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Special Project Title SUN’S POSITION DISPLAYING BOARD
Name Mr. Seree Chanjaroen

Mr. Seri Aungsiri ’
Special Project Advisor  Assistant Professor Wichit Sirichote

Associate Professor Suraphon Rakviji

Abstract

A board for displaying Sun position and a program for calculating the position of Sun
have been built. The board consists of a PIC16F84 CMOS Microcontroller, 32 -digit 7 segment
LED, 74LS247 BCD-to-7segment decoder. The program written in Visual Basic calculates
current position of the sunvreference to local time, latitude and longitude. Two operation modes
are 1) calculation mode and 2) local time calculation mode. Mode 1 calculates position of the
sun by inputting date and time longitude and latitude. Mode 2 , however, continuously displays
the position along current date and time on PC . The board is capable of displaying 1) date/

local time, 2) Sun Rise/Set, 3) Declination , and 4) Azimuyh,Altitude angles.
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WHNIAY 81.8 -29.3
TRIY 84.4 -61.9
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Date | |Jan Feb | [Mar ||Apri ||May [|Jun ||July ||Aug ||Sep ||Oct ||Nov ||Dec
1 38 32 22 -10 0 7 8 2 -7 -19 30 -37
2 -38 32 22 -10 0 7 8 2 -8 -19 -30  -37
3 -37  -31 229 0 7 7 1 -8 20 -31 -37
4 -37  -31 -21 -9 0 7 7 1 -8 20 -31 -37
5 -37  -31 -21 -9 1 7 7 1 -9 =21 -31 -37
6 -37 30 20 -8 1 7 7 1 -9 -21 -31 -37
7 -37 30 20 -8 1 7 7 0 -10 21 -32 -37
8 -37 30 20 -7 2 8 7 0 -10 22 -32 -37
9 -37 30 -19 -7 2 8 7 0 -10 22 -32 -38
10 37 29 -84 -7 2 8 7 0 -11 =22 -33  -38
11 36 29 - -18 -6 2 8 7 0 -11 -23 -33 -38
12 36 29 -18 -6 3 8 6 0 =2, -23 -33 -38
13 36 28 -18 -6 3 8 6 i BN M-24 L, |33 -38
14 -36  F28 &9 AU #[55 3 8 6 -1 =12 24 34  -38
15 -36 | 280 WA =55 8 8 6 -1 T -24 = -34  -38
16 36 R & -16 4 £5 4 8 6 b2 1B 25 -34  -38
17 -35 2R 16 *E4 4 8 5 -2 -14 - -25 -34  -38
18 -35 27 <16 -4 4 8 5 2 -14 25 -34  -38
19 -35 26 S -3 4 8 5 %3 -14 26 -35  -38
20 350 2260 -15NNG3 5 8 5 -3 -15 -26  -35 38
21 -35 26 -15 -3 5 8 S = -15 26 -35  -38
22 -34 25 -14 -2 5 8 4 -4 =15 =27 -35 -38
23 -34  -25 -14 -2 5 8 4 -4 -6  -27  -35  -38
24 34 24 -13 -2 5 8 4 -4 -16 27 -36  -38
25 34 24 -13 -1 6 8 4 -5 -17 28 -36  -38
26 -33 24 -13 -1 6 8 4 -5 -17 28 -36  -38
27 -33 -23 -12 -1 6 8 3 | -5 -17 28 -36 -38
28 -33 23 -12 0 6 8 3 -6 -18 29 36  -38
29 -33 23 -11 0 6 8 3 -6 -18 29 37 38
30 -32 -11 0 6 8 3 -7 -19 29 37 -38




31 -32 -11 7 2 -7 -30 -38
aver | -35.3 | -27.5 | -16.5 | -4.77 | 3.45 | 7.76 | 5.42 |-2.03 | -12.9 | -24.5 -33.7 | -38.8
age
MR 42 us AN ATUTe A1 RNG( szt Ing) (ATAYA 15 09AUNTID)
Date | Jan |Feb |Mar | Apr | May | Jun July | Aug |[Sep | Oct | Nov | Dec
1 -38 -32.51-22.9 | -10.6 | 0.2 42 8.0 2:d =177 ] -19.6 | -30.7 | -37.2
2 -37.9 | -32.2 | -22.5 | -10.2 ] 0.5 7.3 8.0 2.4 -8.0 |-20.0 | -31.0| -37.4
3 -37.81-32.0 | -22.2 [-9.8 | 0.8 7.4 7.9 21 -8.4 |-204]-313 ] -
3735
4 -37.7 | -31.7 | -21.8 1 -9.4 | 1.1 7.5 7.8 1.8 -8.8 | -20.8 | -31.5|-37.6
5 -37.6 | -31.4 | 214 -90 |14 7.6 A7 178 9.2 |-21.2|-31.8|-37.7
6 -37.5|-31.11-21.0 | -86 | 1.7 7.7 .6 1.3 -9.6 | -21.6|-32.1 | -37.8
7 -37.4 | -30.8 | -20.6 | -8.2 | 2.0 7.8 7.5 1.0 -10.0 | -22.0 | -32.4 | -37.9
8 -37.3 | -30.5|-202 | -7.8 |22 7.9 7.4 0.7 -10.4 | -22.3 | -32.7 | -38.0
9 -37.2 1 -30.2 | -19.8 | -7.5 | 2.5 8.0 7.2 0.4 -10.8 | -22.7 | -32.9 | -38.0
10 -37.0 [ -29.9 | -19.4 | -7.1 | 2.8 8.1 7.1 0.1 -11.2 | -13.1 | -33.2 | -38.1
11 -36.9 1 -29.6 | -19.0 | -6.7 | 3.0 8.2 7.0 [0.3° | -11.6+{ -23.5| -33.4 | -38.2
12 -36.8 | -29.3 | -18.6 | -6.3 | 3.3 8.2 6.8 -0.6 |-12.0 | -23.9 | -33.7 | -38.2
13 -36.6 | -28.9 | -18.2 | -6.0 | 3.5 8.3 6.7 -0.9 |-12.4|-242|-33.9|-38.2
14 -36.4 | -28.6 | -17.8 | -5.6 | 3.8 8.3 6.5 -1.2 1 -12.8 | -24.6 | -34.1 | -38.3
15 -36.3 | -28.3 | -17.4 | -5.2 | 4.0 8.4 6.4 -1.5 | -13.2 | -25.0 | -34.4 | -38.3
16 -36.1 | -28.0 | -17.0 | 4.9 | 4.3 8.4 6.2 -1.9 | -13.6 | -25.3 | -34.6 | -38.4
17 -35.9 | -27.6 | -16.6 | -4.5 | 4.5 8.4 6.0 2.2 | -14.0 | -25.7 | -34.8 | -38.4
18 -35.7 273 |-162 | -41 | 4.7 8.4 5.8 2.6 |-14.4|-26.0|-35.0 | -38.4
19 -35.5(-269|-158 | -3.8 | 4.9 8.4 5.6 29 | -14.8 | -26.4 | -35.2 | -38.4
20 -35.3 | -26.6 | -154 | -3.4 | 5.1 8.4 5.4 -3.2 | -15.2 | -26.8 | -35.4 | -38.4
21 -35.1|-2621-150]-3.1 |53 8.4 5.2 -3.6 | -15.6 | -27.0 | -35.6 | -38.4
22 -34.9 | -259 | -14.6 | -2.7 | 5.5 8.4 5.0 4.0 |-16.0|-27.4 |-35.8 | -38.4




23 [ -347|-255|-142|-24 |57 |84 |48 |-43 |-164|-27.8|-36.0|-38.4
24 | -345|-251|-138 |20 |59 |84 |46 |-47 |-168]-28.1]-362|-384
25 | -343|-248 |-134|-1.7 |61 |84 |44 |-50 |-172|-285]-36.4|-38.4
26 | -34.0|-244 |-13.0 |-14 |63 |83 |41 |-54 |-17.6|-288|-36.5|-823
27 | -33.8|-24.0 [-126 [-1.1 |64 |83 |39 |-58 |-18.0|-29.1-36.7 | -38.3
28 | -33.5(-23.7(-122(-07 |66 |82 |37 |-61 |-184]|-294|-368]-38.2
29 |-333]-233(-11.8|-04 |68 |82 |34 |-65 |-18.8|-2907|-37.0|-382
30 | -33.0 114 [-0.1 [69 |81 |32 |-69 |-192|-30.1-37.1|-38.1
31 | -32.8 -11.0 7.0 29 |13 -30.4 -38.0
Aver | -35.8 | -27.0 [ -16.9 | -5.1 | 4.0 |8.38 |59 |-29 [-13.4|-252-342-38.1
age

MInd 4.3 HAAIHANINMTNARDINUIUN TR RITY YeIneing  (Uszme'lng)

(az@YA 15 B3r i ilD)

WU | Tuihou ©) (1A AR | 1IAA AR
orfindi | orinden | ovfiaddn | eviadan
10N3 NI VINATUYA | INNTUYA
NAADY NANDY

5 5-Jan -35.6 7.02 1747 6.42 18.03
20 20-Jan -33.3 7.04 17.55 6.45 18.12
5 5-Feb -29.4 7.03 18.04 6.44 18.19
20 20-Feb -24.6 6.57 18.10 6.39 18.24
5 5-Mar -19.8 6.50 18.13 6.32 18.27
20 20-Mar -13.8 6.40 18.15 6.22 18.28
5 5-Apr -7.4 6.29 18.16 6.11 18.30
20 20-Apr -1.8 6.20 18.18 6.02 18.31
5 5-May 3.1 6.13 18.20 5.55 18.34
20 20-May 6.9 6.09 18.23 5.50 18.38




5 5-Jun 9.5 6.08 18.27 5.49 18.43
20 20-Jun 10.04 6.10 18.31 5.51 18.47
5 5-Jul 9.8 6.14 18.33 5:55 18.49
20 20-Jul 7.6 6.18 18.33 5:59 18.49
5 5-Aug 3.8 6.22 18.30 6.03 18.44
20 20-Aug -0.9 6.24 18.23 6.05 18.37
S 5-Sep -6.8 6.24 18.13 6.06 18.26
20 20-Sep -12.8 6.24 18.01 6.06 18.16
5 5-Oct -18.8 6.25 17.50 6.07 18.05
20 20-Oct -24.4 6.28 17.40 6.09 17.56
D 5-Nov £29.5 6.33 17.33 6, 18, 17.49
20 20-Nov 23332 6.40 17.31 6.19 17.47
5 5-Dec -3§6 6.48 17.33 6.26 17.49
20 20-Dec -36.4 6.56 17.38 6.35 17.54
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Form1

Private Sub ExitButton_Click()
End

End Sub

Private Sub OKButton_Click()
MsgBox " mmﬁﬁmq AYTANALAIN
Wuataiieaugnaesaaanisfunny,

vbinformation + vbOKOnly, "A7udziin”

Dim d As Single

Dim m As Single

Dim Y As Single

Dim N As Single

Dim N1 As Single

Dim z As Single

Dim A As Double
ConstB =4

Constc = 1988

Dim Dc As Double
Const Radi = 0.01745329
Dim Be As Double

Dim E As Double

Dim lon As Double

Dim lon1 As Double

Dim TZ1 As Double

Dim TZ As Double

Dim LAMDA1 As Double
Dim LAMDA As Double

If Option1.Value Then
Form2.Show

Else
Form3.Show

End If

End Sub

Dim AST As Double
Dim lon2 As Double
Dim f As Double
Dim g As Double
Dim W As Double

Dim Az As Double
Dim Az1 As Double
Dim AL As Double
Dim AL1 As Double
Dim lat As Double
Dim Az2 As Double
Dim Az3 As Double
Dim AA As Double
Dim AA1 As Double
Dim AL2 As Double
Dim UP As Double
Dim UP1 As Double
Dim UP2 As Double

Dim DOWN1 As Double

xxxxx



Dim DOWN2 As Double

Dim DOWN As Double
Dim LCT1 As Double
Dim LCT2 As Double
Dim AST1 As Double
Dim AST2 As Double
Dim Ws As Double
Dim Ws1 As Double
Dim Ws2 As Double
Dim Ws3 As Double
Dim arcWs As Double
Dim Hou As String
Dim Min As String
Dim LTC As Double
Dim lat2 As Double
Dim da As String

Dim mo As String

Dim ye As String

Dim hoo As String
Dim mun As String
Dim hoo1 As Single
Dim mun1 As Single
Dim UP3 As String
Dim UP4 As String
Dim DOWNS3 As String
Dim DOWN4 As String
Dim ye1 As String

Dim ye2 As String

Dim g As Integer

Dim ALT As Single
Dim ALT1 As String

Dim ALT2 As String
Dim g1 As String
Dim r As Integer
Dim r1 As String
Dim Dcl As Single
Dim Dcl1 As String
Dim Dcl2 As String
Dim AZZ As Single
Dim AZZ1 As String
Dim AZZ2 As String

Option Explicit

Private Sub Command1_Click()

d = Val(Day.Text)

m = Val(Month. Text)
Y = Val(Year.Text)

da = Format(d, "00")
mo = Format(m, "00")
ye = Format(Y, "0##0")
yel = Left$(ye, 2)

ye2 = Right$(ye, 2)

A=Y-c
z = Abs(A) Mod B
Ifm=1Then
N=d
Elselfm = 2 Then
N=31+d
Elselfm = 3 Then



N=60+d
Elself m =4 Then
N=91+d
Elself m = 5 Then
N=121+d
Elself m = 6 Then
N =152 +d
Elself m =7 Then
N=182+d
Elself m = 8 Then
N=213+d
Elself m =9 Then
N =244 + d
Elself m = 10 Then
N =274 +d
Elself m = 11 Then
N =305 +d
Elself m =12 Then
N=335+d
End If
If z=0 Then 'if the year have 2nd
month with 29days
N1=N
Else
If m > 2 Then 'if the year have
2nd month with 28 days
N1=N-1
Else
If d > 28 Then
N1=N-(d-28)

Else

N1 =N
End If
End If
End If
lat2 = Val(Text7.Text) + Val
(Text8.Text) / 60
If North.Value Then
lat = lat2
Else
lat = -lat2
End If
Dc =(23.45 * Sin((284 + N1) / 365 *
360 * Radi)) - lat 'Val(Text7.Text) ' lat
Text9.Text = Format(Dc, " #0.0")
If Dc <0 Then
r=8
Else
r=0
End If
r1 = Str$(r)
Dcl = Abs(Dc)
Dcl1 = Left$(Format(Dcl, "00.0"), 2)
Dcl2 = Right$(Format(Dcl, "00.0"), 1)

Be = (N1-1)/365* 360

E =229.2*(0.000075 + 0.001868 *
Cos(Be * Radi) - 0.03277 * Sin(Be *
Radi) - 0.014615 * Cos(2 * Be * Radli) -
0.04089 * Sin(2 * Be * Radi))



lon = Val(Text5.Text) + Val
(Text6.Text) / 60

If East.Value Then ' Find value of
lamda
LAMDA =lon/ 15
Else: LAMDA = -(lon/ 15)
End If

sereekarx fin g \alle of TZAHess sk
f=1lon Mod 15
Iff <7.5Then
TZ1 =lon\ 15
Else: TZ1 = (lon\15) + 1
End If

If East.Value Then

TZ=-TZ1
Else: TZ = TZ1
End If

LTC = Val(Ho.Text) + Val(Mu.Text) /
60

AST =LTC + TZ + LAMDA + E /60

W =-15*(12 - AST)

hoo1 = Val(Ho.Text)

mun1 = Val(Mu.Text)

hoo = Format(hoo1, "00")

mun = Format(mun1, "00")

I******************AL************************

' lat2 = Val(Text7.Text) + Val
(Text8.Text) / 60
"If North.Value Then

' lat = lat2
'Else

'lat = -lat2
'End If

AL1 = Cos(lat * Radi) * Cos(Dc *
Radi) * Cos(W * Radi) + Sin(lat * Radi) *
Sin(Dc * Radi)

AL2 = Atn(AL1 / Sqr(-AL1 * AL1 +
1))

AL = AL2 / Radi

'AA = Sin(Dc * Radi) / Sin(90 *
Radi)

'‘AAT = (Atn(AA / Sar(-AA * AA +
1))) / Radi

l*****************AZ********************

Az1 = Cos(Dc * Radi) * Sin(w *
Radi) / Cos(AL * Radi)
Az2 = Atn(Az1/ Sar(-Az1 * Az1 +
1))
Az = Az2 / Radi
'If AL < AA Then
'If AL <0 Then
" Az =-(180 - Abs(Az3))
'Else

‘Az = (180 - Abs(Az3))



'End If

‘Else
'Az = Az3
'‘End If
If AL <0 Then
q=28
Else
g=0
End If
gl = Str$(q)
ALT = Abs(AL)
ALT1 = Left$(Format(ALT, "00.0"), 2)
ALT2 = Right$(Format(ALT, "00.0"),
1)
AZZ = Abs(Az)
AZZ1 = Left$(Format(AZZ, "000.0"), 3)
AZZ2 = Right$(Format(AZz, "000.0"),
1)

Text11.Text = Format(Az, " ##0.0")
Text10.Text = Format(AL, " ##0.0")

Thkkkkkkkkkkhkhkhkhkhrik

Ss sr
Ws1 = -Tan(lat * Radi)
Ws2 = Tan(Dc * Radi)
Ws3 = Ws1 * Ws2
arcWs = (Atn(-Ws3 / Sqr(-Ws3 * Ws3
+ 1)) +2* Atn(1)) / Radi
Ws = (24 / 360) * arcWs

AST1 =12+ Ws
AST2=12-Ws

LCT1=AST1-TZ - LAMDA - E /60
LCT2 = AST2 - TZ - LAMDA - E / 60

If LCT1 > LCT2 Then
DOWN = LCT1
UP =LCT2
Else
DOWN = LCT2
UP = LCT1
End If
UP1 = Fix(UP)
UP2 = ((UP-UP1) *60)\ 1 -1
UP3 = Format(UP1, "00")
UP4 = Format(UP2, "00")

DOWN1 = Fix(DOWN)
DOWN2 = ((DOWN - DOWN1) * 60) \

DOWNS3 = Format(DOWN1, "00")
DOWN4 = Format(DOWN?2, "00")

Text12.Text = UP1

Text1.Text = Format(UP2, "00")
Text13.Text = DOWN1

Text2.Text = Format(DOWN2, "00")

End Sub



Private Sub Command2_Click()
Form1.Show

End Sub

Private Sub Command3_Click()
End
End Sub

Private Sub Form_Load()
Form1.Hide
MSComm1.PortOpen = True
End Sub

Private Sub form_Unload(Cancel As
Integer)

MSComm1.PortOpen = False
End Sub

Private Sub Timer1_Timer()

Label12.Caption = Format(Time, "long

time")

Dim Tim As String
Dim Hr As String
Dim Mn As String
Dim Sc As String
Dimi As Integer
Dim Le As String
Dim Le1 As String
Dim ALT11 As String

Dim hoo1 As String

Dim Dcl11 As String
Dim AZZ11 As String
Dim AZZ12 As String
Dim UP311 As String

' Static flag As Boolean

If Left$(da, 1) = "0" Then
Le ="F"
Else
Le = Left$(da, 1)
End If

If Left$(mo, 1) ="0" Then
Letl ="F"
Else
Lel = Left$(mo, 1)
End If

If Left$(UP3, 1) ="0" Then
UP311 = "F"
Else
UP311 = Left$(UP3, 1)
End If

Tim = Time$

If Left$(ALT1, 1) ="0" Then
ALT11 ="F"
Else
ALT11 = Lefty(ALT1, 1)
End If

If Left$(hoo, 1) = "0" Then
hool ="F"

Else



hoo1 = Left$(hoo, 1)
End If

If Left$(Dcl1, 1) ="0" Then
Dcl11 ="F"
Else
Dc!11 = Left$(Dclt, 1)
End If

If LeftS(AZZ1, 1) ="0" Then
AZZ11 ="F"
Else
AZZ11 = Left$(AZz1, 1)
End If

If Mid$(AZZ1, 2, 1) ="0" Then
AZZ12 ="F"
Else
AZZ12 = Mid$(AZZ1,2,1)
End If

Sc = Second(Tim)
If Sc > 5 Then Exit Sub

Hr = Format(Val(Hour(Tim)), "00")
Mn = Format(Val(Minute(Tim)), "00")

MSComm1.Output = Chr$(&HFE)

MSComm1.Output = Chr$(Val("&H" &
UP311 & Le)) "1

MSComm1.Output = Chr$(Val("&H" &
gl &r1)) 2

MSComm1.Output = Chr$(Val("&H" &
Right$(UP3, 1) & Right$(da, 1)) '3

MSComm1.Output = Chr$(Val("&H" &
ALT11 &Dcl11)) '4

MSComm1.Output = Chr$(Val("&H" &
Lefty(UP4, 1) & Le1)) '5

MSComm1.Output = Chr$(Val("&H" &
Right$(ALT1, 1) & Right$(Dcl1, 1))
'6

MSComm1.Output = Chr$(Val("&H" &
Right$(UP4, 1) & Right$(mo, 1)) '7
MSComm1.Output = Chr$(Val("&H" &
ALT2 & Dcl2)) '8
MSComm1.Qutput = Chr$(Val("&H" &
LeftS(DOWNS, 1) & Left$(ye1, 1)) '9
MSComm1.Output = Chr$(Val("&H" &
hool & AZZ11))' 10
MSComm1.Output = Chr$(Val("&H" &
Right$(DOWNS, 1) & Right$(ye1, 1)) "11
MSComm1.Qutput = Chr$(Val("&H" &
Right$(hoo, 1) & AZZ12)) 12
MSComm1.Output = Chr$(Val("&H" &
Lefty(DOWN4, 1) & Left$(ye2, 1))) 13
MSComm1.Output = Chr$(Val("&H" &
Left$(mun, 1) & Right$(AZZ1, 1))) '14
MSComm1.Output = Chr$(Val("&H" &
Right$(DOWN4, 1) & Right$(ye2, 1)) '15
MSComm1.Output = Chr$(Val("&H" &
Right$(mun, 1) & AZZ2)) '16

End Sub



Form3
Private Sub Command1_Click()
Form4.Show

End Sub

Private Sub Command2_Click()

Form1.Show

End Sub

Form4

Private Sub Form_Load() LT.Caption = Format(Time, "Long

MSComm1.PortOpen = True Time")

End Sub A=Y-c

Private Sub form_Unload(Cancel As z = Abs(A) Mod B

Integer) Ifm=1Then

MSComm1.PortOpen = False N=d

End Sub Elself m= 2 Then

Private Sub Timer1_Timer() N=31+d

Elself m = 3 Then

d = Val(Day(Date)) N=60+d

m = Val(Month(Date)) Elselfm = 4 Then

Y = Val(Year(Date)) N=91+d

da = Format(d, "00") Elselfm = 5 Then

mo = Format(m, "00") N=121+d

ye = Format(Y, "00") Elself m = 6 Then

yel = Left$(ye, 2) N=152+d

ye2 = Right$(ye, 2) Elselfm =7 Then
Label3.Caption = Format(Date, "Long N=182+d

Date") Elself m = 8 Then

N =213 +d



Elself m = 9 Then
N=244+d
Elself m =10 Then
N=274+d
Elself m = 11 Then
N =305+d
Elself m =12 Then
N=2335+d
End If
Ifz =0 Then 'if the year have 2nd
month with 29days
N1=N
Else
If m > 2 Then 'if the year have
2nd month with 28 days
N1 =N-1
Else
Ifd > 28 Then
NT=N-(d-28)
Else
N1 =N
End If
End If
End If

' Dc =23.45* Sin((284 + N1) /365 *
360 * Radi)
Text1.Text = Format(Dc, " #0.0")
lat2 = Val(Form3.Text3.Text) + Val
(Form3.Text4.Text) / 60
If Form3.North.Value Then

lat = lat2
Else
lat = -lat2
End If
Dc =23.45* Sin((284 + N1) / 365 *
360 * Radi) - lat
If Dc < 0 Then
r=38
Else
r=0
End If
r1 = Str$(r)
Dcl = Abs(Dc)
Dcl1 = Left§(Format(Dcl, "00.0"), 2)
Dcl2 = Right$(Format(Dcl, "00.0"), 1)

% * * Kk kkkk ok % k%% * %% * kkkkkkk *kkkk

Be = (N1-1)/365* 360

E=229.2 * (0.000075 + 0.001868 *
Cos(Be * Radli) - 0.03277 * Sin(Be *
Radi) - 0.014615 * Cos(2 * Be * Radi) -
0.04089 * Sin(2 * Be * Radi))

lon = Val(Text1.Text) + Val

(Text2.Text) / 60

If Form3.East.Value Then ' Find

value of lamda



LAMDA =lon/ 15
Else: LAMDA = -(lon / 15)
End If

Tk ok ok &k k ok ok find Value Of TZ Fhkkkkkkkkkkk

f=1lon Mod 15
Iff <7.5Then
TZ1 =lon\ 15
Else: TZ1 = (lon\ 15) + 1
End If
If Form3.East.Value Then

TZ = -TZj
Else: TZ = TZ1
End If
'LTC

Hou = Hour(Time)

Min = Minute(Time)

LTC = Val(Hou) + Val(Min) / 60
AST=LTC + TZ + LAMDA + E /60
W =-15*(12-AST)

l*******)\**********AL*******************

' lat2 = Val(Form3.Text3.Text) + Val
(Form3.Text4.Text) / 60

' If Form3.North.Value Then
' lat = lat2
' Else
' lat = -lat2
" EndlIf
AL1 = Cos(lat * Radi) * Cos(Dc *
Radi) * Cos(W * Radi) + Sin(lat * Radi) *
Sin(Dc * Radi)
AL2 = Atn(AL1 / Sar(-AL1* AL1 + 1))
AL = AL2 / Radi
IfAL <0 Then
g=28
Else
g=0
End If
a1l = Str$(q)
ALT = Abs(AL)
ALT1 = Left$(Format(ALT, "00.0"), 2)
ALT2 = Right$(Format(ALT, "00.0"),
1)
AZZ = Abs(Az)
AZZ1 = Left$(Format(AZz, "000.0"), 3)
AZZ2 = Right$(Format(AZZ, "000.0"),

1)

1*****************AZ xxxxxxxxxxxxxxxxx

Az1 = Cos(Dc * Radi) * Sin(W *
Radi) / Cos(AL * Radi)

Az2 = Atn(Az1 / Sar(-Az1 * Az1 +
1)

Az = Az2 / Radi



Text3.Text = Format(Az, " ##0.0")
Text2.Text = Format(AL, " ##0.0")

Kok kKR Kk kK
SS sr
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Ws1 = -Tan(lat * Radi)
Ws2 = Tan(Dc * Radi)
Ws3 = Ws1 * Ws2

arcWs = (Atn(-Ws3 / Sqr(-Ws3 * Ws3

+ 1))+ 2* Atn(1)) / Radi
Ws = (24 / 360) * arcWs
AST1 =12 +Ws
AST2 =12 -Ws

LCT1 =AST1-TZ- LAMDA-E /60
LCT2 = AST2 - TZ- LAMDA - E /60

If LCT1 > LCT2 Then
DOWN = LCT1
UP=LCT2

Else
DOWN = LCT2
UP=LCT1

End If

UP1 = Fix(UP)

UP2 = ((UP - UP1) *60)\ 1 - 1

UP3 = Format(UP1, "00")

UP4 = Format(UP2, "00")

DOWN1 = Fix(DOWN)

DOWNZ2 = ((DOWN - DOWN1) * 60) \ 1
DOWNS3 = Format(DOWNT1, "00")
DOWN4 = Format(DOWN?2, "00")

Text4.Text = UP1
Textd.Text = Format(UP2, "0#")
Text6.Text = DOWN1
Text7.Text = Format(DOWN2, "0#")
Dim Tim As String

Dim Hr As String

Dim Mn As String

Dim Sc As String

Dim i As Integer

Dim Le As String

Dim Le1 As String

Dim ALT11 As String

Dim Hr11 As String

Dim Dcl11 As String

Dim AZZ11 As String

Dim AZZ12 As String

Dim UP311 As String

Tim = Time$

Hr = Format(Val(Hour(Tim)), "00")

Mn = Format(Val(Minute(Tim)), "00")

If Left$(da, 1) ="0" Then
Le ="F"
Else
Le = Left$(da, 1)
End If



If Left$(mo, 1) ="0" Then
Letl ="p"
Else
Le1 = Left$(mo, 1)
End If

If Left$(UP3, 1) ="0" Then
UP311 ="F"
Else
UP311 = Left$(UP3, 1)
End if

If Left$(ALT1, 1) = "0" Then
ALT11 ="F"
Else
ALT11 = Left$(ALT1, 1)
End If

if Left$(Hr, 1) ="0" Then
Hr1t ="
Else
Hr11 = Left$(Hr, 1)
End If

If Left$(Dcl1, 1) ="0" Then
Dcl11 ="F"
Else
Dcl11 = Left$(Dcl1, 1)
End If

If Left$(AZZ1, 1) ="0" Then
AZZ11 ="F"
Else

AZZ11 = Left$(AZZ1, 1)

End If

If Mid$(AZZ1, 2, 1) ="0" Then
AZZ12 ="F"
Else
AZZ12 = Mid$(AZZ1, 2, 1)
End If

Sc = Second(Tim)

If Sc > 5 Then Exit Sub

MSComm1.Output = Chr$(&HFE)

MSComm1.Output = Chr$(Val("&H" &
UP311 & Le)) '1

MSComm1.Qutput = Chr$(Val("&H" &
gl &r1)) ‘2

MSComm1.Output = Chr$(Val("&H" &
Right$(UP3, 1) & Right$(da, 1))) '3

MSComm1.0Output = Chr$(Val("&H" &
ALT11 & Dcl11)) '4

MSComm1.Output = Chr$(Val("&H" &
Left$(UP4, 1) & Le1)) '5

MSComm1.Output = Chr$(Val("&H" &
Right$(ALT1, 1) & Right$(Dcl1, 1)) '6

MSComm1.0utput = Chr$(Val("&H" &
Right$(UP4, 1) & Right$(mo, 1))) '7

MSComm1.0utput = Chr$(Val("&H" &
ALT2 & Dcl2)) ‘8

MSComm1.Output = Chr$(Val("&H" &
Leftf(DOWNS, 1) & Left$(yet, 1)) '9

MSComm1.0utput = Chr$(Val("&H" &
Hr11 & AZZ11))' 10



MSComm1.Output = Chr$(val("&H" &
Right3(DOWNS, 1) & Right$(ye1, 1)) "11
MSComm1.Output = Chr$(Val("&H" &
Right$(Hr, 1) & AZZ12)) '12
MSComm1.Output = Chr$(Val("&H" &
Left3(DOWN4, 1) & Left$(ye2, 1))) '13
MSComm1.Output = Chr$(Val("&H" &
Left$(Mn, 1) & Right$(AZZ1, 1)) 14
MSComm1.0utput = Chr$(Val("&H" &
Right$(DOWN4, 1) & Right$(ye2, 1)) 15
MSComm1.Output = Chr$(Val("&H" &
Right$(Mn, 1) & AZZ?2)) '16
End Sub
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include "bs2defs.bas"

seg var byte[16]
seg[0]=$21
seg(1]=$43
seg(2]=$52
seg(3]=$24
seg[4]=$06
seg[b]=$13
seg(6]=$81
segl7]=%09
seg[8]=508
seg[9]=$08
seg[10]=%06
seg[11]=%05
seg[12]=$04
seg[13]=$03
seg[14]1=$02
seg[15]=$01

trisa=0
trisb=0
start:p2=$02

for b0=0 to 14 step 2

portb=seg[b0]

porta=%00000000
porta=%00000001

b1=b0+1
portb=seg(b1]
porta=b2
b2=b2+$01

pause 1

rich: next b0

porta=$ff

serin porta.4,N300,1,start,[$fe], seg

(0]

gosub reci

goto start

reci: serin porta.4,N300,seg(1]

serin
serin
serin
serin
serin
serin
serin
serin
serin
porta.4,N300,seg[10]
serin
serin
serin
serin
serin
return

end

porta.4,N300,seg(?]
porta.4,N300,segl3]
porta.4,N300,segl4]
porta.4,N300,seg[5]
porta.4,N300,segl(6]
porta.4,N300,seg(7]
porta.4,N300,seg[8]
porta.4,N300,segl9]

porta.4,N300,seg[11]
porta.4,N300,seg[12]
porta.4,N300,seg[13]
porta.4,N300,seg[14]

porta.4,N300,seg[15]
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I. EXTRATERRESTRIAL SOLAR RADIATION

The sun has structure and characteristics which determine the
nature of the energy it radiates into space. This chapter notes
the characteristics of this energy outside of the earth's at-
mosphere, and is the basis of the next chapter, which deals

with the effects of the atmosphere in attenuating the radiation
and the characteristics of the resulting energy resource avail-
able at the earth's surface. We are concerned here primarily
with radiation in a wavelength range of 0.3 to 3.0 um, that
portion of the spectrum which includes most of the energy of
solar radiation.

1.1 THE SUN

The sun is a sphere of intensely hot gaseous matter with a dia-
meter of 1.39 x 10° km, and is, on the average, 1,5 x 102 km_
from the earth. As seen from the earth, the sun rotates on_its
axis about once every four weeks. However, it does not rotate’
as a solid body, the equator taking about 27 days and the polar
regions about 30 days for each rotation.

The surface of the sun is at an effective temperalure of
about 5762°K*. The temperature in the central interior regions
is variously estimated at 8 x 10° to 40 x 10°°K, and the den-
sity about 80 to 100 times that of water. The sun is, in ef-
fect, a continuous fusion reactor with its constituent gases as
the "containing vessel" retained by gravitational forces. The
fusion reactions which have been suggested to supply the energy
radiated by the sun have been several; the one considered the
most important is a process-in which hydrogen (i.e., four pro-
tons) combines to form helium (i.e., one helium nucleus); the
mass of the helium nucleus is less than that of the four pro-
tons, mass having been lost in the reaction and converted to
energy.

This energy is produced in the interior of the solar
sphere, at temperatures of many millions of degrees. It must

*This leads to the same total energy as is received from the
sun above the atmosphere. See Thekaekara (1974).'
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2 EXTRATERRESTRIAL SOLAR RADIATION

transfer out to the surface and then be radiated into space. A
successfon of radiative and convective processes must occur,
wyth.successive emission, absorption, and reradiation; the ra-
diation in the sun's core must be in the x-ray and gamma ray
parts_of the spectrum with the wavelengths of the radiation in-
creasing as thg temperature drops at larger radial distances.

A schemat1c of the structure of the: sun is shown in Figure
1.1.1. It is estimated that 90% of the energy is generated in
thg region 0 to 0.23 R (where R = radius of the sun), which con-
tains 40% of the mass of the sun. At a distance 0.7 R from the
center, the temperature has dropped to about 130,000°K and the
density has dropped to 0.07 g/cc; here convection processes be-
gin to become important and the zone from 0.7 to 1.0 R is known
as the convective zone. Within this zone, the temperature
drops to about 5000°K and the density to about 10-° g/cc.

Corona T=~10%K
pvery low

Chromosphere T>5000°K +
/Revenind Layer
AN
Hundreds of <
o(l Km \,,_‘J\
o

¥ Photosphere
(Upper layer

of the convective
zone, source of
most solar
radiation.)

oy
10%ofmou

8 % of volume

90% of energy

generated

T:~8-40x]0%K
p=100g/cc !

L S

Figure 1.1.1 Schematic of the structure of the sun.

The sun's surface agpears to be composed of granules (ir-
regular convection cells), with dimensions of cells estimated

THE SOLAR CONSTANT -3

as being from 1000 to 3000 km and with cell lifetime of a few
minutes. The upper layer of the convective zone is called the
photosphere. The edge of the photosphere is sharply defined,
even though it is of low density (about 107* that of air at sea
level). It is essentially opaque, as the gases of which it is
composed are strongly ionized and able to absorb and emit a con-
tinuous spectrum of radiation. The photosphere is the source

of most solar radiation.

Qutside of the photosphere is a more or less transparent
solar atmosphere, which is observable during total solar .eclipse
or by instruments that occult the solar disk. Above the photo-
sphere is a layer of cooler gases several hundred miles deep
called the reversing layer. Outside of that is a layer referred
to as the chromosphere, with a depth of about 10,000 km. This
is a gaseous layer with temperature somewhat higher than that
of the photosphere and with lower density. Still further out
is the corona, of very low density and of very high (10° °K)
temperature.

This simplified picture of the sun, its physical structure,
and its temperature and density gradients, will serve as a basis
for appreciation that the sun does not, in fact, function as a
blackbody radiator at a fixed temperature. Rather, the emitted
solar radiation is the composite result of the several Tayers
which emit and absorb radiation of various wavelengths. There
i also some minor variability with time in spectral intensity
distribution in the very short- and long-wave parts of the spec-
trum. For many purposes (e.g., thermal process), it is adequate
to consider the sun as a blackbody radiator at about 5762°K; for
other processes which are wavelength-dependent and where the
spectral distribution is important (e.g., in photochemical or
photovoltaic processes), more detailed considerations may be
necessary. For further information on this subject see Thomas

(1958), or Elson (1974).

1.2 .THE SOLAR CONSTANT

Figure 1.2.1 shows schematically the geometry of the sun-earth
relationships. The eccentricity of the earth's orbit is such
that the distance between the sun and the earth varies by +3%.

At a distance of one astronomical unit, the mean earth-sun dis-
tance, the sun subtends an angle of 32'. The characteristics
of the sun and its spatial relationship to the earth result in

a nearly fixed intensity of solar radiation outside of the
earth's atmosphere. The solar congtant, Iges is the energy

from the sun, per unit time, received on a unit area of surface
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perpendicular to the radiation, in space, at the earth's mean
distance from the sun.

SUN

12700km

7900 mi EARTH

Diam. = 1.39x10% km
=8.64x10° mi

Solar Constant

I 1.940 cal/cm? min.
= 1353 W/m?
= 428Btu/ft? hr
= 4871kJ/m?hr

(1.5 x 108 km)

17 %
(9.3x 107 mi) :

Distance is

Figure 1.2.1 Schematic of sun-earth relationships (not to
scale). The angle subtended by the sun at mean earth-sun dis-
tance is 32°'.

Until recently, estimates of the solar constant had to be
made from ground-based measurements of solar radiation after it
had been transmitted through the atmosphere, and thus in part
absorbed and scattered by components of the atmosphere. Extra-
polations from the terrestrial measurements, which were made
from high mountains, had to be based on estimates of atmospheric
transmission in various portions of the solar spectrum. Pioneer-
ing studies were done by C. G. Abbot and his colleagues at the
Smithsonian Institution. These studies and later measurements
from rockets were summarized by Johnson (1954); Abbot's value
of the solar constant of 1322 W/m?, was revised upward by
Johnson to 1395 W/m2.

More recently, the availability of very high altitude air-
. b2lloons, and spacecraft has permitted direct measure-
nents of soiar intensity outside most or all of the earth's at-
mosphere. These measurements have been reviewed and summarized,
and a new standard value of the solar constant proposed by
Thekaekara and Drummond (1971), as 1353 W/m? (1.940 cal/cm? min,
428 Btu/ft? hr, or 4871 kJ/m? hr).

SPECTRAL DISTRIBUTION OF EXTRATERRESTRIAL RADIATION 5

1.3 SPECTRAL DISTRIBUTION OF EXTRATERRESTRIAL RADIATION

In addition to the total energy (i.e., solar constant) in the
solar spectrum, it is useful to know the spectral distribution
of this radiation. The accepted value of the solar constant
has changed primarily because of improved knowledge of extra-
terrestrial radiation in particular portions of the spectrum.
A new standard spectral irradiance curve has been compiled,
based on high altitude and space measurements. The new proposed
standard from NASA (1971) is shown in Figure 1.3.1. The aver-
aged energy over small bandwidths centered at wavelength A and
the integrated energy for wavelengths less than A for the new
proposed standard curve are indicated in Table 1.3.1.
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Figure 1.3.1 The NASA (1971) Standard spectral irradiance ag
the mean sun-earth distance and a solar constant of 1353 W/m®.

Example 1.3.1 Calculate the fraction of the extraterres-

trial solar radiation and the amount of that radiation in
the ultraviolet (A < 0.38 um), the visible (0.38 um < A

< 0.78 ym), and the infrared (A > 0.78 um) portions of the
spectrum.

From Table 1.3.1, the fractions Dy corresponding to wave-
lengths of 0.38 and 0.78 um are 0.0700 and 0.5429 (inter-
polated). Thus, the fraction in-the ultraviolet is 0.0700,
the fraction in the visible range is (0.5429 - 0.0700)
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= 0.4729, and the fraction in the infrared is (1.0 - REFERENCES

0.5429) = 0.4571, Agplying these fractions to a solar

constant of 1353 W/m? and tabulating the results, we get Elson, B. M'.’. Aviatiqn Week and Space Technology, 63, (:Jlanuar'y .
WavelEnglh Fange, i 0-0.38 0.38-0.78 0.78 - v 14, 1974). ‘“Theoretical Picture of Sun Still Evolving.
Fraction in range 0.0700 0.4729 0.4571 : Johnson, F. S., J. Meteorol., 11, 431 (1954). "The Solar Con-
Energy in range, W/m? 95 640 618 stant."” e

NASA SP-8005, National Aeronautics and Space Administration,

" w
TABLE 1.3.1 Extraterrestrial Solar Irradiance (Solar Constant . MaY~(1971). “Solar Electromagnetic Radiation.® :, ‘ _
= 1353 W/m?).* ' Thekaekara, M. P. and Drummond, A. J., Nat. Phys. Sci.; 229, 6 '
(1971). *"Standard Values for the Solar Constant and Its Spec- '
tral Components." ‘ EAR :

Thekaekara, M. P., Supplement to Proc. 20th AnnUa]bMeeting of .

A E A E
A o) » A2 g P Inst. for Environmental Sci., 21 (1974). "Data on Incident

0.115  .007 1x10°% 0.43 1639 12.47 0.90 891 63.37 Rglar Jythesion.
0.14 .03 5x10-% 0.44 1810 13.73 1.00 748 69.49 Thomas, R. N., Transactions of the Conference on Use of Solar
0.16 .23 6x10-% 0.45 2006 15.14 1.2 485 78.40 ; Energy, 1, 1, University of Arizona Press, 1958. "The Features
0.18 1.25 1.6x10-3 0.46 2066 16.65 1.4 337 84.33 of the Solar Spectrum as Imposed by the Physics of the Sun."
0.20 10.7 8.1x1073 0.47 2033 18.17 1.6 245 88.61
0.22 57.5  0.05 0.48 2074 19.68 1.8 159 91.59
0.23 66.7 0.10 0.49 1950 21.15 2.0 103 93.49
0.24 63.0 0.14 0.50 1942 22.60 2.2 79 94.83
0.25 70.9 . 0.19 0.51 1882 24.01 2.4 62 95.86
0.26 130 0.27 0.52 1833 25.38 2.6 48 96.67
0.27 232 0.41 0.53 1842 26.74 2.8 39 97.31
0.28 222 0.56 0.54 1783 28.08 3.0 31 97.83
0.29 482 0.81 0.55 1725 29.38 3.2 22.6 98.22
0.30 514 1.21 0.56 1695 30.65 3.4 16.6 98.50
0.31 689 1.66 . 0.57 1712 31.91 3.6 13.5 98,72
0.32 830 2.22 0.58 1715 33.18 3.8 11.1 98.91 H
0.33 1059 2.93 0.59 1700 34.44 4.0 9.5 99,06
0.34 1074 3.72 0.60 1666 35.68 4.5 5.9 99.34
0.35 1093 4,52 0.62 1602 38.10 5.0 3.8 99.51
0.36 1068 5.32 0.64 1544 40.42 6.0 1.8 99.72
0.37 1181 6.15 0.66 1486 42.66 7.0 1.0 99,82
0.38 1120 ~7.00 0.68 1427 44.81 8.0 .59 99.88
.38 10Ce 7.82 0.7C 1359 45.88 10.0 .24 99,94
C.40 1423 8.73 0.72 1314 48.86 15.0 4.8x10~%2 99.98
0.41 1751 . 9,92 0.75 1235 51.69 20.0 1.5x10"2 99.99
0.42 1747 11.22 0.80 1109 56.02 50.0 3.9x10-"*.100.00

*£) is solar spectral irradiance averaged over small bandwidth
centered at A, 1in W/m? um; Dy is Eercentage of the solar con-
stant associated with wavelengths shorter than A. From
Thekaekara (1974)



-

2. SOLAR RADIATION AT EARTH'S SURFACE

Chapter 1 noted the intensity and spectral distribution of so-
lar radiation outside of the atmosphere at earth-sun distance.
Here we consider factors affecting radiation intensity at the
ground, that is, atmospheric attenuation and receiving-surface
orientation. In Chapter 3 we will consider measurement of so-
lar radiation, the data that are available, and methods of con-
version of those data to the forms useful in predicting and ana-
lyzing the performance of solar processes.

In general, it is not practical to start from knowledge of
extraterrestrial radiation and predict the intensity and spec-
tral distribution to be expected on the ground. Adequate mete-
orological data for such calculations are seldom available, and
recourse is usually made to measurements. However, an under-
standing of atmospheric attenuation and effects of orientation
of receiving surface is useful in understanding and using solar
radiation data.

2.1 DEFINITIONS

Several definitions will be useful in understanding this chap-
ter:

Beam Radiation 1s that solar radiation received from the sun
without change of direction.

Diffuse Radiation 1s that solar radiation received from the sun
after its direction has been changed by reflection and scatter-
ing by the atmosphere.

Air Mass, m, is the path length of radiation through the atmo-
sphere, considering the vertical path at sea ‘level as unity.
Thus at sea level, m = 1 when the sun is at the zenith (i.e.,
directly overhead), and m = 2 for a zenith angle (6,, the angle
subtended by the zenith and the line of sight to the sun) of
60°. For all but very high zenith angles ?m'> 3, where the
earth's curvature becomes significant?..

m = sec 0 (2.1.1)
2
8
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2.2 VARIATION OF EXTRATERRESTRIAL RADIATION

It has been determined from analyses of radiation data that the
variations in total radiation emitted by the sun are robably
less than t1.5% [see Moon (1940) or Thekaekara (1965)5. For
purposes of thermal processes that use energy in large fractions
of the total solar spectrum, and where the transmittance of the
atmosphere is a major uncertainty, the emission of energy by
the sun can be considered as constant.

) Variations in earth-sun distance do, however, lead to var-
iations of extraterrestrial radiation flux in the range of +3%.
The dependence of extraterrestrial radiation with time of year
is shown in Figure 2.2.1.

AN /
1360 \\ //
1340 \ - /

1320 \ Z

1400

EXTRA TERRESTRIAL RADIATION, W/ m?

‘\\\\‘_’/4/’

1300

J F M A M J U A S O N .D
Month

Figure 2.2.1 Variation of the extraterrestrial solar radiation
with time of the year. ‘

2.3 ATTENUATION OF BEAM RADIATION .

Radiation at normal incidence received at the surface of the
earth from the sun is subject to variations due to (1) varia-
tions in distance from earth to sun, (2) variations in atmo-
spheric scattering by air molecules, water vapor, and dust, and
(3) variations in atmospheric absorption by 0,, 0;, H20, and CO,.
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The normal solar radiation incident on the earth's atmo-
sphere has a spectral distribution, indicated by Figure 1.3.1.
The x-rays and other very short-wave radiations of the solar
spectrum are absorbed high in the ionosphere by nitrogen, oxy-
gen, and other atmospheric components; most of the ultraviolet
is absorbed by ozone. At wavelengths longer than 2.5 um, a
combination of low extraterrestrial radiation and strong absorp-
tion by CO, and H,0 means that very little energy reaches the
ground. Thus, from the viewpoint of terrestrial applications
of solar energy, only radiation of wavelengths between 0.29 and
2.5 um need be considered. This solar radiation is transmitted
through the atmosphere, undergoing variations due to scattering
and absorption.

Scattering, which results in attenuation of the beam radi-
ation by air molecules, water vapor, and dust, has been the sub-
ject of a number of studies, and approximate methods have been
developed to estimate the magnitude of the effect. This ques-
tion and the pertinent literature up to 1940 are treated by
Moon (1940), from whom much of this survey is derived. A more
recent discussion, including the effects of clouds, is given by
Fritz (1958). Thekaekara (1974) summarizes the present state
of knowledge and includes an extensive bibliography.

Air molecules are very small compared to the wavelengths
of radiation significant in the solar energy spectrum. Scatter-
ing of this radiation by molecules occurs in accordance with
the theory of Rayleigh, which indicates that the scattering co-
efficient would vary approximately as A~", where A is the wave-
length of the radiation. This has been experimentally verified,
and the monochromatic transmission factor associated with atmo-

spheric scattering can be written

=l
- 10-0.00389A (2.3.1)
al

where A is in micrometers, m = 1, and the barometric pressure

is 760 mm.
.‘Dust scattering from particles that are much larger than

air molecules and that vary in size and concentration from lo-
cation to location, height, and from time to time, is more dif-

ficult to assess. Moon developed a transmission factor of form
similar to that for air molecules:

-0.0353\7°-7%

Tan 10 (2.3.2)
where m = 1 and the average concentration of dust particles is
800/cm® at the ground.

ATTENUATTON OF BEAM RADIATTON n

Water vapor scattering for zenith su
n and 20 mm of precipi-
table water (the amount of water vapor in th F :
e
the observer) can be written as P i cotum above,

- 1n~0.0075172
o) 10 (2.3.3)

The total effect of scattering* on the
! eb
be written as an approximation: : = raﬁiation e

_ 760 mo
T(s) " [(Tax’p/ (de)d/800 (ka)w/Zé] (23

where T\(s) * monochromatic atmospheric transmittance for beam

radiation, considering scatt
length A; g ering only, at wave-

Z = Eota] pressure, mm;

= dust particle concentration, at the
particles/cm?; ! JRokEy

w = depth of precipitable water, mm;

m = air mass.

Note that the atmospheric pressure, air mas" i
S, concentration
of dust, and amount of water vapor ente; in an exﬁonentia] man-

. ner in determining the attenuation of the beam radiation. The

first two of these parameters are readil
y determined. The val-

ues of d and w are generally not known, exce
based on surface measurements. : P g SOBIES

Absorption of radiation in the atmosphere in th

: es

energy spectrum is dug large]y to ozone 1ﬁ the u1travio?lit and
water vapor in bands in the infrared. There is almost complete
zgiorp¥10n og short—Yave radiation below 0.29 um, and for typi-

values of ozone in the atmosphere, transmitt
to ozane are shown in Table 2.3.1. atesyeties B

ater vapor absorbs strongly in the infrared bands
) Q 1 as il1-

lustrated in Figure 2.3.1, which shows variation of traﬁsmission
due to water vapor as a function of A. Beyond 2.3 um, the
ﬁransm1ss1on of the atmo§phere is very low due to absorption by
S;gci23mcgg,]the inerg¥%1nfthe extraterrestrial solar energy

t ess than of the total solar spe
rece1¥ﬁd %t the ground is small. B et SIST

e transmittances for absorption are to be combined in th

same manner as those for scattering, and the resulting Be

*According to the Rayleigh theory of scattering, the

shorter . -
que]engths are scattered most and, hence,‘difgase radiation
will tend to be at shorter wavelengths,
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monochromatic transmittance for beam radiation may be written as

Ta(s) TorTwa (2.3.5)

™2 % Ta(e)"a(abs) ©
Note that at least one of the absorption transmission factors
(for ozone) or Ty, (for water) will be unity, as the wave-
]ength ranges of absorption by 0; and H,0 do not overlap.

TABLE 2.3.1 Ultraviolet Transmission of the Atmosphere, for a
Layer of Ozone 2.5 mm Deep at NTP [Fritz (1958)].*

A, um Tor
0.29 0
0.30 0.10
0.31 0.50
0.33 0.90
0.35 1.00
*Note There is also a weak absorption band near 0.6 um, where
) 1s > 0.95.
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Figure 2.3.1 Transmission factor associated with absorption by
water vapor [from Fowle (1915)].
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Calculations of this type have been summarized by Moon,
(1940) who used the best data available on the spectral distri-
bution of solar radiation outside the atmosphere and on the
various transmission factors for typical atmosphere to generate
a series of "proposed standard curves" for beam solar radiation
as a function of wavelength at air-masses of 0 to 5. He also
tabulates the 1ntens1t1es for a standard atmosphere (p =
w = 20 mm d = 300/cm®, ozone = 2.8 mm) for various wavelengths
for m = 2, and proposed that 1t be used as a standard spectral
distribution curve for beam solar radiation for locations near -
sea level.

More recent studies of Johnson and of Thekaekara and
Drummond, noted in Chapter 1, have indicated that Moon's inten-
sities in the short-wave end of the spectrum for m = 0 are too
lTow. Moon used a solar constant of 1322 W/m?* in contrast to
the now accepted value of 1353 W/m?>. Thekaekara (1974) presents
new spectral distribution curves for beam radiation, based on
the extraterrestrial distribution shown in Figure 1.3.1, for
very clear and relatively clear atmospheres, for air masses of
1, 4, 7 and 10. Figure 2.3.2, from Thekaekara, shows the extra-
terrestrial distribution, its comparison with a normalized black-
body distribution curve for a source temperature of 5762°K, and
for the very clear atmosphere the air mass one solar spectrum
without and with molecular absorption. The latter distribution
(one of the set of new distribution curves noted above) shows
absorption bands due to 03, H,0, CO,, and 0.

2.4 DIFFUSE RADIATION AT THE GROUND

As noted above, components of the atmosphere scatter a portion
of the solar radiation, and some of this scattered radiation
reaches the ground. Thus there is always some diffuse radiation,
even in periods of very clear skies. Particles of water and
solids in clouds scatter radiation, and in periods of heavy
clouds, all of the radiation reaching the ground will be diffuse.
A useful discussion of diffuse radiation (scattered by clear at-.
mosphere or by clouds) is provided by Fritz (1958).

As a practical matter, adequate atmospheric data are not
available on which to base a computation of intensity, spectral
distribution, or directional distribution of diffuse radiation
at the ground. The directional distribution of diffuse radiation
is discussed in section 3.7.

760 mm, -
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2100 T I = I
2000 AR MASS ZERO SOLAR SPECTRUM , 1353 W m 2
BLACK BODY CURVE 5762K, (NORMALIZED), 1353 W m 2
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Figure 2.3.2 Solar spectral 1ntensityjfor air mass zero and one.

2.5 DIRECTION OF BEAM RADIATION

metric relationships between a plane of any particular
zciegigt1on relative to the earth at any time (whether that
plane is fixed or moving relative to the eqr?h) and the 1ncom;
ing beam solar radiation, that is, the position of the sun rela-
tive to that plane, can be described in terms of several ang]gs.
These angles, and the relationships between them [from Benfor
and Bock (1939)], are: >

= 1at{tude (north positive);
g = declination (i.e., the angular position of the sun at
solar noon with respect to the plane of the equator)
north positive); )
g = ﬁhe angqe between the horizontal and the plane (i.e.,
"~ the slope); .
y = the surgacé azimuth angle, that is, the deviat!on of
the normal to the surface from the local meridian, the

1
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zero point being due south, east positive, and west
negative;

w = hour angle, solar noon being zero, and each hour equal-
ing 15° of longitude with mornings positive and after-

noons negative (e.g., w = +15 for 11:00, and w = -37.5
for 14:30);

6 = the angle of incidence of beam radiation, the angle

being measured between the beam and the normal to the
plane. -

The declination, &, can be found from the approximate equation
of Cooper (1969):

_ . 284 + n
§ = 23.45 s1ﬁ [}60 ——333——] (2.5.1)

where n is the day of the year.* The relation between 6 and the
other angles is given by

€os 6 = sin & sin ¢ cos s - sin 6 cos ¢ sin s cos Y
+ cos § cos ¢ cos s cos w
+ cos § sin ¢ sin s cos y cos w

+ cos 6 sin & sin y sin w
(2.5.2)

Example 2.5.1 Calculate the angle of incidence of beam
radiation on-a surface located at Madison, Wisconsin at
14:30 on February 15, if the surface is tilted 45° from
the horizontal and is pointed 15° west of south.

Under these conditions, the declination is -14°, the hour
angle is -37.5°, and the surface azimuth angle is -15°,
Using the slope of 45° and Madison's latitude of 43°N, Eq.
(2.5.2) is
cos 6= sin (-14) sin 43 cos 45

- sin (-14) cos 43 sin 45 cos (-15)

+ cos (-14) cos 43 cos 45 cos (-37.5)

+ cos (-14) sin 43 sin 45 cos (-15) cos (-37.5)

*Declination can also be conveniently determined from charts
such as Figure 3.4.2. ‘ ;
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+ cos (-14) sin 45 sin (-15) sin (-37.5)
cos 6 = -0,1167 + 0.1208 + 0.3981 + 0.3586 + 0.1081

cos 6 = 0.8689
8 = 30°
Additional angles may also be defined. The most frequently used
are
63 = zenith angle, the angle between the beam from the sun
and the vertical; :
solar altitude, the angle between the beam from sun

)
n

and the horizontal, equal to (90° - ez).

(In architectural and illumination practice, other angles are
defined, such as the profile angle. Care must be exercised in
the use of any source of information on these angles so that
their authors' definitions and sign conventions are understood.)

In many cases, the equation relating these angles is sim-
plified. For example, for fixed flat plate collectors which
face the equator, the last term drops out. For vertical sur-
faces, s = 90°, and the first and third terms drop out. For
horizontal surfaces where s = 0°, only the first and third
terms remain, and the angle of incidence (i.e., the zenith
angle of the sun) is

cos e8 = sin 6 sin ¢ + cos § cos ¢ cos w 02, 553)

Exampte 2.5.2 Calculate the zenith angle of the sun at
Madison at 14:30 on February 15.

For this situation, Eg. (2.5.3) is-

cos ea = sin (-14) sin 43 + cos (-14) cos 43 cos (-37.5)
6 = 0.3980
3
6 = 66°
2

Useful relationships for the angle of incidence on surfaces
sloped to the north or south can be derived from the fact that
surfaces with slope g to the north or south have the same
angular relationship to beam radiation as a horizontal surface
at an artificial latitude of (¢ - 8). The relationship is
shown in Figure 2.5.1. Then, modifying Eq. (2.5.3),

LA AN e e

DIRECTION OF BEAM RADIATION i7

cos 8, = cos (¢ - &) cos 6 cos w + sin (¢ - g) sin 6
(2.5.4)

Note that the slope, s, 1s measured from the horizontal to the
plane of the surface in question, and is positive when slope is
toward the south. :

Ormo,
6 3
peo™ codiatio?
B8

nonhO/

]
beghion

(¢-sif L&
EQUATOR

Figure 2.5.1

Section of earth showing definiti .
G O g definitions of s, 6, ¢,

Equation (2.5.3) can be solved for the sunrise hour angle,
W when ez = 90°: : .

cos u, = - Sngsing
cos wy = - tan ¢ tan 6§
(2.5.5)
It also follows that the day length is given by
Ty = {% cos~*(-tan ¢ tan §) (2.5;6)

Solar azimuth and altitude angles are tabulated as functions
of latitude, declination, and hour angle by the U.S. Hydrographic
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Office (1940). Information on the position of the sun in the

sky is also available with less precision but easier access in '
various types of charts. Examples of these are the Sun Angle / 5 AN
Calculator (1951) and diagrams in a paper by Hand (1948). c // \\
(Note that care is necessary in interpreting information from 2 s
sources such as these, since definitions of angles may vary . .
from those used here.) Brooks and Miller (1963) also present w s \
a useful discussion of these geometrical relationships. — = N
b= 0 / N \
5 /1 T\ \
2.6 DIRECTION OF DIFFUSE RADIATION z 5 \ N
Section 2.5 dealt with the direction of beam radiation, which AN NV i
is a geometrical problem. The problem of coping with diffuse =] K
radiation is a more difficult one, as the radiation (by defini- g R

J F M A M J J A S O N D
MONTH

tion) comes from parts of the sky dome other than the sun. The
distribution of diffuse radiation over the sky is highly vari-
able depending on atmospheric conditions and will be discussed
in Chapter 3. Some measurements are available, for example as

cited by Fritz (1958). Figure 2.7.1 The equation of time, £, in minutes, as a function

of time of year. fay

2.7 SOLAR TIME AND THE EQUATION OF TIME

It is to be noted that the time specified in all of the sun
angle relationships is solar time, which does not coincide with
local clock time. It is necessary to convert standard time to
solar time by applying two corrections. First, there is a con-
stant correction for any difference in longitude between the
location and the meridian on which the local standard time is
based (e.g., 90°W for the central time zone).* The second cor-
rection is from the equation of time which takes into account
the various perturbations in the earth's orbit and rate of ro-
tation which affect the time the sun appears to cCross the ob-
server's meridian. This correction is obtained from published
charts. Thus, solar time can be obtained from standard time by

this relation:

solar time = standard time + E + 4(90 - 89.38)

standard time + E + 2.48

Note that the sun takes 4 min to traverse 1° of

and that the units of the last term are thereforgogglﬁgg::
On February 2, E is -13.5 min, so the correction to stan-
dard time to get solar time is -11 min. Thus 10:30 a.m
central standard time is 10:19 a.m. solar time. o

. ( | REFERENCES
solar time = standard time + E + 4 (L., - L
. st loc Benford, F. and Bock, J. E., T
s Fs » J. E., Trans. Am. I1lum. Eng. Soc.,
200 (1939). “A Time Analysis of Sunshine." . s

Brooks, F. A. and Miller, W., Introduction to the Utilizati
of Solar Energy, Zarem, A. M. and Erway, D TR
McGraw-HT11, 1963, sy Edsen N Norks

Cooper, P. I., Solar Energy, 12, 3 (1969 W
Solar Radiation in Solar 5{;]15:" ( ). "The Absorption of

(2.7.1)

where E = the equation of time, from Figure 2.7.1, in minutes,
Lst = the standard meridian for the local time zone, and Lgc
 langjtude of the lacation in question, 1in degrees Wes £

mzal U.S. time zones are:
} °N; and pacific, 120°H.
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3. SOLAR RADIATION:
Fowle, F. E., Astrophys. J., 42, 379 (1915). "The Transparency ‘ MEASUREMENTS, DATA, AND ESTIMATION
of Aqueous Vapor."
Fritz, S., Transactions of the Conference on Use of Solar Ener- :

, 1, 17, University of Arizona Press, Tucson, 1958. "Trans-
g%ssion o% Solar Energy Through the Earth's Clear and Cloudy

Atmosphere." ‘
Hand, I. F., Heating and Ventilating, 45, 86 (October 1948). i

"Charts to Obtain Solar Altitudes and Azimuths. : ¥ It is generally not practical to base predictions of solar radi- -
Moon. P., J. Franklin Inst., 230, 583 (1940). "Proposed Stan- o ation availability on attenuation of extraterrestrial radiation,
dard Solar Radiation Curves for Engineering Use." : because the meteorological information necessary to make the -

Anale Calculator, Libby-Owens-Ford Glass Company (1951) calculations is seldom available. Instead, measurements of ra-
Sun Angle Calculator, - - i

diation from the location in question or from a nearby similar
Thekaekara, M. P., Solar Energy, 9, 7 (1965). "The Solar Con- location can be used in solar process design, or estimates of ..

SEIE

Distribution of Solar Radiant Flux." 3 solar radiation can be made from related meteorological data.
stant and Spectral 20th Annual Meeting 5 In this chapter, we discuss methods of solar radiation measure-
Thekaekara, M. P., Supplement to the Proz. WData on Incident 1 ment, the nature of the data that are available, and the manipu-
of Inst. for Environmental Sci., 21 (1974). = it lTation of those data to forms useful in estimating the energy
Solar Energy." i available to a solar process.

Publication No. 214 (1940). "Tables o\ There are several approaches to the use of solar radiation
g%séoﬁzgzggrzgzziug:flgﬁ Azimuth." &' data. One is to use average solar energy available, for example,

for a month, to estimate the average performance of a process.
This is unsatisfactory because the performance of many processes
- is not linear with solar radiation and. the use of averages in

e these cases may lead to serious errors. A second is to use past
o8 hourly or daily data for the location in question, estimate what
5 the performance of a process would have been under those past

53 conditions, and on this basis project future performance. The

# latter is the general approach to process simulation which will

be developed in later chapters. A third set of methods is to
reduce the radiation data to more manageable form by statistical
methods, and use the resulting time distributions in process

h‘ performance predictions.*

4 ' 3.1 DEFINITIONS

Figure 3.1.1 shows schematically the primary radiation fluxes
on a surface at or near the ground; these fluxes are important
in connection with solar thermal processes. For this purpose

*A discussion of one of these methods, a statistical treatment
of radiation availability which is based in part on collector
performance, is included in Chapter 7. . it

21
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radiation is considered in two wavelength ranges:

1. Solar, or short-wave radiation: Radiation originating
from the sun, at a source temperature of about 6000°K, and in
the wavelength range of 0.3 to 3.0 um. s

2. Long-wave radiation: Radiation originating from
sources at temperatures near ordinary ambient temperatures, and
thus substantially all at wavelengths greater than 3 um.

NN LSRN
Beam Solar Diffuse Solar Reflected Solar
Radiation Radiation Radiation

oAl xe

Sky (Long Wave)  Reflected Long Wave
Radiation Long Wave Surface
Sky Radiation Radiation

Figure 3.1.1 The primary radiant energy fluxes of importance
in solar thermal processes. Short wave solar radiation is
shown by +. Long wave radiation is shown by~+.

The meteorological literature, in which radiation instru-
ments and data are described and reported, uses several terms
which are of interest to the solar process engineer:

" 1. Pyrheliometer: An instrument using a collimated de-
tector for measuring solar radiation from a small portion of
the sky including the sun (i.e., beam radiation) at normal in-
cidence.

2. Pyranometer: An instrument for measuring total hgm1~
s=hawica] solar {beam+ diffuse) radiation, usually on a horizon-
tal surface. If shaded from the beam radiation by a shade ring,
‘1t measures diffuse radiation.

3. International Pyrheliometric Scale (1956): Two stan-
dard reference pyrheliometers have been in use for many years
(the Abbot, or Smithsonian instrument, and the Angstrom instru-
ment). The scales defined by these instruments did not agree,
and in 1956 a new "International Pyrhe]iometr!c Scale 1956 was
established which applied corrections to previously obtained

RADIATION MEASUREMENTS, INSTRUMENTS 23

measurements for each of these (-2.0% to the Smithsonian scaie,
+1.5% to the Angstrom scale). A1l instruments manufactured and

calibrated since 1956 use the new scale. See Thekaekara (1965)
for a discussion of pyrheliometric scales. ‘

In addition, the term solarimeter and actinometer are en-
countered; they can generally be interpreted to be the same as
pyranometer. ,

3.2 RADIATION MEASUREMENTS, INSTRUMENTS

Solar radiation measurements are most often made of total (beam’
and diffuse) radiation, in energy per unit time per unit area,
on a horizontal surface, by pyranometer. Measurements are also
made of beam radiation, by pyrheliometer, which respond to so-
lar radiation received from a very small portion of the circum-
solar sky. Instruments for these measurements convert radia-
tion to some other form of energy and provide a measure of the
energy flux produced by the radiation. Several brief reviews
of solar radiation instruments are available, for example, by
Morikofer (1958), by Drummond (1964), and by Yellott (1967).
The most common pyranometers in use in the United States
today are based on detection of the difference between the tem-

" perature of black surfaces (which absorb most solar radiation),

and white surfaces (which reflect most solar radiation) by ther-
mopiles. Properly protected from wind, and compensated for
changes in ambient temperature, the thermopiles give millivolt
signals that can be readily detected, recorded, and integrated
over time. {

In this country, the Eppley pyranometer is based on this
principle and has become the most common instrument in use by
weather bureau stations. It uses concentric silver rings,

0.25 mm thick, appropriately coated black and white, with either
10 or 50 thermocouple junctions to detect temperature differences
between the coated rings. Later models use wedges arranged in

a circular pattern, with alternate black and white coatings.

The disks or wedges are enclosed in a hemispherical glass cover.
Its performance has been carefully studied by MacDonald (1951).
Similar instruments are manufactured in Europe under the name
Kipp.

The Eppley pyranometers, and similar instruments, are cal-
ibrated in a horizontal position. In general use, without fre-
quent calibration the data from them are probably no better
than +5%. With frequent calibration against standard instru-
ments, the data may be as good as +2%. Calibrations of these
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instruments will vary to some degree if the instrument is in-
clined to measure radiation on other than a horizontal surface.

The Moll-Gorczynski solarimeter is a pyranometer based on
thermopiles having hot junctions exposed to solar radiation and
cold junctions shaded from the radiation. Another type of pyra-
nometer, the Robitsch, is based on differential expansion of bi-
metal elements exposed to solar radiation; this has the advan-
tage, where no power is available, of the possibility of direct
mechanical linkage to a spring-driven recording drum. Thermal
- expansion radiometers are widely used in isolated stations, and
while they are not precise, they are a major source of the solar
radiation data that are available outside of Europe and North
America.

Pyranometers have also been based on photovoltaic (solar
cell) detectors, (e.g., the Yellott solarimeter). Silicon cells
are the most cormon for solar energy, although cadmium sulfide
and selenium cells have been used, for example, for measurements
of visible 1ight in photography. Silicon solar cells have the
property that their light current (approximately equal to the
short-circuit current at normal radiation levels) is a linear
function of the incident solar radiation. They have the dis-
advantage that the spectral response is not linear, so instru-
ment calibration is a function of the spectral distribution of
the incident radiation. Also, the calibration varies with the
angle of incidence of the radiation.

Three pyrheliometers have been in widespread use to measure
normal incidence beam radiation: the Angstrom pyrheliometer,
the Abbot water flow pyrheliometer, and the Abbot silver disc
pyrheliometer. These instruments provide primary and secondary
standards of solar radiation measurements.

In addition to radiation measurements, there are in wide-
spread use instruments for recording the duration of "bright
sunshine." The standard U.S. Weather Bureau instrument uses a
pair of photocells, one of which is shaded from beam radiation.
When radiation is all diffuse, the cells indicate nearly equal
radiation levels; when beam radiation is incident on the in-
strument, the cell exposed to that beam radiation indicates
higher intensity than the shaded cell. The duration of a criti-
cal intensity difference detected by the two cells is a measure
of duration of "bright sunshine." An older instrument, the
Campbell-Stokes recorder uses a spherical lens that produces an
image of the sun on a treated paper. The paper is burned when-
ever the beam radiation is above a critical level. The lengths
of the burned portions of the paper provide an index of the
duration of sunshine. .

The Bellani distillation pyranometer uses flat or spherical
containers of alcohol which are connected to calibrated
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$gngeazgga;ece}vlgg Fuges. The quantity of alcohol condensed

e 0 e

e integrated solar energy on the spherical or.
) Most radiation data available are for horizontal s

include both.direct and diffuse radiation, and were meaggﬁgges’
with thermopile instruments (or, in some cases, bimetallic de-
tgctors). Most of these instruments provide radiation versus
time records and do not themselves provide a means of integrat-
ing the records. The data are usually recorded in a form simi-
lar to that shown on Figures 3.2.1 and 3.2.2 by recording po-
tentiometers and are integrated graphically or electronically.

Therg are in the United States about 88 stations recording
solar radiation and reporting it as langleys received on a hori-
zontal surface per day. (1 langley = 1 cal/cm?® = 4.186 J/cm?.)
Outside of the'United States there are well-developed networké
in some countries, but in many areas of potential solar applica-
tions, d§ta are lacking. The situation is improving, and many
new stations have been reporting data during and since the
Internatiqna] Geophysical Year.

A major source of information on solar radiation and re-
lated meteorological data in the United States is the Environ-
mental Data Service, National Climatic Center, National Oceanic
and Atmospheric Administration, Asheville, N.C. 28801. Data are
ava1]ab1e on tape or punch cards for daily and (for some 40
stations) hourly solar radiation, for varying periods starting
from 1952. A few stations also measure beam radiation on clear
days. _Figure 3.2.3 shows the locations of U.S. stations report-
ing da11y solar.radiation values, and Figure 3.2.4 show stations
reporting hourly values.

There are many hundreds of stations throughout the world
where data are available on the duration of sunshine, usually
recorded with instruments of the Campbell-Stokes type. The
problem of the relationship of sunshine hours to radiation ener-
gy received will be discussed below. :

3.3 SOLAR RADIATION DATA

Solar radiation data are available in several forms, and should
include the following information:

]. Whether they are instantaneous measurements or values
integrated over some period of time (usually hour or day);
2. The time or time period of the measurements;

3 _whether the measurements are of beam, diffuse or total
radiation, and the instruments used; '

4. The receiving-surface orientation (usually horizontal,
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Figure 3.2.4 United States Weather Bureau stations measuring hourly solar radiation as of 1967.
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sometimes inclined at a fixed slope, or normal;
5. If averaged, the period over which they are averaged
(e.g., monthly averages of daily radiation).

Examples of various kinds of radiation data are shown in
Tables 3.3.1, 3.3.2, and 3.3.3. Table 3.3.1 indicates daily
radiation on horizontal surface, averaged by months, for several
locations; this is the most common form in which data are avail-
able, for example, from L&f et al. (1966a). Table 3.3.2 shows
hourly average radiation, by months, for Madison. Table 3.3.3
is a sample of integrated hourly values of radiation and tem--
perature. ‘ : ;

Averaged solar radiation data are also available from maps .
that indicate general trends and averages. For example, world
maps are shown in Figures 3.3.1 to 3.3.4 [Lof et al. (1966a or
b)g.* These are useful in predicting areas of potential solar
energy applications. In some geographical areas where climate
does not change abruptly with distance (i.e., away from major
influences such as mountains or large industrial cities), maps
can be used as a source of average radiation if data are not
available. However, large-scale maps must be used with care,
because they do not show local physical or climatological con-
ditions which may greatly affect local solar energy availability.

3.4 ESTIMATION OF AVERAGE SOLAR RADIATION

In addition to solar radiation data, there are other meteorolog-
ical measurements which are related to solar energy, and which
in the absence of radiation data can be used to estimate radia-
tion. Data on hours of sunshine, or percent of possible sun-
shine hours, are widely available from many hundreds of stations
in many countries. Examples are shown in Table 3.4.1. Cloud
cover data (i.e., cloudiness) are also available. The use of
these measurements in estimating average radiation is discussed
below. ’

Radiation data are the best source of information. Lacking
these, it is possible to use empirical relationships to estimate
radiation from hours of sunshine or percent possible sunshine,
or cloudiness. A third alternative is estimation for a particu-
lar location by use of data from other locations of similar lat-
itude, topography, and climate.

The original Angstrom-type regression equation related mean

*Figures 3.3.1 to 3.3.4 are reproduced from dedong (1973), who
redrew maps originally published by L&f, et. al. dedong has
compiled maps and radiation data from many sources.
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TABLE 3.3.3 (Continued) TABLE 3.3.3 (Continued)

Day Hour H °¢ 1 Day Hour H °t 14 Day Hour H °Cc v Day Hour H °C v
9 1 0, =-2.8 7.2 9 13 1185. -2.2 2.2 12 1 0. -11.7 40 12 13 38. -2.2 5.8
9 2 0. -3.3 7.2 9 14 1009. 0.0 0.0 12 2 0. =12.8 3.1 1214 477. -.6 4.0
9 3 0. -3.3 6.3 g 15 196 =6 1.3 12 3 0« =15.6. 1.2 12 15 632, - 2.8 2.2
9 4 0. -3.3 5.8 9 16 389. -.6 1.3 12 4 0. -16.7 6.7 12 16 461. -.6 2.2
9 5 0. -3.9 4.0 9 17 134, -2.2 4.0 12 5 0. -16.7 6.3 12 . 17 33, .- -1.7 3.1
9 6 0. -3.9 4,5 9 18 0. -2.8 4.0 12 6 0. -16.1 6.3 12 .18 0. -4.4 1.3
9 7 0. -3.9 1.8 9 19 0. -3.3 4«5 : 12 7 0. -17.2 3.6 12 19 0 -7.8 2.7
9 8 4, -3.9 2.2 9 20 0. -5.6 5.8 B 12 8 17. -17.8 2.7 12 20 0. . -7.8 4,0
9 9 7. -5.9%,2 9 2] 0. -6.7 5.4 b 12 9 7l <18:3" 8.0 12 2] 0. -8.9 4.9
9 10 155,  -3.3 4.0 9 22 0. J-7.8 5.8 : 12 10 180. -11.1 8.9 12 22 . 0. -10.6 4.9
9 1 343. -2.8 4.0 9 23 0. -8.3 4.5 i 12 11 247. -7.8 8.5 12 23 0. -12.8 4.9
9 12 - 402. -2.2 4.0 9 24 0. -8.3 6.3 o 1212 331. -5.6 7.6 12 24 0. -11.7 5.4
10 1 0. -9.4 5.8 10 13 1872. 2,2 7.6 13 1 0. -10.6 4.0 13 13 1926. 5.6 5.4
10 2 0. -10.0 6.3 - 10 14 1733, 4.4 6.7 ) 3 2 0. -10.6 5.4 13 14 1750. 7.2 4.5
10 3 0. -8.9 5.8 10 15 1352, 6.1 6.3 o 13 3 0. -10.0 4.5 13 15 1340. 8.3 4.9
10 4 0. -10.6 6.3 10 16 775. 6.7 4.0 i 13 4 9. 1.1 3.1 1316 703. 8.9 ‘4.5
10 5 0. -8.3 4.9 10 17  205. 6.1 2.2 e 13 0. -10.6 3.6 1317 59 6.7 5.4
10 6 0. -8.3 7.2 10 18 4. 3:3-455 A 13 6 0. -9.4 3.1 13 18 0 4.4 3.6
10 7 0. -10.0 5.8 10 19 0. .6 4.0 " 13 7 ae |¥.2 3.6 1319 0. 1.1 3.6
10 8 33. -8.9 5.8 10 20 0. .6 3.1 # 13 8 17. -10.6 4.0 13 20 0. 0.0 3.1
10 9 419, -7.2 6.7 10 21 g O 1 B W 314 J48.3 5.8 13 21 0. -2.2 6.7
10 10 1047. -5.0 9.4 10 22 0. 6 2.2 i 13 10 724, -1.7 6.7 13 22 0 2.8 7.2
10 11 1570. -2.2 8.5 10 23 0. 1.7 3.6 : 13 11 1809. 1.7 5.4 13 23 0 1.7 8.0
10 .12 1805. -1.1 8.0 10 24 0. O 3 f 13 12 2299. 3.3 6.3 13 24 0 1.7 5.8
N 1 0. -1.7 8.9 11 13 138, 5.0 6.7 4 14 1 off -.6 7.2 14 13 1968. 6.7 1.8
11 2 0. -2.2 4.9 n 14 I{\ =#9 &/ 5 14 2 O/ -1.1 7.6 14 14 1733. 6.7 2.7
1M ,., 8 0. -2.2 4.5 1 15 84 -4.4 7.6 e 143 0. -.6 6.3 14 15 1331, 7.2 3.1
11 4 0. -2.8 5.8 1 16 42.  -3.9.6.3 i 14 4 0. -3.9 2.7 14 16 837. 6.7 3.1
N 5 0. -4.4 5.4 1 17 4. -5.0 6.3 i3 14 5 0. -1.7 4.9 14 17 96. 7.2 2.7
n 6 0. -5.0 4.5 11 18 0. -5.6 4.5 | 14 .6 0. -2.8 5.8 14 18 4. 3.3 2.7
1 -7 0. -5.6 3.6 1 19 0 -6.7- 4.5 44 14 7 0. -2.8 4.0 14 19 0. 0.0 3.6
1 8 4, -6.1 5.8 1 20 0. -7.8 3.1 3 14 8 38. -5.0 3.1 14 20 0. 3.9 5.4
1 9 42. -5.6 5.4 1 21 0. -9.4 2.7 5 14 9 452. -5.0 4.9 14 21 0. =-3.9 3.6
1 10 92. -5.6 5.4 11 22 0. -8.9 3.6 : 14 10 1110. -1.7 4.5 14 22 0. -3.9 5.8
1 11 138. -5.6 9.4 1 23 0 -9.4 4.0 14 11 1608. 2.8 3.1 14 23 0. -6.1. 5.4
1 12 163 -5.6 8.0 N 24 0. -11.1 3.1 14 12 1884, 3.8 3.6 14 24 0. -6.7 6.3

(continued) *Solar radiation, /4, is kJ/m? for the hour ending at the indi-

cated time; wind speed, v, is m/s. (See Figure 10.2.2:) .
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Examples of Monthly Averages of Hours Per Day of Sunshine.

TABLE 3.4.1

Alt.,

May June July Aug. Sept. Oct. Nov. Dec.

Annual Jan. Feb. Mar. Apr.

m

Latitude

Station

6.8 6.4 5.6

3.8 5.0 5.3 6.7 6.4 6.6

4,7 3.5 3.

5.3

s.1.

22°N

Hohg Kong

1.6

4.5 2.3

2.8 4.9 7.4 7.1

2.1

5.1

50

48°N

Paris

w

7.6 8.0 6.8 5.6

7.7 9.7 9.6

2.5 5.4

9.0 9.3 9.0 9.1

7.4

s.1.

19°N

Bombay

9.3 5.0 3.1

9.6 10.0 9.8

9.9 9.6 8.8 8.9 8.4 9.5 7.0 6.0 7.9

107 8.8

=]

13°N

Sokoto

(Nigeria)

9.6 10.4

8.1

10.4 9.8 8.8 7.5 5.7 4.8 5.4 6.0 7.2

7.8

20

32°S

Perth

(Australia)

7.2 4.2 3.9

4,5 5.7 6.9 7.5 9.110.1 9.8 10.0 8.6

7.3

63

43°N

Madison

ESTIMATION OF AVERAGE SOLAR RADIATION 39

and mean fraction of

radiation to clear day radiation (at the location in quesfion)

where H_ . = averag
av ;

, Questi

Hy, = clear

period

possible sunshine hours:

n

H

av = Ho (af + 50 B) (3.4.7)

e horizontal radiation for the period in
on (e.g., month); - :
day horizontal radiation for the' same -

.
3

n = average daily hours of bright sunshine for same

period

period

¥ = maximum daily hours of bright’Sdnshine_for same

a',b' = constants. : . : »
Several authors have used sunshine and radiation data for

the same stations and

times to statistically derive values of

a' and b'. Fritz (1951) gives a’ = 0.35 and p' = 0.61. Values
of Hy for use in Eq. (3.4.1) can be obtained from charts such
as Figure 3.4.1. It is also necessary to know the day length;
this can be calculated from Eq. (2.5.5) or it can conveniently
be obtained from Figure 3.4.2, a nomogram developed by Whillier

(1965) showing day length as

tude.

a function of declination and lati-

30000
25000
2 20000

15000

KJ/m2d

10000

5000

Figure 3.4.1 Clear da
for various latitudes.
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