low = Kyp Aow (Tlow = tow) (9.24)




182 Calculation methods for air supply design. in industrial facilities

Heat balance for the upper zone air:

aup Aup (Tup - up) conv up Cp Go to - cp Gjet tjet (9.25)
+ C G]et fow CpGo tup 0
Heat balance for the low zone air:
alow Alow (Tlow - tlow) +Wconv low + C G]et jot - Cp Gjet tlow =0 (9-26)
Heat balance for the air jet upper zone region:
C,G,t,+C,(Gy - G) 1, =C, Gyt 9.27)
Assuming,
oS~ G T~ Tiow (9:28)
Go tup i

one can derive the following equation for K, coefficient from the system of equations (9.21)
through (9.28):

+ k (GA)rad fow + “
K, - %?(m 9:29)
(04
[0(1 - @) + By] + ———2dlw .
Cp G,

The relative airflow rate in jets G;/G, can be calculated from the following equations:

for compact vertically projected jet:

Gjet _ 2 H - h,; (9.30)
G, K A

for radial jet:
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et £ 2 r 0.z (9.31)
G, K

The numerator of Equation (9.29) consists of two components reflecting a heat flux from the
upper zone to the lower zone due to the radiant heat exchange and a mass transfer with a jet.
The denominator of Equation (9.29) consists of three components: (1) reflecting the share of the
total heat load from the source effecting the low zone air temperature directly; (2) and (3) same
as in the numerator.

In rooms with a mixing type air distribution, the air flow pattern is influenced primarily by air jets.
While in displacement ventilation systems, buoyancy plumes have the major effect on air
circulation. E.g., when air is supplied through the ceiling mounted air diffuser, the parameter p,
reflecting heat flux from the upper zone to the low zone due to the mass transfer can be evaluated
using Equations (9.29), (9.30) and (9.31):

for compact vertically projected jet:

p:.c%’;‘(;;&:%i‘/:heﬁ_1 (9.32)
o A,

uoSe= G 2 2 Ty (9.33)
K,

The analysis of the Equation (9.29) shows, that for the mixing type air distribution systems K,
value is close to 1.

In the extreme case with the room where all heat sources are located only in the upper zone (e.g.,
light bulbs), and assume no radiant heat exchange between the upper and the lower zones, ¢ =
O0and a, =0. Inthe room with a height, H, = 4 m, air is supplied vertically through the air
diffuser with K; = 3 and D, = 6" (0.16 m). The parameter p value calculated using Equation
(9.32) is:
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From the Equation (9.29) the K, coefficient value is equal to 1.1. The calculations for the same
case with a radial jet air supply (room size 6m x 6m, K, = 1.2 and D, = 0.16 m) results in p =
16.3 and a K|, coefficient value is equal to 1.06.

9.5.2. Contaminant removal efficiency

Contaminant removal efficiency evaluation is similar to evaluation procedure of heat removal
efficiency. It also requires the analysis of air circulation patterns in rooms and dividing the room
space into typical zones. In case with air supply through ceiling mounted air diffusers, three
distinctive zones can be selected: the occupied zone air, the upper zone air and the air jet.

The following information is required to evaluate contaminant removal efficiency:
Contaminant concentration in the supply air, C,;
Contaminant release into the occupied zone, G, ;
Contaminant release into the upper zone, G, ;
Room height, H, and floor area per one air diffuser, A;
Type of air diffuser to be used and its K, characteristic.

Contaminant removal efficiency coefficient value derivation is based on the following three
equations.

Mass balance equation for the occupied zone:

Qjet * Go.z. -C Q=

0.z.%jet ~

C

jet

Mass balance equation for the upper zone:

c,.Q

o.z.™ jet

B Cu.z.Qo + Gup - Cu.z.(Qjet - Qo) =0

Jet region:

C,G, + Cu.z.(Gjet - G) = cjethet (9.36)

In equations (9.34) through (9.36) C;. and Q,,, are average contaminant concentration and
airflow rate in the jet at the point of its entering the occupied zone. The following equations
allow for evaluation of the contaminant concentration in the occupied zone, C,,, the upper
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zone, C,,, and the contaminant removal efficiency, K, as defined by Equation (9.2).

G, _+G

Coxt = Co + —F 00— (9.37)
o
G +G G Q

co.z = LG"—S’:i 1- G UPG X QO (9.38)

o up + 0.z jet

1
K -
g . Gup } Q, (9.39)
G_+G Q

o0.z. up jet
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Figure 9.1. Schematics of the different methods of air supply:

a - directly into the occupied zone;
b - with vertically projected jets;

¢ - through ceiling mounted air diffusers with air jets attached to the ceiling;

d - by inclined air jets;

e - air supply through grilles and nozzles by the not attached jets and ventilating of the

occupied zone by the reverse flow;

f - air supply through the grilles and nozzles by the attached to ceiling jets and ventilating of

the occupied zone by the reverse flow.
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