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ABSTRACT 1. INTRODUCTION

A study has been carried out of heat recovery from
air that ventilates a hot tool in a tool shop. The
recovered heat is used to preheat air for the space
heating of this tool shop. Software has been used to
analyze the heat-recovery efficiency and thermal
comfort for a wvariation of environmental
temperature. An increase of environmental
temperature of 1K yields a heat saving of 2% and
an increase of temperature in the tool shop of 2K.
Additional adjustment of air flow for thermal
comfort in the tool shop decreases heat expenditure
for 1%. Contrary holds for a decrease of outside
temperature.
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In some tool shops we use recovery- heat
exchangers in winter to recover refuse heat of air
used for local ventilation of hot tools of this tool
shop. This refuse heat is used for preheating of air
for space heating of tool shops. In previous paper
(Boji¢ 1993) for this energy system we found that
heat-saving efficiency is 2 to 12 % depending on
used scenario for energy-flow control. We revealed
the existence of an optimal scenario for minimum of
energy consumption and the best thermal comfort in
a tool shop.

Heat-recovery system usually operates in
the conditions that are different than these defined
by design. When the parameters of a tool-shop
envelope and hot tool have no-design values it is
shown (Boji¢ 1994; Boji¢ and Trnobransky 1995)
that heat-saving efficiency and thermal comfort can
be lower than defined by a design. Also, we have
shown that then a heat-saving efficiency can be
higher when we additionally improve a thermal
comfort. As our energy system very rare operates
with an fresh air having a design environmental
temperature we here show the results for energy-
saving efficiency and thermal comfort in the tool
shop when an environmental temperature is variable.

For this study we have used simulation
software AZMA (Boji¢ 1993). This software is based
on a steady-state mathematical model of a tool shop
by using the heat-exchanger network.

Although thermal comfort depends (Fanger
1970) on different factors, we have taken the thermal
comfort in the tool-shop space to be function only of
the air temperature. We treat the special case where
there is no heating of the plant space by hot tools.
Also we have not taken into account the energy that
is used for air flow in the system that is not the case
in literature (Turner 1982; Mahon et al 1983).

2. HEAT-RECOVERY SYSTEM
Figure 1 shows the tool shop with the hot
tool ventilated by the air taken from the tool-shop
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space. Two fresh air streams are used for space
heating of the tool shop. These air streams are
heated in the heat exchangers by using steam. The
temperature of the first air stream at the enterance of
the first heat exchanger is equal to the temperature
of the environment air. We designate this heat
exchanger as the cold heat exchanger. Because the
second air stream is preheated in the recovery-heat
exchanger by using the hot refuse-ventilation air the
temperature of the second air stream at the enterance
of the second heat exchanger is higher than the
temperature of the environment air. The second heat
exchanger is designated as the hot heat exchanger.

When the pressure of the air in the tool
shop is lower than atmospheric then the environment
air infiltrate the tool shop. When this pressure is
higher than atmospheric then the air from the tool
shop leaks through the tool-shop envelope. When
the pressure in the tool shop is equal to the pressure
of the environment air then there is no infiltration or
leak through the envelope of the tool shop. From the
tools and their stands we take the air by using a fan
and locally ventilate these tools. The hot tools are
heated by using the heating oil with the temperature
that is lot higher than the temperature of the
ventilation air. In this way the heating oil
additionally heats this air. In HRE this ventilation
air preheats the fresh air used in the hot heat
exchanger. The heat is also exchanged between the
tool shop and the environment through the tool shop
envelope.

3. HEAT-EXCHANGER NETWORK

Figure 2 shows the heat-exchanger network
used to model the heat-recovery system of Figure 1.

For a particular heat exchanger, we have
assumed that the product of its surface and
coefficient of heat transfer Z=FU is a constant and a
characteristic value of this heat exchanger. For space
heating, we use two heat exchangers: hot heat
exchanger and cold heat exchanger. Every of these
heat exchangers is modeled by heat exchanger with
the heating fluid that has constant temperature. The
tools and their stands are also modeled by using this
kind of heat exchanger. The heat exchange process
through the tool-shop envelope is modeled by using
a heat exchanger where its lower temperature air is
the environment air and has the constant
temperature.

The mass and energy balance equations are

mp=metmp+m,, (M
mg=my-m;. )
tou=(Mpthit Mt myty )/mp, 3)

ti=tew(ttwttu ) exp—Z¢/(mc)], (C))
thi=thw(thwta ) expl-Zp/(mpo)],  (5)
thi~ta—(tpy—ta ) exp[-Zp/(myo)], (6)
tgi=tdw{tdwtbi) expl-Zg/(mgo)],  (7)
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tristu=Ttgi,ta, mg.c,me,¢,Zy). (3

We take tty, thw and tqy, to have constant values.
All relationships of the general equation (8) are
given in Appendix 1.

The heat fluxes are

qmec(ti—tey), (C))
qp=mpc(thi—ta), (10)
ag=mgo(tdi—tpi)- 1)

The energies spent in the energy system
without and with recovery-heat exchanger and the

efficiency of heat recovery are
n~An*(Ann*(9dn- 12)
q=q¢tap*ag. (13)
E<(qn-9)/qy. (14)
The thermal comfort coefficient is
Ctpi-ta) (tikta)- 1. (15)

We assume that an optimal thermal comfort in a tool
shop is for ty;=ty.. Then, C=0. For non-recovery
case also C=0. For tyo<t.f, Ci<0, for tyo>tes Ci>0,
and there is no thermal comfort in a tool shop.

On retrofitting a particular non-recovery
installation, the Z coefficients are obtained by using
measurements on this installation. Details of this
procedure are given in Appendix 2.

4. CONTROL SCENARIOS

If the pressure of the tool shop is
atmospheric, the air does not infiltrate or leak
through the envelope of the tool shop; m;;=m;=0 and
m¢tmp=my=mgy. This is also the case without
recovery-heat exchanger with mp=(my), and
mc=(mg), ( the subscript n designates a system
without recovery-heat exchanger ). To reach the
optimal thermal comfort temperature in the tool
shop, we can adjust m; and my together so
mq+mp=mgy holds. Then, for my<(mp), this is the
VAT/L scenario, for my>(my), this is the VAT/H
scenario.

When the air pressure in the tool shop is
lesser than atmospheric the fresh air infiltrates the
tool shop. This is the case of the heat-recovery
system when we keep m =const and adjust my, to
reach the optimum thermal comfort in the tool shop.
For mp<(mp),, and (mp+m.)<my the pressure in the
tool shop is below atmospheric. This is the VAL/L
scenario. In this case the total mass flow entering the
tool shop is my=my+m+m;=my with my=0.

5. DESIGN VS OPERATIONAL PARAMETERS
We have designed our heat-recovery system
to operate optimally for a value (t,)y, of the
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Figure 2. Heat-exchanger network.
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environmental temperature has (the subscript m
designates a design-heat-recovery system). Then, the
heat-recovery system will have a design-heat-
recovery efficiency E,,. The thermal comfort of our
tool shop is then given by a design-thermal comfort
coefficient Cp,.

Usually, the value of t, differs from (ty)y,
i.e. the environmental temperature has not the same
value as its value for which the heat-recovery system
is designed. In this case we will designate the heat-
recovery efficiency as E, and the thermal comfort as
C. Then, the heat-recovery system will not run as
designed; E#E, and C#Cp,.

If we want to reach the previous thermal
comfort, we can adjust the flow rates of the fresh air
streams. In this case we will obtain the heat-recovery
efficiency Eg with a different value from E and Ey,.
The difference E-Eg can be calculated as

E-E¢~(qs0)/ap. (16)

6. RESULTS AND DISCUSSION

Numerical simulations are carried out for
Zp=1009,5 W/K; Z=1149 W/K; Z,=3477 W/K;
Z4~1232 WK, Z=2790,9 WK, th%=1500C
tew=1500C; t43=3000C; t,=4,69C; t4=20VC.

From Figures 3 and 4 we see that higher
environmental temperature than the design one
means additional energy savings. Then, the
temperature of the space in the tool shop is higher
than the thermal comfort temperature. For instance,
an increase of the environmental temperature for
1K, leads to an energy savings of 2% and a
temperature in the tool shop is higher for 2K. When
an environmental temperature is lower than the
design environmental temperature there are energy
losses and a temperature in the tool shop is lower
than the thermal comfort temperature. For the
VAT/H scenario there are greater energy savings
than for all other scenarios, but an change of energy
savings with the change of environmental
temperature is the same as for all other scenarios. A
variation of the temperature of the building space
with a change of the environmental temperature is
the same for all scenarios.

Figure 5 shows that when the environment
temperature alters the adjustment of the flow rates of
the air through the hot heat exchanger and cold heat
exchanger changes a heat consumption of the tool
shop. So if this adjustment is done when the
environment temperature is above the design one we
have heat savings. An adjustment of the flow rates
for the VAT/H scenario produces greater energy
saving than an adjustment for the VAL/L scenario. If
the environmental temperature is below the design
one we have heat losses. For the VAT/H scenario an
adjustment means higher energy losses than this the
case with other scenarios. For the previous example

>
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the adjustment of the flow rate of the air through the
hot heat exchanger and cold heat exchanger for the
obtaining the optimum thermal comfort leads to the
additional heat saving of 1%.

7. CONCLUSIONS

Higher environmental temperature than the
design one means additional energy savings. Then, a
temperature of the space in the tool shop is higher
than the thermal comfort temperature. A decrease of
the environmental temperature comparing to the
design environmental temperature yields to energy
losses. A temperature in the tool shop is then lower
than the thermal comfort temperature.

If an adjustment of mass-flow rates through
the air-heat exchangers is done when the
environment temperature is above the design one we
have heat savings. If an environmental temperature
is below the design one we have heat losses.
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APPENDIX 1. THE COUNTERFLOW HEAT-
EXCHANGER MODEL

When the mass flows m,, and mg and the
temperatures t,; and tg of the incoming streams are
known, the temperatures t,,, and tg, of the exiting
streams are determined by the relations

a=1/(mycy,)-1/(mgcy), an
s=[1-exp(-aZ)]/[1(myLy)/(mecp)], (18)
k=[exp(aZ)-1 ]/ [1(myzcy,)/(mgecq], (19)
two = (twitthk)/ (1+k), (20)
tro=Itwotwi(1-5)1/s. @21

The general form of the this set of equations is
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Figure 3. Heat-recovery efficiency in the tool shop when the environment temperature differs to design one
There is no adjustments of the flow rates through the hot and cold heat exchangers.
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Figure 4. Thermal comfort of the tool-shop space when the environment temperature differs to design one
There is no adjustments of air-flow rates through the cold and hot heat exchangers.
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Figure 6 The difference of the heat-recovery efficiency with and without an adjustment of the air-flow rat

through the cold heat exchanger and hot heat exchanger

twootfo=Ttwis Ui, My, Cypy MECEZ). (22)
APPENDIX 2. METHODS FOR FINDING Z
CONSTANTS

For a counterflow, cold, or hot fluid heat-
exchanger model, the constant Z is obtained from

(twAOM=[wit)-(twortf)]
Mn[(tyte) (tuo-t)], (23)
Z=q/(ty N 4

These equations have been applied to
measured data. For a counterflow model, q is
obtained either from Equation (25) or (26). For a
constant hot model we use (25) and for a constant
cold model equation (26). These equations are:

Heat-transfer coefficient, W/(m2K)
Heat-transsmitance coefficient, W/K

myc(teo-th), (25)
My Cyti-two) 26)

NOMENCLATURE

Physical quantities

C Thermal comfort coefficient

€ Specific heat of air, J/kg-K

E Heat-recovery efficiency

F Heat-transfer surface, m2

m Mass-flow rate, kg/s

q Heat flux, W

t Temperature,OC

U

Z
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Indices

5T ZEETPmTgRggsoRggos

Environment
Tool-shop envelope

~ Building space

Entrance of the heating air to the tool shop
Tool

Cold heat exchanger

Thermal comfort

Colder fluid exit at the cold heat exchanger
Steam at the cold heat exchanger

Colder fluid exit at the tool-heat exchanger
Hot oil at the tool-heat exchanger

Colder fluid at a heat exchanger

Entrance of a colder fluid

Exit of a colder fluid

Hot heat exchanger

Hotter fluid entry at the hot heat exchanger
Hotter fluid exit at the hot heat exchanger
Steam at the hot heat exchanger
Infiltration

Measurement

Design

Without heat recovery

Leakage

Recovery-heat exchanger

Hot fluid exit: the recovery heat exchanger
Adjustment

Hotter fluid at a heat exchanger

Entrance of a hotter fluid

Exit of a hotter fluid




