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SEQUEL TO THE WIND TUNNEL TEST
ON CONVECTIVE MASS TRANSFER COEFFICIENT AT URBAN SURFACE

Study on convective heat transfer coefficient at outside building wall

in an urban area Part 3

Pl HOfE —F, N A

BAY*, Hf 2 A R

Ken-ichi NARITA, Akira OGASA and Yoshitami NONOMURA

A major problem in urban climate modeling is determining how the heat fluxes from various canyon surfaces are affected by canyon flow.

To address this problem, we developed a water evaporation method involving filter paper to study the distribution of the convective transfer

velocity in urban street canyons.

For 3D cubic arrays, the relation to canyon aspect ratio was largely different from that of 2D canyon. And, as a case study, the variation of

wind direction was investigated for some city-like setting. The area-averaged transfer velocity was insensitive to wind direction but its local

deviation was significant. In addition, we measured the transfer velocity for a clustered block array surrounded by relatively wide streets.
The effect of spatial heterogeneity on the transfer velocity was significant. Moreover, for a fixed total building volume, the transfer velocity was
considerably larger when the building height varied, than when it was uniform. Therefore, the water evaporation method with filter paper is

expected to be useful for studying the transfer velocity and ventilation rates in urban areas with various canyon shapes.

Keywords - wind tunnel test, urban climate, air flow around buildings, evaporation, urban canyon
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WIND TUNNEL EXPERIMENT ON CONVECTIVE TRANSFER COEFFICIENT
IN URBAN STREET CANYON

Ken-ichi Narita’
*Nippon Institute of Technology, Saitama, Japan

Abstract

How heat fluxes from different surfaces within canyon are affected by canyon flow is one of the remaining
problems in urban climate modeling. In this paper, water evaporation technique was developed to study the
distribution of convective transfer coefficient in urban street canyon. Evaporation rate from the filter paper pasted
on building model was measured by electric balance about 2D street canyon models and 3D model arrangements.
In this technique, it is easy to restrict flux within an arbitrary surface in question. Then by dividing filter paper,
detailed distributions within each surface were also clarified about all active surfaces of 2D street canyon models.

Key words: urban canopy layer, evaporation, spatial heterogeneity

1. INTRODUCTION

To simulate the heat balance of urban area, it is important to know turbulent transfer from all active surfaces.
Recently urban canopy models, like well-known TEB model, are developed, in which turbulent transfer is
expressed as a network of resistances between the surface and air. However, there are very few reports about
the values of these resistances (or transfer coefficients) for urban geometry. In this paper, a newly contrived
estimation method of convective transfer coefficient was applied for wind tunnel model experiments.

2. OUTLINE OF THE EXPERIMENTS - WATER EVAPORATION TECHNIQUE

By measuring evaporation rate from the filter paper pasted on building model surface, the convective mass
transfer coefficient at outside surface was examined. The filter paper used in experiments is 1mm thick, and its
side surfaces were treated with waterproofing agent. A very fine thermistor sensor was inserted from side surface
just below the paper surface to measure evaporating surface temperature. The model was set in the wind tunnel
for a half hour, and the weight loss during that period (about 200-400mg) was measured by electric balance (the
accuracy was 0.1mg). Then, mass transfer coefficient (k) was calculated by following formula.

k=E/(es-e€a)

where E is the evaporation rate, e; is the saturated vapor pressure of evaporating surface temperature, e, is the
vapor pressure of approach flow. The merit of this experiment is easiness to restrict the flux within an arbitrary
surface in question. In the case of similar experiments about heat transfer, there are many kinds of inevitable
heat flow except for the convective heat flux in objective surface. Evaporation process is supposed to be constant,
which means evaporating surface is saturated through the experiments. If model surface is partially dry out,
surface temperature will rise quickly. As experiments were conducted with monitoring the surface temperature,
we can easily check whether filter paper dries or not. Within model arrangement, wetting part is always only
objective surface of sampling building model.

Vertical profile of mean velocity at wind tunnel working section was fitting to power law of 1/4 and turbulence
intensity at model roof level (60mm) was set to 20%. Air temperature and humidity of approach flow were not
controlled unfortunately. Then, as a reference, evaporation rate from horizontal same size plate near the outlet
was also measured simultaneously in every case. All results were analyzed as the ratio of (k) to this reference
value (ko).

—_——————— ~
/ F—60mm——— \ S Sample E\ermometer JPitot Tube
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Figure 1: Side view of experimental arrangement and detail of setting for reference value near outlet.
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3. RESULTS
3.1. Two-dimensional street canyon models

The relations between mass transfer coefficient (k) of two-dimensional street canyon and canyon geometry are
shown in Figure 3 for the case of flow perpendicular to the street. The transfer coefficient of leeward wall is about
2/3 of windward wall in the range aspect ratio L/H is sufficiently large, which is considered isolated roughness flow.
These values of wall decrease rapidly in L/H<1, then converge same value in the end (skimming). In the range of
1<L/H<2.5, leeward is increased while windward is decreased, that means the development of vortex flow within
street canyon. This range corresponds to flow regime of wake interference.

On the contrary, the value of roof surface is almost constant within the limit of this experiment.

1 sg ——60m™ 0.8 ——— . - ——4$
1¥1’ i | roof
60 06 /87-,
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Figure 2: Building model for sampling. Figure 3: Relations between mass transfer coefficient (k) of two

dimensional street canyon and canyon geometry.
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Figure 4: Building model for split Figure 5: Sampling area of Figure 7:Distribution of (k) in
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Figure 6: Distribution of (k) within each surface of 2-D street canyon in perpendicular wind direction.



In this technique, it is easy to restrict flux within an arbitrary surface in question. Then, by dividing filter paper,
detailed distributions within each surface were also clarified about all active surfaces of two-dimensional street
canyon models. Figure 4 shows the building model for such a split measurement, and sampling area is also
shown in Figure 5. The results of different canyon geometry are shown in Figure 6 for the case of perpendicular
wind direction. Within the windward wall, transfer coefficient always increases with height. In the case of L/H=1
and 3/2, leeward wall and ground have a peak in the middle part of surface due to the vortex flow. In skimming
flow regime (L/H=1/6), the distribution of leeward wall is similar to that of windward wall.

3.2. Three-dimensional array

At first, change of mass transfer coefficient due to building density was investigated for simple cubic arrays
(Figure 8). In sufficiently sparse condition, the order of transfer coefficient of each surface is roof > windward wall
> side wall > leeward wall. The roof top value decreases gradually as building density increases. In the range of
1 < L/H < 5, windward wall has a highest value among surfaces. While the transfer coefficient begins to decrease
around L/H=5 in other surfaces, that of leeward wall is almost constant up to comparatively dense condition. And
there is no hilly increase by vortex flow between obstacles like two-dimensional street canyon.

Figure 9 shows wind speed dependency of transfer coefficient about single cubic model (L/H—x). The variation of
all kind of surfaces could be fitted by curves 2/3 power of wind speed.
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Figure 8: Relations between mass transfer coefficient (k) Figure 9: Change of mass transfer coefficient
of simple cubic arrays and canyon geometry. due to wind speed in single cubic model.

3.3. Change of transfer coefficient due to wind direction in three-dimensional array (case study)

In the experiments about simple cubic arrays, transfer coefficient of ground surface was not measured because

the size of sampling area (part of wetting surface) changes with L/H concerning the ground. In this experimental

technique, absolute value of transfer coefficient is affected by scale effect of sampling area. Then, we should

compare the contribution of each surface under the condition of wetting area is equal to each other.

Figure 10 shows model arrangement for wind direction dependency of transfer coefficient. The model shape is
1:1:4, and interval between models is equal to model

Wind Direction  g=0° height. This makes building coverage ratio of 0.4. Here,
Y sampling area is same square size and covered all
X surface including roof, wall and groun igure . The
N i rf lud f, wall and d(F 11). Th
45 N )
g ]

coefficient was measured for five wind directions at 22.5-
degree intervals from right angle.
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N ' J Table 1: Change of transfer coefficient due to wind direction

6 ?\(: [ i and magnitude of deviation from spatial average .
—BE Type of | Area k/ko

JsSCfRTs[ S R surtace |(ot=100) Wina aires. | o | 725 | 45 | 75 | @
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< L-7 ‘G’/.x min. 046 | 048 | 049 [ 047 | 048
A * o cround max. 039 | 042 | 045 | 049 | 042
I ’/\B \ G| ave. 036 | 040 [ 041 [ 041 [ o036
G min. 032 | 038 [ 037 | 034 [ 031
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0 : ™ : B Beresy| 100 ave. 040 [ 043 [ 045 | 045 | 041
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Wind direction g ave. 0.40 0.44 0.45 0.45 0.41
Figure 12: Change of (k) due to wind (Total) | 200 (T:::::ie 1 3’:‘; :g: ;'g:. :'zj 3’2:
direction in each type of surface. min/ave. | 079 | 082 | 079 | 075 | 074

Figure 12 shows variations of transfer coefficient in each type of surface with wind direction. In the case of right
angle (6=0), the value of ground surface between models (G) is larger than that of street ground parallel to wind
direction (G’). Spatial average and magnitude of deviation in each wind direction are summarized in Table 1.
Concerning total average of all surfaces, its variation due to wind direction is small, less than 10%. As for this
arrangement, the rank of transfer coefficient among surface types is constant, that is roof > wall > ground in all
wind directions. The magnitude of locality, however, comes at most from —25% to +41% of spatial average.

3.4. Effect of spatial heterogeneity - representativeness of uniform cubic array (case study)

In many study, uniform cubic array has been used 1~ 257 _ I I I I L
as a typical urban model. To check a representative- average | wind ! !
ness of this simple array, its transfer coefficient was =0.695 !

compared with that of a clustered block array ~~7°~ N' |

surrounded by rather wide streets. Figure 13 shows il

distribution of transfer coefficient of wall surface
about clustered block array and uniform cubic array
as a reference. Both arrangements have a same

building coverage ratio of 0.51. About clustered ] Tﬂa
1

array, transfer coefficient of wall surface facing wide

] 0.54 0.51 0.52 M
streets are larger than that of core area. Maximum § g E
value appeared in windward corner of cluster, its : E—— —
ratio to spatial average of uniform array (0.695) is (reference) gl g
1.53. On the other hand, spatial average of clustered — - 0.65% 1 0.725 1 0.665 —

array is 0.627, which is smaller than that of uniform
array approximately 10%. Though we need to know
the change in horizontal surfaces, it suggested that 1 | ) I I I | r
the contribution of wall is different between uniform
and clustered arrays.

Figure 13: Distribution of (k) in clustered block array
surrounded by rather wide streets — comparison with

4. CONCLUDING REMARKS uniform cubic array with same building coverage ratio.

Water evaporation technique using filter paper has been used to evaluate the transfer coefficient within a street
canyon. Results suggest that concerning three-dimensional array, spatial average of transfer coefficient is not so
sensitive to change of wind direction while its local deviation is considerably large and not negligible.
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6.8 EFFECTS OF BUILDING-HEIGHT HETEROGENEITY ON AREA-AVERAGED
TRANSFER VELOCITY IN THE STREET SURFACE
-WIND TUNNEL EXPERIMENTS USING SALINITY CHANGE TECHNIQUE

Ken-ichi NARITA
Nippon Institute of Technology, Saitama, Japan

1. INTRODUCTION

As a parameterization of turbulent fluxes in urban
canopy layer, the resistance network in the canyon has
been studied with heat balance method (Kawai and
Kanda 2003), with naphthalene sublimation technique
(Barlow and Belcher 2002), and with our water
evaporation technique using filter paper (Narita 2003).
This filter paper method is useful to examine the effect
of canyon geometry on transfer velocity in two-
dimensional models and also to compare the local
difference of transfer velocity between the kinds of
surfaces in homogeneous cubic array. About
heterogeneous building arrangements, however, it is
difficult to investigate the spatial-averaged transfer
velocity using this technique because of a problem of
edge effects and spatial representativeness. In this
study, an experimental method to estimate the
area-averaged transfer velocity was newly devised
and tried to clarify the effect of heterogeneity of
building height in wind tunnel experiments.

2. SALINTY CHANGE TECHNIQUE

In this method (Narita et al. 1986), the water
evaporation rate is measured not by weight loss but by
salinity change of saltwater. A square vessel (600 X
600mm) with 50mm depth was buried in wind tunnel
working section as the rim-top matched to surrounding
surface. The building models are arranged within it,
then fill the vessel with saltwater to bathe the foot of
them (Figure 1). After half and hour, stop wind tunnel
fan, and remove the building models from the vessel.
Then, stir the saltwater in the vessel sufficiently, and
take it into four sample bottles. The salinity of these
samples were measured with inductively coupled
salinometer (accuracy : 0.003%o) as well as samples of
initially poured saltwater. From the salinity-change,
evaporation rate was calculated as follows.

hS=(h-E)S’

~.E=h(S"-S)/S’
where E is evaporation depth (mm), h is initial salt
water depth (mm), S is initial salinity (%o), and S’ is
final salinity (%0). Accuracy of evaporation measure-
ment is estimated as follows.

AS = S'-S
SE = 5hAS/S'+h8(AS/S")
= 8hAS/S'+h8(AS)/S"

Experimental condition is $’=35%0, h=50mm, and if
measuring error is assumed &h=0.5mm, and
8(AS)=0.0042 %o, then 8E/E becomes 2.5% when
E=0.4 mm. In this technique, measuring term is not
the weight loss but concentration change, so handling
mistakes like spill-water doesn’t bring about fatal error.

The transfer velocity Wt (ms”) is calculated by

following equation:
Wt = Er /(ps — pa)

where E;, is evaporation flux (kgm'zs'1), ps is water
vapor density (kgm'3) at street level calculated from
saturated vapor pressure of salt water surface, and pa
is the water vapor density (kgm'3) in the free stream
above. To determine ps, surface temperature of salt
water was measured by L-shaped fine thermocouple
under conditions enveloped with thin water film by
surface tension. In calculation of ps, vapor pressure
drop by salinity was taken into account. The wind
tunnel used here has no control system about
temperature and humidity. Then, as a reference,
evaporation rate from small eight vessels upstream
were also measured simultaneously in every case
(Figure 2). All results were analyzed as a ratio of
transfer velocity (Wt) to this reference value (Wtp).
Wind speed is 1.2ms™ atthe top of boundary layer and
depth of the boundary layer is 350mm.

*Corresponding author address :  Architecture, Nippon
Institute of Technology, Gakuendai 4-1, Miyashiro,
Saitama 345-8501 Japan .  email: narita@nit.ac.jp
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3. Results

3.1 Area-averaged Wt in constant building-height

Figure 3 shows model arrangements under building
height constant. The basic model dimension is 60mm
(=D) cubic. Series 1s-(array number) are building
density variation (A, : plane area density of building).
Case 1s-6, 2s-3, and 3s-2 are variation of model
dimension under constant A,. The area-averaged Wt
was measured in three kind of model height (H) ; 0.5D,
D, and 1.5D for every arrangements.

The results were summarized in Figure 4, as a
change due to the street canyon geometry (W/H). In
the variation within same plane size arrangement, Wt
has a slight peak in W/H=1.0-1.5. On the contrary,
the effect of model assembling was not simple, and
variation patterns were different for model height.
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3.2 Effects of building-height heterogeneity

To create building-height heterogeneity, concerning
the regular cubic array, we make a replacement of
several cubic models by half height or one and half
height models (Figure 5). Here, all arrangements
have same average height and same A,. Figure 6
shows the difference of the Wt of street due to the
deviation of the model height is at most 40%. This
means that morphological modeling of complicated
city structure by regular cubic array to which has
equivalent average height and A is not appropriate for
the estimation of area-averaged transfer velocity.

4. CONCLUDING REMARKS

Though salinity change technique is available for
only about street surface not including wall and roof
surfaces, it is excellent in area-averaged investigations
especially for the heterogeneous morphology. Using
this technique, it was confirmed that the vertical
heterogeneity of buildings has much greater effects on
area-averaged transfer velocity than that of horizontal
variation under building-height constant.

Fig.6 Relationship between Wt of
street and normalized standard
deviation (o) of model height

ol

model

Fig.5 Perspective of
arrangements for building-height
heterogeneity
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COMPARISONS OF VARIOUS EXPERIMENTAL RESULTS

ON THE CONVECTIVE HEAT TRANSFER COEFFICIENT OF URBAN SURFACES
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! Kyushu University, Fukuoka, Japan, 2 Nippon Institute of Technology, Saitama, Japan

1. INTRODUCTION

The turbulent heat exchange between the atmosphere and
urban surfaces can be expressed by the convective heat
transfer coefficient (CHTC) h as shown in equation (1).

Qu = h'(Ts —Tar ) ' @),

Although the CHTC is the crucial parameters for estimation of
the heat flux of urban areas in the Urban Canopy Models
(UCMS), it is yet still poorly understood. In this paper, we
compare the former experimental studies on the CHTC of
building surfaces and surfaces with urban-like roughness.

2. Full-scale measurements on building surfaces

2.1 Horizontal roof

Figure 1 shows some of the full-scale measurements of
CHTC for horizontal roofs of buildings. The curves of Urano
and Watanabe (1983) and Hagishima and Tanimoto (2003)
agree well in spite of the differences in roof size. The CHTC
of Kobayashi (1994) has smaller values and smaller slopes
than the curves in Urano and Watanabe (1983) and
Hagishima and Tanimoto (2003). Except for Kobayashi and
Morikawa (2000), the CHTC values are all in near agreement

Urano and Watanabe,1983(S+0.6m)
Kobayashi, 1994 (AT >0,5+1.5m)

——————— Kobayashi and Morikawa,2000(AT <0,S+1.5m)
—a@— Hagishima and Tanimoto,2003(AT>15,5+0.6m)

N
(&)

N
[$2 ]

= e
o

CHTC [W m 2K1]

o

2 U [ms?] 4 6

Fig.1 Relation between CHTC for horizontal building roofs and wind
speeds. “S+1m” means that the wind speed was measured 1-m
above the objective surface. AT =TTy

*Corresponding author address: Aya Hagishima, Interdisciplinary
Graduate School of Engineering Sciences, Kyushu-University,
6-1 Kasuga-shi, 816-8580 Japan;

e-malil: aya@cm.kyushu-u.ac.jp

at wind speeds below 1 m st In contrast, the measurement
of Kobayashi and Morikawa (2000) are significantly less than
the other measurements at wind speeds below 2 m s™. The
reason for this discrepancy is the thermal stability.
2.2 Vertical walls

Figure 2 indicate the experimentally derived equation of
CHTC defined by the wind speed for building walls. First of all,
it is recognized that the effect of the wind direction on CHTC is
small. In contrast, the position in relation to the wall has a
relatively large influence on CHTC. The particular choice of
target building also significantly affects CHTC.
3. Scale model experiment
Figure 3 shows the results of two scale model experiments in
the wind tunnel and one full-scale measurement. The curves
(M) is based on the data by Meinders et al. (1997). In this
study, eight cubes, 15 mm on a side, are scattered at regular
intervals on a straight line in a wind tunnel. The curves (N)
indicate the data of the roof of the isolated cube by Narita et al.
(2000) based on the evaporation method with filter paper.
The curves (K) indicate the data of horizontal roof of a 3-story
building by Kobayashi (1994).
For a given wind speed, the CHTC of scale model based on
the mass transfer method is much larger than those based on
the thermal balance method. The relations between the

Windward (L)
Leeward (L
30 o —+— Windward,18E (9)
Leeward,18E (S 1
— —aA— Windward,6c (S |
T —>— Leeward,6¢ (S
& 20 =
S
=
o 10 +——==
= t T
T t f ! 3
®) A A A v
0 == +
0 3
U,[ms?]

Fig.2 Relationship between CHTC of vertical wall of buildings and wind
speeds at the height of 1-meter

“18E” indicates the data observed at the edge of the wall of 18th floor and
“6¢” indicates the data observed at the central wall of the 6th floor. (L) and

(S) indicate the data of Loveday and Sharples,1984, respectively.



Nusselt number and Reynolds number of them are also
different. The CHTC from full-scale measurements are much
smaller than those from smaller-scale measurements. The
relation between the Nusselt number and Reynolds number
of full-scale measurement is also much different from those of
scale model experiments. Although these three results
cannot be compared precisely because of the differences of
both referential wind velocity and boundary condition, we
would like to emphasize the disagreement of the relation
Nu(Re) between full-scale measurement and scale model
experiments.

Figure 4 shows the relation between the mass transfer
coefficient (MTC) of 2-D canopy and the ratio of model height
to street width H/AW, which are taken from Narita et al. (2000)
and Barlow et al. (2004). Each values of roof increase with
the increase of H\W at the ratio HW below 0.6, where the
flow regime is assumed to be isolated flow or wake
interference. Conversely, that is constant at the ratio H/W
above 0.6, where the flow regime is assumed to be skimming.
The MTC of the vertical windward wall generally decreases
with the increase of H/W. In addition, the MTC of the vertical
windward wall by Narita et al. (2000) is almost constant in the

70
60 roof of isolated cube (N)
Y -
& 50T roof of 3-story building (K)
§ 40 4 %
‘G' 30 4+ o> o °
£ 20 + roof of cube in the 1st raw (M
S104 ©
0 .I $ t
0 2 yme 4 6
(a) Relationship between wind speed and CHTC
1E+7 f
——
LE+6 S roof of 3-stofy building (K)
2
1E+5 4 N oV roof of isolated cube (N)
++ T <——ro0f of cube in the 1st row (M)
1E+4 4 $
1E+3 1E+4 1E+6 1E+7

1E+5
Re

(b) Nusselt number - Reynolds number
Fig.3 Comparison between CHTC of scale model and full-scale building

(M) indicates the data of roof of cube by Meinders et al, 1997. (K)
indicates the data of building roof by Kobayashi, 1994. (N) indicates the
data of roof of isolated cube by Narita et al., 2000. The height of the
referential wind speed is 8*H.

range of HW=0.8 to 1. The MTC of the leeward wall
decreases with an increase of H\W at the ratio HW below 0.3
and above 0.7, which is classified as the isolated flow and
skimming flow.

6. Conclusions

The several experimental researches on the CHTC of urban
surfaces are compared. To improve a model of CHTC for
UCMs, the further investigation under various thermal and

geometric conditions are needed. In addition, comparison

among several measurement results that are based on

different scales and measurement methods is important.
Acknowledgments

This research was partially supported by CREST (Core

Research for Evolution Science and Technology) of JST

(Japan Science and Technology Cooperation).

References

Barlow, J. F, Harman, I. N. and Belcher, S. E. 2004: Scalar Fluxes from
urban street canyons Part 1: Laboratory simulation, Boundary-Layer
Meteorol., (submitted).

Hagishima. A.; Tanimoto. J. 2003: Field measurements for estimating the
convective heat transfer coefficient at building surfaces, Building and
Environment, 38, 873-881.

Kobayashi, S. 1994: Convective heat transfer characteristics of rooftop
surface in summer, J. Archit, Plan Environ. Eng., 465, 11-17. (in Japanese)

Kobayashi, S., Morikawa, K. 2000: Convective heat transfer coefficient of
rooftop surface in downward heat flow, J. Archit, Plan Environ. Eng.,, 536,
21-27. (in Japanese)

Loveday, D. L. and Taki, A. H. 1996a: Convective heat transfer coefficients
at a plane surface on a full-scale building fagade, Int. J. Heat Mass. Transfer,
39, .1729-1742.

Meinders, E. R., Van Der Meer, T. H.,, and Hanjalic, K. 1998: Local
convective heat transfer from an array of wall-mounted cubes, Int. J. Heat
Mass Transfer, 41, 335-346.

Narita, K. , Nonomura, Y., Ogasa, A. 2000: Wind tunnel test on convective
mass transfer coefficient on urban surface, Study on convective heat
transfer coefficient on outside building wall in an urban area Part 2, J. Archit,
Plan Environ. Eng., 527, 69-76 (in Japanese)

Sharples, S. 1984: Full-scale measurements of convective energy losses
from exterior building surfaces, Building Environment, 19, 31-39.

Urano, Y., Watanabe, T. 1983: Heat balance at a roof surface and
time-varying effect of the fim coefficient on its thermal response, J. Archit,
Plan Environ. Eng., 325, 93-103. (in Japanese)

—A— roof(N)
A roof(B) [
X street(B)

1.2 -

14
0.8 4
0.6 4
0.4
0.2

—o— leeward(N)
leeward(B)

—o— windward(N)
¢ windward(B)

normalized MTC

Fig.4 Measured MTC for various values of height to width ratios H/W.

(N) and (B) indicate the data from Narita et al ,2000 and Barlow et al.,
2004, respectively. The transfer coefficients are normalized by the
measured mass transfer coefficient for the roof with HW=1.0.
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