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PREDICTION OF MIXING ENERGY LOSS IN 
A SIMUL T ANEOUSL V HEATED AND 
'COOLED ROOM: PART 1-EXPERIMENTAL 
ANAL VSES OF FACTORIAL EFFECTS 
N. Nakahara, Dr. Eng., P.E. 
Associate Member ASHRAE 

ABSTRACT 

Mixing e11ergy loss is defined as the differential between 
the sum of the net heating/cooling load and that of the 
actual heating/cooling energy supplied to an air-conditioned 
room where perimeter heating and interior cooling occur 
simultaneously. Many design and control factors of air 
distribution systems affecting the mixing energy loss are 
discussed. Analyses were conducted in a number of experi
ments using a simulated full-scale office room. Experimental 
conditions were planned using the design of experiments 
methodology. The significance and effect of various de
sign/control/actors on the mixing energy loss were discov
ered by the analysis of variance. Room temperature profiles 
are also discussed to evaluate the thermal environment of a 
room. Many useful design/control strategies for air distribu
tion systems have been developed from the viewpoint of 
preventing the mixing energy loss and maintaining a 
comfortable environment in a space where simultaneous 
heating and cooling are required. 

INTRODUCTION 

Mixing energy loss is a well-known inefficiency in 
dual-duct and three-pipe fan-coil unit air-conditioning 
systems. The applications of these inefficient systems have 
been reduced, while the variable-air-volume (VA V) and 
four-pipe systems with the smaller division of air-condition
ing control zones have become more widely used. Howev
er, mixing energy loss occurring in office rooms that are 
simultaneously heated and cooled in the winter, a phenome
;1on that occurs frequently in the modem and so-called 
energy-efficient air-conditioning systems, has not been 
widely known. 

Office air conditioning is often divided into two 
adjacent zones with no partitions, that is, a perimeter zon6 
and an interior zone. Fan-coil units are usually applied for 
the perimeter zone; ceiling diffusers are most often used for 
the interior zone (Figure 1). The principle and goal of such 
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a system can be described as follows: the perimeter zone is 
generally sensitive to external disturbances through walls 
and windows, wlµch causes time-dependent and high
density heating and cooling loads. Conversely, the interior 
zone has a generally constant cooling load due to heat 
generation sources. It is, therefore, very effective to divide 
the air-conditioning system into two independent systems to 
create a uniform thermal environment throughout the office 
space for the occupants' comfort. 

In the winter, heating is generally required in the 
perimeter zone because of heat transfer loss through outside 
walls, while cooling is required in the interior zone. Thus, 
localized heating and cooling will occur simultaneously in 
a space. If the heated air and cooled air meet and mix 
before performing their function of blending in each zone, 
both will lose their energy potential for heating and cooling, 
which should be offset by the heating and cooling load of 
each space. When both the heating and cooling supply have 
surplus capacities, additional heat is supplied dee to 
automatic control actions, which is the mixing energy loss. 
When the systems lack surplus capacities, the setpoint of 
the room temperature will not be satisfied. On the other 
hand, if part of the perimeter heating load and part of the 
interior cooling load are canceled out before blending with 
the respective heating and cooling supply heat, the heat 
supply needed to offset the required loads will naturally 
decrease. The decrease in heat supply will be referred to as 
mixing energy profit. 

In addition to such energy problems, the concurrence 
of heating and cooling may create difficulties for the 
comfort of the occupants. The authors discovered that 
temperature profiles are closely related to the energy mixing 
process because the space air distribution results in both 
phenomena. Therefore, the air-conditioning system should 
be designed and operated so that the mixing energy loss is 
reduced, the mixing energy profit occurs, and the space 
temperature distribution is satisfactory. Few heating, 
ventilating, and air-conditioning (HV AC) design and 
maintenance engineers have recognized the phenomenon of 
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Figure 1 Typical air conditioning divided into the perimeter zone system and interior zone system. 

mixing energy loss because very few environmental prob
lems occur if the heating and cooling capacities in both 
perimeter zone and interior zone are sufficient. Those few 
engineers have noticed the phenomenon because of the 
disagreement between simulation results and actual energy 
consumption, but no countermeasures to the problem exist 
due to the lack of research and the discrepancy is often 
blamed on errors in the measured data. This paper is a 
quantitative evaluation of the influence of many design/con
trol factors on mixing energy loss based on experimental 
analysis and clarification of preventive measures. Since the 
experiments were performed in a full-scale test chamber, 
where the typical structure and features of an office were 
simulated and typical air-conditioning systems were 
equipped and operated in a realistic manner, there was no 
need to find similarity criteria for space air movement and 
temperature distribution. For this reason, the results can be 
widely applicable. 

These papers are based on the Japanese version 
(Nakahara et al. 1987, 1989), with some new analytical 
results added. 

MIXING ENERGY LOSS 

Definition 

Mixing energy loss is defined as the space heat load 
subtracted from the actual amount of heat supplied to a 
room. The mixing energy loss will be referred to as ML. 
To quantify ML, the space heat load is calculated with the 
assumption that the perimeter zone and interior zone are 
completely independent, which will be referred to as base 
heat load. Both heating and cooling are described as 
positive values. Negative ML, therefore, indicates mixing 

2 

energy pro.fit. The relationship among these heat amounts is 
illustrated in Figure 2, and the ML is derived as shown in 
Equation 1. 

ML "' (Qpr +Qin) - (Hpr + H,n) (1) 
"' ( Qpr - Hp,) + (Qin - H,) • 

Furthermore, by normalizing ML according to the base heat 
load, the mixing energy loss ratio (MLR) is derived as 
shown in Equation 2. 

MLR = MLl(Hpr +H,n). (2) 

Here, only the sensible heat is the object for analysis; the 
latent heat is not considered because the mixing phenome
non is dominated by the temperature differential and the 
moisture content of supply air is almost the same for both 
the perimeter heated air and the interior cooled air in the 
actual situation. Since the amount of ML cannot exceed the 
heat supply capacity of the apparatus and cannot be reduced 
to less than the heat load, the upper and lower limits of ML 
are as follows: 

Upper limit of the mixing energy loss: 2 min(L,.. - H,.., Lin 
- H,J 

Lower limit of the mixing energy loss (upper limit of the 
mixing energy profit): -2 min(Hpr, H,J 

ML and/or MLR are not always defined at the heat
ing/cooling coil but are based on the room energy balance 
between the heat load and the heat supplied. In order to 
calculate the actual energy-saving effect at the cooling coil _ 
when the economizer cycle is applied in the cooling season, 
the net energy saving due to the economizer cycle should be 
subtracted from Qin. 
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Figure 2 Quantitative relatio~hip among basal heat loads, mixing energy loss, and/or mixing energy profit and resulting 
heat supply requirement. 

Selection of the Factors to be Examined 

The mixing phenomenon is fundamentally caused by 
either the direct intrusion of supply air jets into the adjacent 
zone or the natural ventilation between the two zones due 
to the temperature differential. The amounts of supply heat 
required for both heating and cooling are directly controlled 
by the air temperature around the temperature-sensing 
elements and limited ·by the capacities of the heating and 
cooling devices in both zones. The increases in the amounts 
of supply heat themselves could heighten the ML potential. 
Taking these principles into account and considering the 
size of orthogonal tables in the design of experiments, 
design/control variables that affect the mixing energy loss 
are qualitatively discussed and selected as follows. 

Setpoint Air Temperature Differential between the 
Perimeter and Interior Zones The temperatures of the 
two zones are often set at different values for thermal 
comfort, which will be described later. This differential 
causes natural ventilation to occur between the two zones 
(Figure 3). If the perimeter zone temperature is higher than 
the interior zone temperature, as shown in Figure 3a, the 
ventilation effect will increase the mixing energy loss and 
vice versa, as shown in Figure 3b. 

Supply Air Properties in the Perimeter Zone It is 
assumed that register grilles are used for floor-mounted fan
coil units for perimeter heatmg. Several variations of the 
discharge characteristics could lessen the vertical tempera
ture gradient, increase air blending in the perimeter zone, 
and match the calculated heating load with the amount of 
heat actually supplied. This could influence the amount of 
supply heat through the sensor's detective temperature and 
the entrained air volume, which will be described later. 
Some representative attributes used to explain them are the 

discharge flow direction and the Archimedes number, which 
describes the diffusive characteristics of a nonisothermai jet. 
The latter consists of temperature differential, supply air 
velocity, and the representative length of the outlet as 
defined in Equation 3. 

Ar "" g (3 D .1T 
y:z 

(3) 

Supply Air Properties in the Interior Zone It is as
sumed that radial ceiling outlets are used for interior zone 
cooling. It is well known that the cooled air discharged 
downward from radial ceiling diffusers located at proper 
intervals with appropriate neck velocity will diffuse and 
blend with the room air due to the force of gravity. Howev
er, since a stronger ventilation rate may disturb the air at 
the border of the two zones and even within the perimeter 
zone, the diffusive nature of the air will affect the mixing 
energy loss. In addition, the location of the return air intake 
will affect ML mainly due to interaction with the location of 
the sensor. 

Perimeter and Interior Depth Perimeter depth is 
defined as the spatial boundary between the perimeter 
system and the interior system, as shown in Figure 1. An 
increase in perimeter depth could decrease the ML because 
of both the reduction of the direct intrusion of the warm air 
jet into the interior zone and to the lessening of the heating 
load due to the cancellation of the heating requirement with 
the generation of heat in the perimeter zone. However, as 
illustrated in Figure 4, the reduction of the perimeter depth 
can either increase or decrease the ML corresponding to the 
temperature differential between the interior zone and the 
perimeter zone because it is affected by the entrained air 
from the interior zone. 



Promote intrusion 
of warmed air jet 

+ 

Room Air 
Movement 

(a) Perimeter set-point air temperature 
is higher than interior 

Protect intrusion 
of warmed air jet 

0 + 
Interior 

(b) Perimeter set-point air temperature 
is lower than interior 

Pressure differential : interior pressure subtracted from peri•eter pressure 

figure 3 Natural ventilation due to setpoint air temperature differential between the perimeter and interior zo11es: (a) 
perimeter setpoint is higher than interior,· (b) perimeter setpoint is lower than interior. 

A B 

Heated r \ 
Air : Cooled J, Air 

'- I/Entrained Air 

Cooled 
Air 

B A 

Temperature 
Profile 

DGY---1-
~ __.}/ ([):Perimeter Sensor 

Temperature difference 
at sensor located 
height 

A' B' 
A' B' SP(Set-point) 

Figure 4 Influence of space air temperature differential between the perimeter and interior zones on the mixing energy 
loss,· temperature of air entrained from the interior zone coukl affect amount of heat supplied from system by 
interaction with control action. 

Sensor Location The temperature detected by the 
sensor actually dominates the heat supply from the system. 
On the other hand, the temperature detected by the sensor 
is influenced by the sensor's location in relation to the 
entrained air temperature and the space temperature 
distribution. In the present study, four locations for perime
ter fan-coil units, which are illustrated in Figure 5, and 
three locations for interior systems are discussed. 

Depth of the Hanging Wall It was assumed that a 
wall hanging from the ceiling, which is attached at the 
boundary between the perimeter and interior zones, will 
intercept the direct intrusion of the perimeter warm air jet 
into the interior wne. Its depth should influence the amount 
of air volume intruding. 

Magnitude of Perimeter/Interior Air-Conditioning 
Load The increase in the heat load itself heightens the 
potential of the ML. As will he described later, the mixing 
energy loss is well expressed in dimensionless MLR., so that 
the ML increases in proportion to the heating and cooling 
load. It also adds indirect effects to increase the ML by 
raising the setpoint temperature at the perimeter zone and 
increasing the air volume rate as stated above. 

Intermittent Operation and Thermal Storage An 
air-conditioning system is often operated intermittently to 
save energy as well as money. The floor of a perimeter 
zone cooled down during the night can influence the vertical 
temperature distribution near the floor. This could affect the 
ML. 

EXPERIMENTAL SETUP 

Methodology 

The experiments conducted were classified into four 

series: 

1. The first series of experiments was for identifying 
and quantifying significant factors affecting the MLR. 
Factors that were determined to he minor were ignored 
after the preliminary experiments. Thus, the type of interior 
diffusers and the sensor location of the fan-coil unit were 
fixed, and continuous operations were assumed. 

2. The second series of experiments was for proposing 
an optimum perimeter system to lessen the ML with 
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comfortable thermal conditions. Based on the results of the 
first series, the effects of radiant panel heating and the 
sensor locations were examined. Space temperature distribu
tion was measured in detail and discussed from the restrain
ing point of view against energy saving. 

3. The third and fourth series of experiments were 
mainly for examining the effects of remaining important 
factors. The third series discovered the effect of different 
types of interior zone ceiling diffusers. The fourth series 
discovered the effects of intermittent operation. 

Some additional experiments were conducted in relation 
to the predesign for reproductivity and experimental 
measures. All of the experiments were planned according 
to the design of experiment methodology (Taguchi 1977; 
Cochran and Cox 1957; Connor and Zeien 1959), which 
enables discovery of significant factors affecting complicat
ed phenomena and their interactive effects and the quan
tification of the degrees of the effects of significant factors 
and interactions with as few experiments as possible. The 
validity of this methodology was demonstrated in other 
research by the authors (Nakahara and Sagara 1988). 

This paper describes the more important first and 
second series of experiments, which investigated the 
preventive measures and optimum perimeter heating system. 
The results of the other experiments are also briefly 
described. 

Equipment 

The first and second series of experiments were 
conducted in a test chamber measuring 3 x 8 X 2.6 m. 
Figure 6 shows the plan and a section of the chamber. One 
of four surrounding walls simulates an outside wall, which 
has a 2-meter-high glass window and a 0.6-meter-high 
veneered sleeve wall. A small room adjacent to the chamber 
creates an arbitrary outside air condition with an indepen
dently installed direct-expansion chiller. The outside air 
temperature was varied between -17 ° C and 5 ° C, accord-

ing to experimental conditions. The heat conductance of the 
simulated outside wall is about 20 W /m2

• K; the heat 
transfer through this wall is approximately 1,443 to 585 W. 
Furthermore, one of the surrounding walls is made of clear 
glass to observe the movement of the room air. The ceiling, 
floor, and remaining two walls are made of veneered 
paneling. However, the space surrounding these sides was 
air-conditioned to decrease any heat disturbance. 

In the first series, only a fan-<:<>il unit was placed on 
the floor along the outside wall to supply the perimeter 
heating. A bypass damper, which can adjust the air volume 
passing through the heating coil, was used to control the air 
delivery temperature. In the second series, an electric panel 
heater was used along with the fan-<:<>il unit to create a 
comfortable environment in the perimeter zone by raising 
the mean radiant temperature. In the interior zone, a single
duct air-conditioning system was applied, and ceiling 
diffusers were used as the air outlet throughout the experi
ments. The water flow rate through the cooling coil of the 
air conditioner" was controlled with a two-way valve. The 
perimeter/interior depth was changed according to the 
conditions of the experiment. The number of interior 
diffusers was varied according to the depth, as shown in 
Figure 6. 

The perimeter heating load was supplied by heat 
transfer through the simulated outside wall; the interior 
cooling load was supplied by lighting fixtures mounted on 
the ceiling and electrically heated blankets that were wound 
on sticks to simulate human body heat. Heat generation was 
not supplied in the perimeter zone to make a clear relation
ship between the mixing energy process and the heat 
transfer loss. The air supply temperatures of the fan-coil 
unit and the interior air conditioner were automatically 
controlled in response to a PI controller. The electrical 
input to the panel heater was set at a constant value accord
ing to the factorial levels in the second series. 

The storage heat load in the fourth series was supplied 
as follows: the bricks, with a height of 0.1 m, were spread 
on the entire floor to simulate a concrete slab. Cold heat 
was stored in the bricks by cooling only the outdoor
condition room, which was analogous to the actual situation 
in the intermittent operation. The storage heat load was 
evaluated by the finite differential form of the heat flux in 
the vertical direction of the slab. 

Procedure 

First, the perimeter zone and the interior zone were 
isolated by a vinyl sheet so that the air in these areas would 
not mix. After that, each system was operated under the 
conditions given in the orthogonal array. After approximate
ly 1 to 1.5 hours, when the supply air temperature and 
room air temperatures reached a steady state, all data were 
recorded; this state was called pre-mixing. Removing the 
vinyl sheet, operation was continued under the same condi
tions. All data were again recorded after they reached a 
steady state, and the room air motion was visualiz.ed; this 
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state was called post-mixing. The ML amount was calculated 
by subtracting the amount of supply heat at post-mixing 
from that at pre-mixing; the supply heat at pre-mixing was 
used as the base heat load. 

For the convenience of measurement, tr~· amount of 
supply heat in the penmeter zone was obtainP.d from the 
water flow rate and the water inlet/outlet temperature 
differential and that of the interior zone were obtained from 
the air volume rate and the air outlet/intake temperature 
differential. In order to evaluate the tbermal environment of 
the entire room, air temperatures were measured at 54 
points in the second series. In addition, the surrounding 
surfaces were divided into 17 pieces and each surfal:t: 
temperature was measured at the center; these figures were 
then used to calculate the mean radiant temperature (MR1). 
All temperatures were measured with copper-constantan 
thermocouples. Room air motion was visualized by using 
metaldehyde as a tracer: the depth of the center section of 
the room was shown, then the trend of the tracer was 
photographed. 

FIRST SERIES OF EXPERIMENTS-ANALYSIS 
AND DISCUSSION 

Allocation of Factors on Orthogonal Array 

Eight factors that were thought to be fundamental and 
important were selected from the factors discussed previ
ously (Table 1). Three levels were set for each factor to 
upgrade the estimation accuracy with its factorial effect. In 
the selection of the interactions examined, the depth of the 
hanging wall was considered to be most interactive with the 
other factors because it would restrict the warmed air jet 
movement from the fan-coil unit and the natural circulation 
at the zone boundary due to the temperature differential. 
The interactions to be examined were finally selected, as 
shown in Figure 7, as the minimum requisites. 

These factors were allocated to the quasi-orthogonal 
array L'27(322

) (Taguchi 1977), which indicates 27 experi
ments for a maximum 22 factors at three levels. However, 
the number of factors should be reduced to raise the 



TABLE 1 
Factors and Levels for First Series of Experiments 

Factors 

A Depth of Perimeter Zone 

Depth of Hanging Wal I 

C Discharge Dilection of Heated Air 
from Fan-coi I Unit 

1.5 

le vels 
II 

3. 0 

0. 2 

30 

m 
4. 5 

o. 4 

90 

[m] 

[m] 

[degrees] 

D Discharge Archimedes Number of 
Heated Air from Fan-coi I Unit 

5.3x10-• 6.6x10- 2 7.6x10- 3 

Type/location of Return Air 
Intake in Interior Zone" 1 

Pairs to Outlets Pairs to Outlets, 
excluding One 
Module close to 
Perimeter Zone 

low Sidewa 11 

Air Change Rate in Interior Zone 

G Set-point Temperature Differential 
between Interior and Perimeter" 2 

12 8 4 

-2 

H location of Interior Sensor Ceiling, close to 
Perimeter zone 

Ceiling. apart 
from Perime ter 

Sidewall, middle 
of room height 

*1 See figure 6 for details 
*2 Interior set-point air temperature subtracted from perimeter's 

Figure 7 
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Interactions discussed in the first series (fac-
tors are described in Table 1). 

precision of the examination and to examine the interac
tions. Thus, the actual number of factors was reduced to 
eight, with three levels including five sets of interactions. 
Furthermore, the depth of the hanging wall and the setpoint 
temperature differential, both of which were thought to be 
very important, were allocated to rows that were perfectly 
orthogonal with all other factors to achieve an accurate 
analysis. 

Factors Affecting Mixing Energy Loss 

Experiments were conducted according to combinations 
of selected factorial levels based on the orthogonal array. 
The ML and MLR were obtained as the characteristic values 
for evaluation from the measured amount of supply heat 

after and before· mixing for each experiment. Significant 
factors and/or interactions were discovered by the analysis 
of variance (ANOV A), and a table that enabled the effects 
of these factors to be estimated was prepared (Table 2) for 
the MLR, which is discussed hereafter for its applicability. 
It consists of the factors/interactions having a significance 
level of less than S % . 

The setpoint air temperature differential between the 
perimeter zone and the interior zone has the greatest 
influence on the MLR. As expected, an increase in the 
perimeter temperature brings an increase in the MLR. This 
suggests that natural ventilation between the two zones, 
driven by temperature differential, has the most forceful 
effect on the mixing mechanism. 

Other significant factors independently affecting the 
MLR are the depth of the perimeter zone, the discharge 
direction of heated air in the perimeter zone, and the air 
change rate of the interior zone. The effect of the flow 
direction is complicated and reveals a fundamental and 
interesting theory of air distribution in a confined space as 
well as in a free space. Two principles govern the intrusion 
of warm airflow from the perimeter into the interior space. 
One is direct intrusion by a free jet. This is observed by the 
90° direction. Another is the flow along the boundary, in 
this case the ceiling. The upward flows designated as the 0° 
and the 30° direction are that case, in which the Archime
des number (Ar) is concerned with the direction. When the 
Ar is large, which means that there is strong buoyancy, the 
airflow maintains a strong inertia at the ceiling, where it 
changes direction and intrudes deeply into the interior space 
along the ceiling. The inclined flow weakens its effect. The 
existence of the hanging wall also affects this phenomenon, 



TABLE 2 
Estimation Table of Mixing Energy Loss Rate for First Series of Experiments 

Factors MLR = -2 +I LlF i Le vels 
Factoria I 

I 
A* Depth of Perimeter Zone -17 
B Depth of Hanging Wall 
C** Discharge Direction from FCU 4 
D Archimedes Number from FCU 
F** Air Change Rate in lnteiror Zone 14 
G** Set-point Temperature Differential 59 
H Location of Interior Sensor 

D1 
Bx D** B 1 6 

B2 -11 
B3 5 

H1 
Bx H* B 1 30 

B2 -15 
B3 -15 

Dl 
C x D* Cl 3 

C2 15 
C3 - 18 

so that interactions between the flow direction and the Ar 
and the hanging wall depth and the Ar are shown to be 
significant. The result is that a 30° flow direction with a 
medium Ar and with no hanging wall yields the minimum 
MLR. In this case, the interior zone's sensor should be 
located on the wall, as will be described later. The enlarge
ment of the air change rate in the interior zone heightens 
the diffusion potential of the cooled air into the perimeter 
zone and is related to the increase in the MLR. The de
crease in the depth of the perimeter zone diminishes the 
MLR. This shows that entraining a large amount of interior 
air by reducing the perimeter depth contributes more to the 
decrease in the ML than the intrusion of heated air into the 
interior zone. 

The depth of the hanging wall has interactive effects 
with both the Ar of the heated air jet, as stated above, and 
the interior zone's sensor location. When the Ar is at its 
smallest level, a depth of 400 mm yields the lowest MLR, 
as the intrusion of heated air into the interior zone can be 
protected because the buoyancy of the checked air is weak 
and falls in the perimeter zone. However, when the buoyan
cy is stronger, i.e., a medium or large Ar, the warmed air 
flows under the bottom of the hanging wall into the interior 
zone. If the Ar is large, it returns back to the ceiling; with 
a medium Ar, it is distributed in the interior space directly. 
It should be noted that there is an interaction between the 
hanging wall depth and interior sensor location. When the 
interior zone's sensor is mounted on the ceiling near the 
perimeter zone, an increase in the depth of the hanging wall 
decreases the MLR because the sensor cannot be influenced 
by the perimeter zone's heated air, which jumps at the 

hanging wall. 

Effects m l II m 
II 
2 

-15 

-4 
-1 

D2 
-18 

7 
11 

H2 
-8 

1 
6 

D2 
8 

-10 
2 

ill 
15 1. 5 3. 0 4. 5 m 

0 0. 2 0. 4 m 
11 0 30 90 

5.3x10- 1 6. 6 x 10- 2 7.6x10-• 
-9 12 8 4 h-1 

-58 2 0 -2 oc 
Ce i I i ng, Ce i I i ng, Sidewall 
close lo p apart P 

D3 Hote 
13 FCfl: fan-coil flnit 
4 P : Per i111e ter Zone 

-17 :t:t : significance of JJ 

H3 
:t : signicicance of 51 

-22 
14 
8 

D3 
-11 
-5 
16 

The type of return air intake in the interior zone did not 
have a significant influence on the ML. The cooled air was 
able to diffuse and blend with the interior zone air and to 
provide a uniform temperature throughout the interior 
space. 

SECOND SERIES OF EXPERIMENTS-ANALYSIS 
AND DISCUSSION 

Scheme of the Experiment 

The first series of experiments determined that the 
setpoint air temperature differential was the most important 
factor affecting mixing energy loss, and setting the perime
ter zone's air temperature lower than that of the interior 
zone was the most effective measure for preventing the ML. 
However, occupants in the perimeter zone are usually 
affected by cold radiation and cold draft generated from the 
outside glass surface and, therefore, feel colder than those 
in the interior zone. From the viewpoint of comfort, the 
temperature differential cannot be varied independently. In 
the ideal design, the operative temperature should be kept 
constant. 

This idea was followed by the second series of experi
ments. It was considered very effective to use radiant 
heating along with the fan-coil unit for perimeter zone 
heating. This would maintain a higher radiant temperature 
and lower the setpoint air temperature in the perimeter zone 
and would also prevent cold drafts, especially when the 
radiant panel covers the whole perimeter wall length. The 
thermal environment was evaluated in the second series 
using the operative temperature, which can be approximate-



ly calculated with the mean air temperature and the mean 
radiant temperature (MRT). 

To study the optimum air-conditioning system for the 
perimeter zone that would have the minimum ML, all 
experimental conditions in this series were set up to 
maintain equal operative temperatures in both the perimeter 
zone and the interior zone and the same perimeter zone 
base heating load and interior zone base cooling load. The 
MRT of each zone was obtained by algebraic summation of 
the products of every surrounding wall surface temperature 
and the geometrical shape factor between the wall and the 
volumetric center of each zone as follows: 

MRT = ETs
1

cp
11 

(4) 

where E cp11 = 1. The surrounding walls were divided into 
17 pieces for this study. The air temperatures of the 
surrounding spaces, except for the outdoor-condition room, 
were supposed to have been the average of setpoint air 
temperatures of the perimeter and the interior. Wall surface 
temperatures, except for those of the panel surface, were 
obtained based on the theory of one-dimensional heat 
transfer. The heat output of the panel heater was calculated 
based on the method proposed by ASHRAE, which is as 
follows: 

p • 4_3 [ [ Ts,;~73]' _ [ Ts.~~273 J '] (5) 

+ 1 53(Ts -T )1.32
• • pl pr 

The setpoint air temperature of each zone and the 
required output of the -.JB.il.~l b.eater were obtained from the 
solutions of the above equations for the two levels of the 
setpoint air temperatur .! differential examined. 

Allocatic of Factors on the Orthogonal Array 

Seven iactors were selected for examination, as shown 
in Table 3. Two levels were given for every factor, which 
were allocated to the orthogonal array L32(231

). Two kinds 
of panel heaters were examined: one was placed on the 
entire front of the fan-coil unit, while the other was placed 
along the lower part of the outside wall from one end to the 
other (Figure 6). The sensor location and the entrainment 
prope• ties of the fan-coil outlet were newly added as the 
factors because, based on the first series of experiments, it 
was considered that the room air movement entrained into 
the discharged air jet from the fan-coil unit would affect the 
air temperature around the sensor. As mentioned above, 
two levels of setpoint air temperature differentials meant 
that the different radiator outputs were required to maintain 
the same operative temperature. As many interactions as 
possible were selected to make a detailed examination, as 
shown in Figure 8. 

Factors Affecting Mixing Energy Loss 

Thirty-two experiments, based on the combinations of 
selected factorial levels in the orthogonal array, were 
conducted. Significant factors and interactions were discov-

TABLE 3 
Factors and Levels for Second Series of Experiments 

Factors 

A Set-point Temperature Differential 
between Interior and Perimeter 

Type/Location of Panel Heater*' 

C Discharge Archimedes Number of 
Heated Air Jet from Fan-coil Unit 

D Induce Characteristic of 
Fan-coil Unit Outlet* 2 

Leve Is 

-0. 1 

Baseboard 

1.2x10- 1 

High Performance 

II 
0. 8 

Front of 
Fan-coi I Unit 

6.4X10- 3 

Norma I Performance 

[°CJ 

Discharge Direction of Heated Air 
Jet from Fan-coi I Unit 

30 (degrees] 

Sensor Location for 
Fan-coi I Unit Control 

G Air Chanoe Rate in Int erior Zone 

Return Air 
Intake 

Side of Supply 
Air Outlet 

12 
*1 Baseboard type panel is mounted along the low outside wal I from one end to another end 

and has 0. 2 x 3. 0 m of face shape. Front mounted pane I has same shape as the face of the 
fan-co i I unit, 0. 6 x 1. 0 m. Therefore, two I eve Is had same face area. 

*2 Standard register gri 11 is used as the normal performance outlet. High perforamance 
out I et has many sma 11 nozz I es, air stream from which is reduced so that it can 
induce larger amount of ambient air than the standard type when same air flow rates 
are given. 
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Interactions discussed in the second series 
(factors are described in Table 3). 

ered by ANOV A, and a table that enables an estimation of 
the effects of these factors on the MLR was obtained and is 
shown as Table 4. 

The setpoint air temperature differential between the 
perimeter zone and the interior zone had the greatest 
influence on the MLR, just as it did in the first series. 
However, since the thermal environmental conditions and 
the perimeter loads were set up equally for all the experi
ments, the different effect suggests an optimum perimeter 
air-conditioning system with minimum energy consumption. 

When the sensor for the perimeter fan-coil unit control 
is located at the return air intake, it is assumed to be 
affected by the air wanned with the panel heater. When the 
sensor is located by the supply outlet, it is affected by the 
cold draft from the window and has nothing to do with the 
panel heater. Accordingly, the latter brought a larger 

amount of ML than the former because the control action 
operates to increase the supply heat. However, when the 
panel heater is not applied, an intake-mounted sensor may 
bring much more ML because the vertical temperature 
gradient is generated in the perimeter zone. 

While the air change rate in the interior zone had the 
same effect as in the first series, the shape/location of the 
radiant panel and the induction performance of the fan-roil 
unit outlet had no significant influence. However, it should 
be noted that the high inductive outlet can reduce the Ar, so 
that it may be replaced with a low Ar number when 
applying Table 2. 

Room Temperature Profile 

Room air temperature profiles between the ceiling and 
the floor were measured in detail. Furthermore, the radiant 
temperature profiles were calculated with Equation 3, using 
the geometrical shape factors between the walls and each air 
temperature measuring point. The profiles of the operative 
temperature can be used to evaluate the room environment. 
The operative temperature profiles shown in Figures 9 and 
10 illustrate differences between the two levels for the 
representative two factors, the setpoint air temperature 
differential and the shape/location of the panel heater, based 
on the average values of the results obtained in 16 experi
ments that had the same level for each factor. 

When the perimeter setpoint temperature was lower 
than the interior setpoint temperature, the operative temper
ature in the lower region of the perimeter was relatively 
higher. This result obviously means an improvement in the 
perimeter thermal environment because it keeps ''the head 
cool and the feet warm," a condition that is generally 

TABLE 4 
Estimation Table of Mixing Energy Loss Rate for Second Series of Experiments 

Factors 
Ml R = -2 +L: .rffi Leve ls 

Factorial Effects L1F i I II 
I Il 

A•• Set-point Temperature Differential -1~ 26 -0. 1 0. 8 oc 
B Type/Location of Panel Heater 

' 
Baseboard Front of FCU 

c Discharge hrch imede~ number of i.2x10- 1 6. 4X 10-' 
Heat Air Jet from FCU I 

E Discharge Direction of Heated Air I 0 30 degree 
Jet from FCU 

F Location of Sensor for FCU Return Intake Side of Outlet 
G• Air Change Rate in Interior Zone 

I 
6 -6 6 12 h-1 

I E 1 E2 A'ote 
Ax E•• 1 

I -I l f'l'IJ : f'a n -co i J II nit 
; ; . 7 -7 ** : si,enificance of JI 

I * : signicicance of 51 
' t1 E2 

Bx E• B 1 I -5 6 
82 G -6 

Dl 02 
ex F"* c 1 7 -7 

C2 -7 7 - -

f o 
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Figure 9 · Influence of the setpoint air temperature differential on space operative temperature distribution. 
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Figure 10 Influence of the shape/location of panel heater on space operative temperature distribution. 

recognized to be desirable for human physiology. When the 
heater was uniformly located in the direction of the room 
width along the outside wall, uniform temperature profiles 
were achieved horizontally. 

OTHER EXPERIMENTS, ANALYSES, 
AND DISCUSSION 

1. The third series of experiments was to check the 
effect of the interior outlet. Throughout every experiment 
in this series, the setpoint air temperatures in the perimeter 
zone and the interior zone were fixed to achieve equal 
operative temperatures, which was the same concept as in 
the second series. A floor-mounted electrical panel heater 
was used along with a fan-coil unit for perimeter zone 

'I 

heating. The mixing energy loss ratio averaged 15.5% over 
the 24 experiments. However, a nearly uniform air temper
ature was produced throughout the space because of the 
floor panel heating, regardless of the level of perimeter air 
diffusion conditions in the Ar of the heated jet. 

2. Three types of interior outlets were examined in the 
third series: a ceiling-mounted radial-flow outlet with 
inductive air return, a ceiling-mounted anemostat diffuser, 
and a high sidewall-mounted rectangular grille. Of the 
three, the grille brought the largest mixing energy loss. The 
reason is that the cooled air jet is apt to intrude into the 
perimeter zone just as the 90°C direction delivery from the 
fan-coil unit in the first series. Regarding this outlet, the 
increase in the interior air change rate enlarged the ML 
because of the rise of the maximum throw of the hori:zontal-



ly projected jet. Although the radial-flow outlet was more 
advantageous in reducing the ML than the anemostat 
diffuser, no rational reason for this could be concluded 
from the present experimental results, even from the 
visualization of room air movement. 

3. The fourth series of experiments proved that the 
storage heat load in the floor slab had no significant effect 
on mixing energy loss. It was thought, therefore, that the 
mixing mechanism was not affected by the elements of 
space heat loads but by the total amount of them. This also 
means that the mechanism mainly depends on the air supply 
system and its relatives, except for the temperature differen
tiai between the perimeter zone and the interior zone. 
However, as illustrated in Figure 11, an increase in the 
storage heat load enlarged the vertical temperature gradient 
because the local temperature near the floor lowered 
rapidly. In other words, while the storage heat load does 
not affect the macro air temperature distribution or the 
energy supplied in the space, it does affect the local 
temperature disturbance and human comfort. 

· 4. Of all the locations of the sensor for the fan-coil unit 
when the storage heat load in the floor slab was applied and 
radiant heating was not, the front position of the sensor 
yields the lowest MLR and the inlet position the highest. 
When the sensor is mounted in the return air intake, the 
worst result is obtained, which seems to contradict the 
results of the second series of experiments. In this case, 
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however, the sensor detects lower temperatures because of 
the large temperature drop near the floor surface due to 
cold storage during non-operation, in addition to the 
existence of the macro vertical temperature gradient. The 
supply heat was, therefore, increased by command of the 
automatic control action. 

DISCUSSION OF OPTIMAL DESIGN AND CONTROL 

The design and control strategies of air distribution 
systems in which the perimeter zone and the interior zone 
are divided are discussed from the dual viewpoints of 
preventing mixing energy ioss and maintaining a comfort
able room environment. 

1. The thermal environment of the room should be 
evaluated using environmental indices based on physiologi
cal responses and/or thermal sensations. The operative 
temperature is recommended from the viewpoint of both 
simplicity of application and assessment in the winter when 
the influence of radiation on thermal sensation is usually 
larger than that of the humidity. 

2. The most effective measure for preventing mixing 

energy loss is to set the perimeter zone air temperature 
lower than that of the interior. Theoretically, radiant heating 
should be applied along with the fan-coil units to enable 
such a setting. 

3. As was guessed from the effects of radiant heating, 
the outside wall should be insulated and window space 
decreased as much as possible to lower the perimeter 
setpoint air temperature by raising the inside surface 
temperature. Reducing the load also contributes to lowering 
the energy mixing potential. 

4. The air change rate in the intetjor zone should be 
minimized. Its limit will be equal to the minimum volume 
of the outdoor air intake, which is required for such air 
quality criteria as carbon dioxide and dust concentration. 

5. The flow direction of 30° forward to the upward 
vertical line is recommended for the heated air jet from fan
coil units, provided that only the principal effect is consid
ered. However, the optimum direction should be determined 
in consideration of the interactive effects with the Ar, the 
setpoint air temperature differential, and the shape/location 
of the panel heater, for which the estimation tables are 
described in the previous section. 

6. The temperature sensor for the fan-coil unit should 
be located in the front of the unit to eliminate the influence 
of cold drafts from the outside window and vertical temper
ature profile and to promote the detection of the representa
tive temperature of the entrained air. 

7. It is advisable to reduce the depth of the perimeter 
zone if the heat generation in this zone is so poor that the 
load mixing between the heat transfer loss through the 
outside wall and the heat generation is not expected to 
increase much with the large depth. However, the sugges
tion is not necessarily valid when a large heat generation 
exists in the perimeter zone. 



8. The heat supply of both systems should not have any 
needless surplus capacity because that is the principal cause 
of mixing energy loss. 

9. It is recommended that the hot water temperature be 
changed according to the outside air temperature. Other 
kinds of feed-forward control are desirable to adjust the 
amount of heat supplied to the necessary minimum for both 
the perimeter and interior zones. 

10. Figure 12 illustrates the concept of a system that is 
advantageous for minimizing energy consumption and 
maintaining a comfortable environment with a simultaneous 
heating and cooling system. This system is contrasted with 
the worst system. 

CONCLUSIONS 

Mixing energy loss and IDixmg energy profit in a 
simultaneously heated and cooled room were studied, and 
the mechanism of the ML and a principle for protecting 
against it were developed. The amount of the mixing energy 

l Short Perimeter Depth 

'\ 

loss was quantitatively defined. For evaluation purposes, the 
mixing energy loss ratio (MLR), which is defined as the ML 
divided by the base heat loads, was used. Many design/con
trol factors in air distribution systems affecting the mixing 
energy loss were qualitatively considered and their signifi
cance was statistically examined. Estimation tables of these 
effects were prepared. 

A number of experiments have been conducted in a 
simulated full-scale office room to determine the effects of 
the various factors and/or interactions among them on the 
ML and MLR. These experiments were divided into four 
series and then supplemented with several additional 
experiments. The design of experiments methodology was 
applied, and the effects of significant factors/interactions 
affecting the ML and MLR were quantified by the analysis 
of variance. In addition, room temperature profiles were 
measured in detail. 

The factor having the greatest influence on mixing 
energy loss .is the setpoint air temperature differential 
between the perimeter and interior zones. Setting the 
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perimeter zone air temperature lower than that of the 
interior zone drastically reduces the MLR. Applying radiant 
heating, with a panel heater for example, is effective in 
perimeter zone heating for minimizing the MLR and 
maintaining thermal comfort. This makes it possible to 
lower the perimeter setpoint air temperature without 
lessening the thermal comfort in the perimeter zone due to 
a rise in the MRT. Other factors affecting the mixing energy 
loss were quantified: the air change rate in the interior 
zone, the discharge direction of the heated air jet from the 
fan-coil unit, the location of temperature sensor, etc. 

Many design/control strategies for air distribution 
systems were suggested from the dual viewpoints of 
preventing mixing energy loss and maintaining a comfort
able room environment. 

ACKNOWLEDGMENTS 

The authors wish to acknowledge the advice as well as 
the collaboration of Mr. Kajiwara of the Takenaka Corpora
tion, and Mr. Yoshida, Mr. Ueda, and Mr. Kawakami of 
the Shinko Ltd. Technical Laboratory. 

NOMENCLATURE 

ML 
MLR 
Q 
L 

H 
g 
D 

v 
T 
Ts 
p 

= 

= 
= 
= 

= 
= 

= 

mixing energy loss, W/m2 

mixing energy loss ratio 
actual heat supply to space, W /m2 

maximum heat supply capacity of system, 
W/m2 

base heat load, W /m2 

gravity acceleration, m/s2 

characteristic length or equivalent diameter of 
outlet, m 
supply air velocity, mis 
air temperature, °C 
surface temperature, °C 
heat output of panel heater, W /m2 

Greek Symbols 

(3 thermal expansion coefficient, K- 1 

flT supply air temperature differential, °C 
<Pu shape factor between ith wall and spatial 

center of jth zone 

Subscripts 

pr perimeter zone 
in interior zone 
min minimum 

wall piece 
j zone space, perimeter or interior 
pl panel heater 
np envelope except for panel heater surface 
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