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Summary This paper presents a methodology for predicting air flow and thermal comfon in naturally 
ventilated buildings. Numerical simulations were carried out for a naturally ventilated room with heat
pipe heat recovery. The RNG k-e turbulence model was used for simulations. Calculation of air flow rates 
in the room took into account not only of driving forces (wind and stack effects) but also flow resis
tances (pressure loss due to heat pipes and other duct fittings and friction loss in air ducts). The poten
tial of a heat-pipe heat recovery system to produce adequate thermal comfon in naturally ventilated 
buildings is investigated using CFD. The imponance of proper control of air flow rate is highlighted. 
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List of symbols 

A Opening area (m2) 
C Mean concentration of water vapour in air (kg kg-1) 

Cd Discharge coefficient 
C Pressure coefficient c. Specific heat capacity of dry air a kg-1K-1) 

d v Specific heat capacity of water vapour a kg-1 K-1) d. Volumetric moisture production rate (kg s-1m-3) 
g Acceleration due to gravity (m s--2) 
H Mean enthalpy of air mixture 0 kg-1) 

h Stack height (m) 
~YI Latent heat of evaporation a kg-1) 

K Velocity pressure loss coefficient of duct fitting 
Kr Friction loss coefficient of straight duct 
Ki Pressure loss coefficient per unit length along direction i 

(m-1) 
k Turbulent kinetic energy (kg m2s--2) 
Pv Velocity pressure based on duct mean velocity (Pa) 
P vw Wind velocity pressure at rooflevel (Pa) 
PD Percentage of dissatisfied due to draught(%) 
PMV Predicted mean vote 
PPD Predicted percentage of dissatisfied(%) 
p Local static pressure (Pa) 
/),p Pressure difference between supply and exhaust openings 

(Pa) 
/),ph Pressure difference due to stack effect (Pa) 
/),pr Friction loss in straight duct (Pa) 
/),ph Pressure loss due to duct fitting (Pa) 
/),p w Pressure difference due to wind effect (Pa) 
Q Air flow rate (m3s--1) 
q Volumetric heat production/dissipation rate (W m-3) 
T Mean air temperature(° C) 
T Mean radiant temperature ( 0 C) 

r o 
T res Dry resultant temperature ( C) 
U. Mean velocity component in direction i (m s-1) 

V
1 

Resultant mean velocity (m s-1) 

V Wind speed at rooflevel (m s-1) 

x.w Co-ordinate in tensor notation 
I 

z Height above ground (m) 
a Inverse Prandtl number 
8,;; Kronecker delta ( 8. = 1 if i = j and 8. = 0 if i -::;: J) 

' V I) 

e Turbulent dissipation rate (m2s--3) 
µ Laminar viscosity (kg m-1s-1) 
µ

0 
Effective viscosity (kg m-1s--1) 

µ
1 

Turbulent viscosity (kg m-1s--1) 
p Air density (kg m-3) 

1 Introduction 

Natural ventilation has many environmental advantages. It is 
being exploited as an alternative to mechanical ventilation 
and air conditioning in large or commercial buildings. 
However, few designers have considered heat recovery from 
naturally ventilated buildings. This may be partly due to the 
pressure losses arising from two separate sources. The first is 
the direct pressure loss caused by a conventional heat recov
ery system, resulting in insufficient air exchange. The second 
is the indirect pressure loss resulting from the reduced tem
perature difference between supply and exhaust when heat is 
recovered from return air. These losses can be reduced by tak
ing appropriate measures. For example, the stack effect can be 
increased using a higher stack or by employing solar energy. 
The pressure loss through a heat recovery system can also be 
reduced using heat pipes instead of conventional heat 
exchangers. 

A heat-pipe heat recovery unit is a heat exchanger consisting 
of externally finned sealed pipes using a working fluid such as 
methanol. The unit is divided into two sections, evaporator 
and condenser, for heat exchange between return and supply 
air (see Figure 1). A divider prevents the two air streams mix
ing. Warmer return air in the exhaust duct is passed over one 
end of the heat pipe (evaporator section) and so evaporates the 
refrigerant in the pipe. The less dense refrigerant vapour trav
els to the opposite end of the heat pipe (condenser section), 
leading to transfer of heat from the evaporator section to the 
condenser section. When cooler outdoor air is passed over 
this end of the heat pipe, the refrigerant vapour condenses. 
The condensed liquid returns to the heat pipe evaporator by 
gravity or capillary effects, providing a continuous heat 
exchange process. 

A heat-pipe heat exchanger has a number of advantages over 
conventional heat exchangers<ll. They include: 

(a) no moving parts, no external power requirements and so 
high reliability 

(b) no cross-contamination because of a solid wall between 
the warm and cold air streams 

(c) compact and suitable for all temperature applications in 
heating, ventilation and air-conditioning (hvac) 

(Q) fully reversible, i.e. heat transferable in either direction 

(e) easycleaning. 
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Figure 1 Schematic representation of the heat-pipe heat recovery unit in 
operation 

Since evaporation/condensation cycle effects of heat pipes are 
reversible, they are used not only to recover heat from return 
air but also to precool supply air by rejecting heat to a cold 
exhaust duct. Heat pipes are becoming more commonly used 
in the air-conditioning industry, although this is at present 
mainly confined to applications where humidity must be con
trolled. Supermarket air conditioners are an example. Hill 
and Lau<2> conducted six field studies of supermarket air con
ditioning systems equipped with heat-pipe heat exchangers 
operating in various climates. Substantial savings in refrigera
tion energy were achievable with a reduction of indoor 
humidity. The performance of a heat-pipe heat exchanger 
(HPHX) for air conditioning applications was also evaluated 
through a combination of a detailed HPHX thermal node 
model and a model for the air-conditioning systemC3>. It was 
suggested that the use of an HPHX could offer significant 
improvements in moisture control and overall efficiency 
compared with the conventional practice of using a specially 
designed cooling coil in combination with reheat 

Over recent years computational fluid dynamics (cFD) has 
increasingly been applied to simulations of room air move
ment, temperature and other comfort-related parameters in 
order to optimise thermal design of buildings and associated 
hvac systems. Most computations are based on the standard 
k-e turbulence model developed by Launder and Spalding<4>. 
Chen<5> compared five different k-e models including the 
standard, renormalisation group (RNG) and 
low-Reynolds-number models for indoor air flow computa
tions. It was found that the standard and RNG k-e models 
were very stable compared with the low-Re k-e model. The 
latter also had the disadvantage of requiring a very fine grid 
distribution in the near-wall region and hence a significantly 
higher computing cost. Comparison of the standard and RNG 

k-e models showed that the RNG k-e model was slightly supe
rior and this was therefore recommended for indoor air flow 
computations<5>. 

The objective of the present study is to assess the perfor
mance of heat pipes in naturally ventilated buildings. This 
will be carried out through comparison of the predicted 
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indoor thermal environment with and without heat-pipe heat 
recovery using CFD with the RNG k-E turbulence model. 

2 Air flow rate 

CFD simulation of the indoor environment of a naturally ven
tilated room requires the calculation of air flow rate. 

The air flow rate through openings of a naturally ventilated 
room with heat-pipe heat recovery depends on the wind and 
stack effects and on pressure losses through the heat-pipe unit 
and air duct. For the ventilation system illustrated in Figure 
2, the flow rate can be calculated using the following equa
tion<6>: 

Q = Cfi(~M'/p)ll2 (I) 

where Q is the flow rate (m3s-1)m, Cd is the discharge coeffi
cient; A is the effective opening area (m2), M' is the net pres
sure difference between the supply and exhaust openings (Pa) 
and p is the air density (kg m·3). 

Figure 2 Schematic diagram of the naturally-ventilated room with heat 
pipe heat recovery unit 

The effective area for two openings in series is given by: 

I/A2 = I!A,2 + IIA/ (2) 

where A, andA
0 

are the areas of supply and exhaust openings, 
respectively (m2). 

The density for a mixture of dry air and water vapour is given 
by(7): 

p = 353.06/(T + 273.15)(0.61C + 1) (3) 

where Tis the mean air temperature (°C) and C is the mean 
concentration of water vapour in air (kg kg-1). The density 
may be considered approximately to be a function of air tem
perature only. This could, however, result in errors of 2% in 
density difference for calculating the buoyancy effect under 
winter conditions and 8% in summer conditions<8l. 

The net pressure difference is the difference between driving 
pressures and flow resistances. The driving pressures due to 
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natural forces are the wind pressure difference !:J' w and the 
stack pressure difference l!i.Pb. The flow resistances include 
friction loss in straight ducts l!i.Pr and pressure loss through 
duct fittings such as heat pipes and bends !:J' h Therefore 

!:J' = !:J' + !:J' - UP - UP (4) w b f h 

where 

!:J'w =(Cps -C~P vw 

l!i.Pb = <P. - p;>gh 

!:J'r= KCPv 

!:J' =KP h v 

(5) 

(6) 

(7) 

(8) 

C is the pressure coefficient, subscriprs s and e denote the 
vhlues associated with supply and exhaust openings, P vw ( = 
1/ 2pVw2) is the wind velocity pressure at roof level (Pa), Vw is 
the wind speed at roof level (m s-1); g is the acceleration due 
to gravity (m s-2), h is the stack height ~m); Pv is the velocity 
pressure based on the duct mean velocity (Pa), and K and Kc 
are the velocity pressure loss coefficient of duct fittings 
including the heat pipe unit and the friction loss coefficient of 
the straight duct respectively (dimensionless). 

The wind speed at rooflevel in an urban terrain is given by<6>: 

vw = 0.35 VIOz0.25 (9) 

where V10 is the mean wind speed at 10 m height (m s-1) andz 
is the height above ground (m). 

The velocity pressure loss coefficient K can be determined 
experimentally or, for fittings such as perforated plates and 
bends, can be predicted using CFO modelling<9,10>. The friction 
pressure loss in a short straight duct is small compared with 
the pressure loss through a perforated plate used in practice. 
Consider for example air flowing through a perforated plate of 
50%1 free area in a 1 m length of 0.2 m diameter galvanised 
sheet steel duct at a velocity of 10 m s-1• The friction loss is 
only 3% of the pressure loss across the plate (K/K = 0.105/3.5 
= 0.03)ClO). 

3 Modelling of heat pipes 

The heat-pipe heat recovery unit is modelled as a porous 
medium with heat generation (for condenser section) and dis
sipation (for evaporator section). A porous media model is 
used to predict air flow and pressure loss through the unit 
and heat transfer between the unit and air. 

The porous media model incorporates a flow resistance in a 
region occupied by the porous medium. The model is a sink 
in the standard momentum equations (described in the next 
section) for the porous medium and is represented by the fol
lowing equation in Cartesian tensor notation: 

(10) 

where (Jp/ox; is the pressure gradient in the porous medium 
in direction i (Pa m-1), K. is the pressure loss coefficient per 
unit length along directio~ i (m-1) and U; is the mean velocity 
component in direction i (m s-1). 

4 Air flow model 

The air flow model consists of a set of governing equations 
representing continuity, momentum, turbulence, enthalpy 
and concentration. In this study, the RNG k-e turbulence 
model developed by Y akhot and Orszag<11l and Y akhot et al. C12l 
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is used. For an incompressible steady-state flow the 
tim~averaged equations are as follows: 

Continuity: 

(iJ(i)x)(pU) = 0 (11) 

Momentum: 

(iJ(i)x)(pU/1;) = (o(i)x)[µ. cau frJx; + au;ax)] 
-(ofdx;'XP-Ph + 2/p8;) + C;(p,-p) (12) 

where p is the local static pressure (Pa), q. is the Kronecker 
delta ( q. = 1 if i = j and <5~ = 0 if i :t; ;), µ

0
1s the effective vis

cosity (kg m-1s-1), g; is the component of gravitational acceler
ation in direction i (m s-2), p, is the air density at a reference 
point (kg m-3) and k is the turbulent kinetic energy (m2s-2). 

The effective viscosity is the sum of turbulent (µt) and lami
nar(µ) viscosities, i.e. µ• = µt + J.L The turbulent viscosity is: 

µt = pC,faZ/e (13) 

where cµ = 0.085 and e is the turbulent dissipation rate 
(m2s-3). 

Turbulent kinetic energy: 

(o(i)x)(plf,k) = (ofi)x;X a,;1}kliJx;) + µtS2 - pe 
+ (g/p)aµ,apfdx; 

Turbulent dissipation rate: 

(o(r)x;XpU;e) = (of0x;Xa_µ.ac1ax) + C1µtS2f/k-CiJJf/k + 

(14) 

C3 (g/p)atµ,opfi)x; (clk)-pR (15) 

In equations 14 and 15, cl = 1.42, CZ = 1.68, c3 = 
tanh(VjVh) with V and Vh the mean velocity components in 
verticaf and horizo'htal directions respectively; (\, a. and at 
are the inverse P~dtl numbers for turbulent transport and 
R is the rate of strain. 

(\, a. and at are computed via: 

I ca- 1.3929)/C l1u - 1.3929) I o.6321 

I ca + 2.3929)/( l1u + 2.3929) I o.3679 = µ1µ. 
(16) 

<\ = a. = a with l1u = 1.0 and at = a with l1u the laminar 
inverse Prandtl number. 

R is given by 

R = C/f(l - 71/170)/(l + /3rtX~lk) 
where 

110 = 4.38 /3 = 0.012 11 = Sk/e 

s = (2S.S..)112 
IJ 1) 

Enthalpy: 

<a1ax;XPU.H) = ca1axixatµ.aH!dx) + q 

(17) 

(18) 

where His the mean enthalpy of air mixture a kg-1) and q is 
the volumetric heat production/dissipation rate (W m-3). 

Concentration: 

(19) 

where c. is the volumetric moisture production rate (kg 
s-im-3). 

Air temperature is calculated from the enthalpy of air mixture 
and concentration of water vapour via 

(20) 
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where C and C are the specific heat capacities of dry air 
pa pv • dh'thl and water vapour respectively Q kg-1K-1) an fg lS e atent 

heat Of evaporation a kg-1). 

The boundary conditions for solving the flow equations are 
described by Gan(7). The governing equations are solved for 
the three-dimensional Cartesian system using the SIMPLE 
algorithm and the power law differencing schemd13l. 

The overall structure of the computer program follows a 
two-dimensional TEAM computer codd14l. The original 2D 
code is extended to 3D conditions and modified for simula
tions of air, heat and moisture movement in buildings. 

The supply air flow rate depends on the exhaust air tempera
ture and pressure loss through the ventilation system, which 
are in turn dependent on indoor air flow patterns as well as 
heat generation and distribution. The supply air flow rate is 
therefore obtained through iteration in the solution of air 
flow equations. 

The solution was considered to have converged when the 
sum of the normalised residuals was less than 10-6 for 
enthalpy and less than 10-3 for other flow equations. 
Convergence was achieved after 5000 to 11 000 iterations, 
depending on the ventilation system arrangement and rate of 
heat production in the room. The slow convergence was 
caused by the interdependence between the air flow rate, flow 
pattern and air temperature distributions. For a grid size of 44 
X 36 X 21 for room length, height and half width, the CPU 
time for the calculation of the equations was about 36 seconds 
per iteration on a 6-processor Sun SPARCserver lOOOE. 

5 Thennal comfort 

Thermal comfort can be assessed using indices such as resul
tant temperature, thermal sensation and draught risk. 

The resultant temperature is given by<6) 

T = = [T, + T(lOV)112]/[l + (10V)112] (21) 

where T is the dry resultant temperature (° C), V is the mean 
air veloclty (m s-1) and T, is the mean radiant temperarure 
(°C) which can be calculated from the temperature .and other 
characteristics of room surfaces<7l. 

Thermal sensation is assessed in terms of predicted mean 
vote (PMV) and predicted percentage of dissatisfied (PPD ). 
These indices depend on air velocity, temperature, humidity 
and mean radiant temperature together with personal factors 
such as clothing and activity. Details of the derivation are 
given by Fange:r<15l. The assessment of thermal sensation is 
particularly important for rooms with substantial surface 
temperature variations<7l. 

Draughts in naturally ventilated buildings are usually not as 
serious as in air-conditioned buildings, but can still cause dis
comfort along cold air streams. The risk of draught is calcu
lated for isotropic turbulence on the basis of the draught 
model by Fanger et al. 06l: 

PD= (3.143 + 52.56k112)(34- T)(V- 0.05)0·6223 

for V > 0.05 m s-1 (22) · 

PD = 0.0 for V::;; 0.05 m s-1 

where PD is the percentage of dissatisfied due to draught(%). 
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6 Results and discussion 

Simulations were performed for a test chamber as a naturally 
ventilated room in the heating period as shown in Figure 2. 
The room is 3.0 m long, 2.5 m wide and 2.4 m in ceiling 
height. It is assumed that all the room walls are insulated. 
The cross-sectional area of air supply and exhaust openings is 
0.01 mi. The duct cross-section is 0.2 m square. The room 
and ventilation system are symmetrical along the plane of the 
mid-width and so only half of the room is used for simula
tions. The simulated room has a uniformly distributed heat 
source on the floor totalling 200 W. It is assumed that half of 
the heat is reclaimed by the heat recovery unit. Heat is gener
ated on the condenser section of the heat recovery unit at 100 
W and the same. amount dissipates on the evaporator section. 
The outdoor air is set at 5 ·c and 90% relative humidity. The 
chimney height is 1 m above the roof level. The wind speed 
V is assumed to be 3 m s-1 and the wind direction is perpen
df~ular to the wall with the supply opening. 

Seven simulations were performed for different supply air 
conditions or heat production rates. The results are presented 
in Table 1. 

Figure 3 shows the predicted air movement, air temperature, 
humidity and thermal comfort indices on the symmetrical 
plane in the room with heat-pipe heat recovery (No. I). As 
seen from the figure, the incoming air flows along the supply 
duct and then spreads over the floor. However, the room air is 
stagnant (mean air velocity < 0.1 m s-1) except for areas in the 
supply air stream and near the wall surfaces. The predicted 
air flow rate is 6.91 s-1, i.e. 1.4 air changes per hour. 

From the prediction, the supply air is heated from an outdoor 
air temperature of 5 ·c to l0°C when passing the heat pipes. 
Along the supply air stream, the air temperature is low 
( < 19°C). Apart from this area, the room temperature is rela
tively uniform with a mean air temperature in the occupied 
zone (air space from floor to 1.8 m high and 0.15 m away from 
side walls) of 19.3°C. The vertical air temperature difference 
between 1.1mand0.1 m above the floor is 2.2 K, lower than 
the comfort limit of3 K<l7). 

The predicted relative humidity in the occupied zone is 
35.2%. This is below the lower comfort limit (40%) recom
mended by CIBSE<6). The simulation is, however, carried out 
for the empty room. Under realistic conditions, the room 
humidity will be increased as a result of moisture production 
by occupants. For example, suppose the room were occupied 
by an office worker with a latent heat emission of 40 W<6). The 
moisture production calculated from the latent heat is 16 5 
10-3 g s-1• Assuming the moisture was uniformly distributed 
in the room, it would be equivalent to an increment in the 
moisture content of air of about 1.9 g kg-1 at the predicted 
flow rate. This could have raised the relative humidity from 
35% to approximately 46% at 19.3 °C. 

The average room surface temperature is 21.1°C, higher than 
the air temperature. As a result, the mean radiant temperature 
and resultant temperature in the room are higher than the air 
temperature. The calculated resultant temperature for the 
occupied zone is 20°C. Also, the distribution of resultant tem
perature (Figure 3(d)) is more uniform than that of air tem
perature (Figure 3(b)). This is due to the higher floor temper
ature than temperatures of other room surfaces, resulting in a 

· high radiant temperature near the floor which partly compen
sates for the low air temperature. Thus the room is on aver
age, comfortable according to CIBSE<6l. 
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Table 1 Predicted room thermal environment 

Parameter Prediction number 
II III IV 

Heat pipes installed? Yes No No No 
Wind effect included? Yes Yes Yes Yes 
Air flow rate (I s-1) 6.9 7.6 7.4 7.8 
Outdoor air temp. ("C) 5.0 5.0 5.0 5.0 
Supply air temp. ("C) 10.0 5.0 10.0 5.0 

Exhaust air temp. ("C) 5.4 16.1 19.2 18.0 
Heat from floor (W) 200 200 200 300 
Air velocicyt (m s-1) <0.1 <0.1 <0.1 <0.1 
Air temp.t ("C) 19.3 15.3 18.9 17.5 
Relative hwnidiryt (%) 35.2 45.3 36.1 39.4 

Mean radiant temp ("C) 20.7 16.7 20.4 19.8 

Resultant temp.t ("C) 20.0 16.0 19.6 18.6 

Predicted mean vote --0.4 -1.2 --0.5 --0.7 

Predicted percentage of dissatisfied(%) 8.9 37.4 10.5 
Draught riskt (%) 1.6 1.9 1.5 

Temp gradientf: (K) 2.2 2.6 2.0 

Floor temp. (" C) 28.7 24.3 28.5 
Ceiling temp. ("C) 19.8 16.1 19.1 
Mean wall temp. ("C) 21.1 16.8 21.3 

t Average for the occupied zone 
t Vertical air temperature difference from 1.1 m to 0.1 m above the floor 

The prediction of thermal sensation is based on the metabolic 
rate of 1.2 met (70 W m-2 of skin area) and clothing level of 
1.0 do ( = 0.155 m2K W-1) for an imaginary sedentary occu
pant in winter conditions. The predicted thermal sensation 
for the occupied zone is within the comfort limit (-0.5 < PMV 

< 0.5 and PPD < 10%P7>). However, due to the low air temper
ature, the air near the floor is slightly cool (PMV < -0.5) 
(Figure 3(e)). 

The draught risk in the room is small because of low veloci
ties (Figure 3(f)), although just below the supply outlet it is 
above the comfort limit of 15%<16l. 

When the heat recovery unit is removed from the ventilation 
system (No. II), the predicted air temperature in the room is 
much lower than the comfort requirement with a mean value 
of 15.3°C (Figure 4(b)). As a result, however, the relative 
humidity is increased to an acceptable level (Figure 4(c)). The 
average air temperature difference from 1.1 m to 0.1 m above 
the floor is still within the comfort limit. However there may 
be a local discomfort near the supply outlet where the vertical 
temperature gradient is higher than 3 K. The predicted air 
flow rate through the room is slightly (10%) higher than that 
with heat recovery, due to a small increase in the temperature 
difference between exhaust and supply air and to the absence 
of the flow resistance of the heat recovery unit. Because of the 
low air temperature, the room is cool with the resultant tem
perature below 16°C (Figure 4(d)) and below PMV -1.2 
(Figure 4(e)). Besides, the draught risk above 15% extends to 
half of the room length near the floor (Figure 4(f)). 

Without the heat recovery unit but with the supply air tem
perature heated to l0°C (No. III), which would be the same as 
passing the air over heat pipes, the predicted air temperature 
is similar to that predicted with the heat recovery unit 
(Figure 5). This indicates that the heat recovery unit per
forms well as an air heater. 

With the same supply air conditions as for No. II but the heat 
production from the floor increased to 300 W (No. IV), the 
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15.8 
2.0 

2.5 
32.2 
17.9 
19.9 

v VI VII 

Yes No Yes 
No No No 
4.1 4.6 8.5 
5.0 5.0 5.0 
11.9 5.0 9.1 

20.0 19.7 13.8 
200 200 200 
<0.1 <0.1 <0.1 
27.2 19.1 19.0 
21.8 35.6 35.7 

28.5 19.1 20.5 
27.9 19.1 19.8 
1.2 --0.6 --0.5 
36.7 12.6 9.8 
0.7 1.0 1.5 

2.1 2.2 2.0 
36.6 28.2 28.7 
27.6 19.4 19.4 
28.4 20.5 20.5 

predicted room air temperature is on average 1 ° C lower than 
the temperature with supply air heated using the same 
amount of heat (Figure 6). Besides, the predicted tempera
tures of room surfaces differ substantially with floor heating; 
the temperature difference between floor and ceiling is 14.3 
K. As a result, although the floor temperature with floor heat~ 
ing is higher, and already over the comfort limit of 29°017l~ 
the average room surface temperature is still lower than that 
with air heating. The room is slightly cool with less PMV than 
-0.5. This shows that for this room it is better to provide heat 
for the supply air than to heat the floor excessively using an 
underfloor system. 

When the air flow due to the wind effect is neglected (No. V), 
for the same ventilation opening size and heat recovery unit 
as No. I, the predicted flow rate is reduced by 41 % to 4.1 1 s-1; 

this is much lower than the minimum fresh air requirement 
for one occupant<6l. The predicted room temperature is 
increased to 27 .2 ° C, too high for thermal comfort at low 
velocities (Figure 7). The room thermal environment is 
warm, as the predicted value for PPD is 36.7% and greater 
than 1.2. When the heat recovery unit is removed (No. VI), 
the average room air temperature is reduced to an acceptable 
level for thermal comfort but the air temperature near the 
floor is low (Figure 8). Consequently, the room is slightly cool 
( = -0.6). Besides, there is likely a local discomfort due to ver
tical temperature gradient(> 3 K). 

For the same heat recovery unit but with the size of inlet and 
outlet openings increased to the same size as the air duct (0.2 
X 0.2 m) (No. VII), the predicted air flow rate is more than 
doubled as compared with No. V. The room air temperature 
is 19 ° C and the PPD is less than 10%. Hence this ventilation 
arrangement can provide an acceptable indoor thermal envi
ronment (Figure 9). 

These predictions show that in order to make full use of a 
heat-pipe heat recovery system it is 'important to control air 
flow rate. A damper, for example, can be used for this purpose 
to vary the size of inlet and/or outlet openings. For given air 
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flow rates, the supply air temperature leaving such a heat 
recovery system should be regulated in order to prevent more 
heat recovery than is desired, as shown by No. V. This can be 
achieved by installing a bypass damper or by changing the 
orientation of heat pipes. 

7 Concluding remarks 

Numerical simulations have demonstrated that a heat-pipe 
heat recovery system can produce adequate thermal comfort 
with minimum energy consumption in naturally ventilated 
buildings. To achieve indoor thermal comfort it is essential to 
control flow rate properly. 

The simulations are, however, based on a fixed amount of 
heat recovery by the heat-pipe unit. In real situations, the effi
ciency and quantity of heat recovery vary with air flow rate 
through the unit and the temperatures of supply and return 
air, as well as the design and arrangement of heat pipes. The 
influence of these parameters will be investigated in the next 
stage of research. 
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